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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS (CSNI)

The Committee on the Safety of Nuclear Installations (CSNI) addresses Nuclear Energy
Agency (NEA) programmes and activities that support maintaining and advancing the
scientific and technical knowledge base of the safety of nuclear installations.

The Committee constitutes a forum for the exchange of technical information and for
collaboration between organisations, which can contribute to its activities from their
respective backgrounds in research, development and engineering. It has regard to the
exchange of information between member countries and safety R&D programmes of
various sizes in order to keep all member countries involved in and abreast of developments
in technical safety matters.

The Committee reviews the state of knowledge on important topics of nuclear safety
science and techniques and of safety assessments, and ensures that operating experience is
appropriately accounted for in its activities. It initiates and conducts prograidamified

by these reviews and assessments in order to confirm safety, overcome discrepancies,
develop improvements and reach consensus on technical issues of common interest. It
promotes the cordination of work in different member countries that settv maintain

and enhance competence in nuclear safety matters, including the establishment of joint
undertakings (e.g. joint research and data projects), and assists in the feedback of the results
to participating organisations. The Committee ensuresviilatble enegproducts of the
technical reviews and analyses are provided to members in a timely manner, and made
publicly available when appropriate, to support broader nuclear safety.

The Committee focuses primarily on the safety aspects of existing power reactors, other
nuclear installations and new power reactors. It considers the safety implications of
scientific and technical developments of future reactor technologies and desigels @

human and organisational research activities and technical developments that affect nuclear
safety.
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Li st of abbreviations

AA Averaged amplitude

Apros Advanced process simulation environment

ATHLET Analysis of thermahydraulics of leaks and transients

BWR Boiling water reactor

CAMP Code applications and maintenance programme

CEA Commissariat a I'énergie atomique et aux énergies altern@iltesative Energies and
Atomic Energy Commission, France)

CSNI Committee on the Safety of Nuclear Installations (NEA)

Cv Control volume

CVH Control volume hydrodynamics

DHR Decay Heat Removal

DP Differential pressure

ENEA Agenzia nazionale per le nuotexnologie, I'energia e lo sviluppo economico sostenibile

(Italian National Agency for New Technologies, Energy and Sustainable Economic
Developmentltaly)

FDI Fuel dispersal interactions

FFTBM Fast Fourier transform based method

GRS Gesellschaft fur Anlagerund ReaktorsicherhegfGerman nuclear safety organisation)
HS Heat structure

HTC Heat transfer coefficient

HX Heat exchanger

HXP Heat exchanger pool

IBRAE Nuclear Safety Institute of the Russian Academy of Sciences
IC Isolationcondenser

ICAP International code assessment and applications programme
INEL Idaho National Engineering Laboratory

INL Idaho National Laboratory

ISP International standard problem

ITF Integraltestfacilities

ITF CCVM ITF computer codealidation matrix

GEST Generator separator test

KAERI Korea Atomic Energy Research Institute

LOCA Lossof-coolant accidents

LWR Light water reactors

MARS Multidimensionahnalysis of reactor safety

NEA Nuclear Energy Agency

NRG Nuclear researcandconsultancy group

OP Overall pool

PANTHERS Performance analysis and testing of heat removal systems
PERSEO In-pool energy removal system for emergency operation
PhwW Phenomenological window

POLITO Politecnico di Torino

PRHR Passive residual heat removal system

PV Pressure vessel

PWR Pressuried water reactor

RELAP Reactor excursion and leak analysis programme

RPV Reactor pressure vessel
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Simplified boiling water reactor

Separate effect test facility

Steam generator

Societalnformazioni Esperienze Termoidrauliche

Symbolic nuclear analysis package

System of codes for realistic assessment of severe accidents

Safety and performance analysis code for nuclear power plants

Sophisticated plant evaluation code for thermalraulic response assessment
Simulatore pressurizzato per esperienze di sicur@zeasurisedgimulator forsafety
experiment$

Steam pressure vessel

Time-dependent volume

Thermofluid

Thermofluid dynamics

TRAC/RELAP advanced computational engine

bPJV feg, a . S .
Universita di Pisa
Universit”®™ di
University of Utah

US Nuclear Regulatory Commission

Technical Research Centre of Finland

Watercooled water moderator energy reactor (Russian design)
Weighted frequency

Working Group on Analysis and Management of Accidents (NEA)

Roma ASapienzabod
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E X e c sutmnvaer y

In the framework of th&uclear Energy Agency (NEANorking Group on Analysis and
Management of Accident$(GAMA), an activity on the design and safety assessment of
thermathydraulic passive systems was conducted and a status report was dvithéad

this activity, am openbenchmark exerciswas carried oythosted by ENEA andased on

the experimental data developedABERSEO, dull-scalecomponent separate effdetst
facility for in-pool energy removal systexfor emergency operatign

PERSEQwas built at SIET laboratory (Piacenza, Itatg)study a new passive decay heat
removal system operating in natural circulation. The main innovation in PERSEO is the
presence of two pools connected by a line with a triggering valve. In this way it is possible
to fill the pool where the emergency heat exchanger is located only wikameided for
safety reasons by using the water stored in a second separate pool. The operating
parameters of PERSEO are characteristic of a geheiling water reacto(BWR) type
reactor or the secondary side of a genprassuried water reactofPWR) type reactar
Among the four actual tests performed in PERSEO, Tests’chosen for the benchmark
activity for its completeness.h€ test is at full pressure (B@r) and aira to verify the
system stability with different water pool levels and the trgn cooling capability of the
system.

Taking into accounprevious cde applications on PERSEOQO tedtse main benchmark
objectiveis to evaluate the capability tfie adoptedodes in the prediction dhe heat
transfer in dull-scaleheat exchanger submerged in a liquid pool (bhobesideand pool
side). Moreoverit analy®d the capability of the codéo evaluate the coupling processes
betweerthetwo poolsin the PERSEQystem, connected in a tvphase natural circulation
circuit, and the phenomena occugiim the pools themselves (etigermal stratification
natural convection The goal of the benbmark is also to charactegithe useeffect to
predict theheat exchanger heat transfer (éuging of the heat transfer hydrautiiameter,
tuning of fouling factors multiplier) rad to test the codeser nodaligtion strateggs to
model the phenomenakiag place in large pools (e.§jD nodalisation, 2D fictitious
nodalisation, 3D nodakdion if available in the adopted code).

The evaluation of the capability of the adopted coslas performed considering both a
qualitative and a quantitative accuracy analysis. For both parts of Tibsr&,arehree
phenomenological windows and for each window the relevant thdmwdahulic aspects
wereidentified in the transient. Thiast Fourietransformbasedmethod (FFTBM) was

used to evaluate quantitatively the accuracy of the simulations performed with the codes.

In general, itwas found that almost all the adopted codes are qualitatively able to predict
the phenomendhat occurred in PERSEO Test 7. However, some qualitative and
quantitative discrepancies with respect to the experimentalvaa@found. The main
limitation, observed in almost all the adopted codes, is the significant underestimation of
the heat transfer between the heat exchanger and the poolvdhatributed by most of

the participants to the underestimation of the tslie condensation hedtansfer
coefficient, and in some cases, also to the underestimation of the nucleate boiling heat
transfer coefficient on the poside. With the exception dfie Nuclear Safety Institute of

the Russian Academy of SciendBRAE, which adoptedhe SOCRAT codethe United

States Nuclear Regulatory Commission (US NR&@)ich adoptedhe TRACE code, and
Finlandbs Tec hniViTa whicihRaepedhe Aptos c@le, alt theeother
participants decided to modify the code or the nodalisation to correettlicp the heat
transfer

WGAMA PERSEO BENCHMARK RESULTS REPORT
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GRS (ATHLET) useda developer version of ATHLETntroducing Nusselt
correlation (for laminar condensatiolutateladze correlatiorfdr laminar wavy
condensation) and Chen correlatiéor urbulentcondensation)

KAERI_a (MARS), KAERI_b (SPACE) POLITO (RELAP53D), UJV
(RELAP5), UNIPI (RELAP5) and UNIROMA1 (RELAPS53D) multiplied the
heat transfer coefficient by a factor ranging from 2.2 to 3.0;

NRG (SPECTRA)set the characteristic length for therficondensation to &m,
corresponding to a multiplier of 2.44rfthe heat transfer coefficient;

UofU (MELCOR) modified several sensitivity coefficients in theat stucture
package and set a multiplier of 180 instead of 120 for the number of tubes.

Thiswapossi bl e thanks t o t he wihthpexpedmemadatar e of t h
distributed to the participants before the beginning of the calculation.pffeeefore, an

accurate evaluation ofhé validation domain and of theelated scaling issues is

fundamental for the application of the codes in theuation offull-scalepassivesystems

and a precondition for any reliability assessmerpiagsivesystems on the basis of these

codes.

The other phenomenon which presented a signifidéficulty is the prediction of the
thermal stratification in the poolslowever, it should be mentioned that in PERSEO Test

the thermal stratification is present mainly at the beginning and at the end of the transient
when the passive system is not in operation; therafoeanissing prediction of the thermal
stratification did not preverd correct predigon of the behaviourof the passive system
during the operation phase.

Considering the nodalisation strategy for the pools, the majority of the participants adopted
a fictitious 2D nodaliation for the poolstwo vertical hydraulic regions laterally connected
through crosdlow junctions. This approach resulted in a more accurate prediction of the
main phenomena occurring in the pools in PERSEO Test 7.

Considering previous related aties, and in particular th&tateof-TheArt Reporton
Scalingin System Thermddydraulics Applicationso Nuclear Reactor Safeand Design
developed in the framewortf the WGAMA (NEA, 201%s), the PERSEO benchmark
activity supports and highlights some of the recommendations consolidated in that report.
In particular:

The database dhe existing SETF and ITF computer code validation matrix
(CCVM) should beextended to include advanced reastasing passive safety
systems.

There is the need for weahstrumented tesfor validating CFD for watecooled
reactos in relation to mixing problems, such us mixing with buoyancy ¢ffiec
some passive systems (dayge poas of liquid as in the case of PERSEO).

Full-height scaling and suitable flow areas (and volume size) are recommended
for experimental simulation of passive syssemhere the impdant phenomena

are the boiling and condensatiprocesses aritie buoyancy effect due to density
change. Full height wilprovide an accurate charactatisn of phenomena such

as natural circ@tion and related stability.

Systematicallyrevisiting the scalability of system codes at the basic level of each
closure law may be a good practice to improve the understanding of code scaling
uncertainty and to improve the codeds docu

WGAMA PERSEO BENCHMARK RESULTS REPORT
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Considering the analysis of the resuttee main lessalearrt in the present benchmark
and the discussion in thiitd meeting otthe WGAMA task group on thermdlydraulic
passive systendslesign and safety assessment in wateled reactoréin Tirrenia, Italy,
on 11-13 December 2019}he authors suggest pessiblefuture research activities

Proposal 1To analge in detailthe condensatiorheat transfer coefficierdand
direct contact condensatignamely downstrearof the injector/sparger location
with or without specific correlation) used b various participants

Proposal 2To make uncertainty and sensitivity anaysfTest 7Part 2

ProposaB: To evaluate whether 3D mddtlag leadsto tangible improvements in
comparison witlexperimental data

Proposal 4To check the qualificatioaf any procedure used to anathe current
tests at differentpressurg, or evenusing any other test conditisrn(using
experimentatiata already available by ENEA)

WGAMA PERSEO BENCHMARK RESULTS REPORT
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l.l ntrodumacbeincmnad|j ecti ves

1.1.Benchmark history

In the framework of thaVorking Group on Analysis and Management of Accidents
(WGAMA) of the NuclearEnergy Agency NEA) Committee on the Safety of Nuclear
Installations CSNI), an activity on the design and safety assessment of thégdedulic
passive systems was conducted and a status report was .dFaftedctivity includeda
benchmark exercise based on the experimental data develdpERSEO, dull-scalein-

pool separate effect test facilifpr energy removal systesior emergency operatioithe
PERSEO benchmarkas proposed bthe Italian National Agency for New Technologies,
Energy andSustainable DevelopmenENEA) at the kickoff meeting of the group of
experts for pasee systems (Pisa, Italyn 13-14 February 2018) After approval by the
working group, ENEA distributed thediity description report on 2Blarch 2018. ENEA,

as approved by the working group at the kidk meeting, also started an official
benchmark call to other potentiainteresed benchmark participants at the end of March
2018. New participantewho werenot originally involved in the working group joined the
benchmark. ENEA distributed the test data and degmmipeport on 4June 2018At the

first passive systemgroup meeting Karlsten, Germany on 26-27 June 2018 ENEA
presented the facility and Tteédescription, the preliminary results report outliaedthe
accuracy evaluation method for discussion. EN&Ao proposed the time schedule
(delivery of the results by 3ctober 2018, with a possible discussion for an extension)
and the parameters for the comparative analysis of the bencti@maduly 2018, ENEA
distributed the revised Test 7 report, the template for the participant description of the
calculated results and the spreadsheet for the collection of the rd3ufieg the
calculation phse some questions and answers were exchanged between ENEA and the
participants and they are collected in AnneAtthesecond pssive system groupeeting
(Tirrenia, Italy, on 27 Februaryl March 2019), ENEA presented the current results and a
first collective discussion of the comparative analysis took place. The participants showed
their results and ENEA presented a prelimingagt Fourier transform based method
(FFTBM) analysis and discussed with the participants the parameters and the related
weighting factors to be selected for the final quantitative accuracy evaluktieriginal
deadline for submitting the final results was fixed forMdrch 2019 and the draft report
was distrbuted to the participants on 18ly 2019. After the presentation of the activity at
the 22¢ WGAMA plenary meeting (149 September 2019)he Technical Research
Centre of Finland (TT) requested to join the benchmark. Considering some lat
submissions and the participaiisterest in the activity, ENEA gave thpossibility to
update the report. The VTT participation and the late submissienspresented and
approved at the last working group meetfiigrenia, Italy,on 11-13 December 2019

new deadline (1January 2020)as proposed and accepted at the same mebtiimgteen
organistions worldwide expressed interast participaing in the benchmarkTwelve

1. Before thekick-off meeting a short questionnainasdistributed to the participants by UNIPI.
Two of the questions were:

iCan your i rawitabla experimental data &beut passive systems? If yes, provide
details about data and related qualificationo.
Als your institution interested in gystemforming n

thermal hydraulic or CFD), eventually making use of expeniaielata made available by other
institutiors? If yes, a) inform whether your institutioncanwrédi c o mpar i son reporto i n
data of alll participants in the activity,; b) pro

WGAMA PERSEO BENCHMARK RESULTS REPORT
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results fromeleven organetions were submittednd eight organ&ions withdew from
the benchmarkPOLITO supported ENEAuringthe benchmark activity.

1.2.Introduction to the PERSEO facility and selected test

PERSEO is a fulbcale facility aimed at studying a new passive decay heat removal system
operating in natural circulation. It was built at SIET laboratories in Piacenza (ltaly)
modifying the existing PANTHERS HPCC facility (Ferri, Achilli and Gandolfi, 2002).

The operating parameters are characteristic of a generic§péReactor or the secondary
side of a generic PWHR/pe reactarSuch design does not include the presencaiyas on

the primary circuit.

PERSEO equipment was not designed to simulate a specific passive system of a particular
reactor design (as it happenedtlie SPES and PANTHERS facilities, for example). Its
main purpose is the assessment of the performance and the efficiency of gonehhieat
exchanger configuration for decay heat removal, implementing natural circulation. In fact,
the facility was conceiveds an evolution of a previous CEENEA proposal (thermal

valve device(Ferri, Achilli and Gandolfi, 2002) (Bandini etal., 201};) (Ferri etal.,

200853))) which moved the SBWHRC primary side drain line valve to the low pressure pool
side.In this system proposal, the modality to start the operation of the system has been
changed (now the HX pool starts empty) and therefore the dimensions of the padbkbave
been changedkor this, it represenigell the physical phenomena in a real time scale.

There is no direct scaling relation between PERSEO and the PRHR of 16@0/he IC

of the SBWR or other designs. However, while the two pdotmfiguration is specific of

the PERSEO design, the heat transfer data developed in PERSEO facility could be useful
for the generic assessment of system codes for thedalé heat transfer phenomena in

HX in pool (tubeside and pooside) of passive systems.

The main innovation ithe PERSEO facility is the presence of two pools connected by a
line with a triggering valve. In this way it is possible to fill the pool where the heat
exchanger is located only when it is needed for safety reasons by using the water stored in
a second sepampool that could be placed also outside the containment (in this case it
shouldalsobe verified that the pressure drop in the steam line connecting the HXP and the
OP does notxcessivelyimit the natural circulation betweeghe two pools).

The PERSEO experimental campaign was carried out at SIET in October and November
2002. Five shakdown tests were performed to characterise the main parameters of the
facility and to verify the correct functioning of all the equipment (eafer pousoff from

the OP and the HXP, structural integrity, pressurisation anelpeaitthe pressure vessel).
After that, four full tests were done characterse the thermahydraulic behavior and the
operation/performance of the proposed design at different conditions, during a generic
transient progression, and the related stability.

Among the four actual tests performdast 7was selected and proposed by ENEA to the
participants for the benchmark activity for its completenesg fEst is at full pressure
(70bar) and it is aimeat verifying both the system stability with different water pool
levels and the lonterm cooling capability of the system. The test is divided into two parts,
both described in this report addressing the stability and thetéongtest.

The evaluation of the benchmark reswis performed considering both a qualitative and

a quantitative accucg analysis. For both parts ofest 7, three phenomenological
windows and for each window the relevant therrhgtlraulic aspectsvereidentified in

the transient. The fast Fourier transfabased methodias used to evaluate quantitatively

the accuracy of the simulations performed with system codes. In this report the basics of

WGAMA PERSEO BENCHMARK RESULTS REPORT
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FFTBM are also illustrated. Fohe PERSEO benchmarkhe tool thatwas usedvas the

JSI FFTBM AddIn 2007 developed aheJ o g e f St e in&loveniag Pt b a ke
20074) ( Pr o g ddéskowmn 201%g) ( Pr o g e k, DOAuri@(Bndgeélayv ko,
Leskovar and Mavko, 20@§. The data series provided by the participdrad tobe no

longer than 1@®00 points.

1.3. Advanced reactors andhe role of the PERSEO experimental campaign

Advanced reactor designs, including those usiragsye systems,are in general
charactersed by some featuresn common with the curr@t generation of reactors
(e.g.large scale PWRand BWRs) and byother features typical of their desigNEA,

2017%g) (NEA, 1996q). In relation to the feature®s common with current reactors,
advanced designs may loharactersed by a different ranking of some phenomena. In
relation to the features typical of advanced designs, this determines the occurrence of new
kinds of phenomena and accident scenarios that can be grouggdha:containment
process and interactions with the R®$low pressure phenomenand c) phenomena
related specifically to new system components or reactor configurations.

Considering this further experimental investigatis are necessary to characteribe
thermalhydraulic behaviors specific of advanced reactors. In generattegral test
facilities (TF) (NEA, 2017%g) are usedo investigate a) the overall system beheaxsand

the related phenomena and procesethe interaction of two or more componerdsd

c) the local phenomena that are typical of the overall system design target function.
Separatesffect testfacilities (SETF)(NEA, 2017%g) are designed to observe phenomena in
selected zones inraiclear power plagts system or in specific plant
specific process in a particular period of a given transtlet major role of SET is to
provide experimental data to develop and validate the physical models and/or empirical
correlations under prototypicalr simulatedconditions. Considing this the PERSEO
full-scale SETFaimed at studying a new passive decay heat removal system operating in
natural circulation, produced ndwll-scde experimental knowledgédt canbe used at

only to charaarise the PERSEO systehut also to charactegasome aspects @imilar
systensusing a heat exchanger immersed in a posurerlined in the recomendatiors

of (NEA, 201%g), full-height scaling and suitable flow areas (and volume size) are
recommended for experimental simulation of passive systeherein the impdant
phenomena are the boiling and condensatiogesses, and buoyancy effect due to density
change. Full height wilbrovide an accurate charactatisn of phenomena such as natural
circulation and related stability.

Taking into accounthe previous considerations, though PERSEO benchmark was not
proposed andpproved as an independénternational standard problenSP) (NEA,
2017g)) (NEA, 200Q:07) (NEA, 201214)) activity but as embeddexh the design and safety
assessment of thermlaydraulic passive systems wesnducted and a status report was
drafted this activity can integrate the lotgrm ISP international eoperationactivity
(wherein scaling is one of the key topics of studyying some insigtgt on the code
modelling capabilityin the predicton of full-scale heat transfer and other phenomena as
thermal stratification within a pool, et€onsidering the interestf the international
communily in advancedeactos using passive systarte.g.small modularreactor$ this

has been recogssid bythebenchmark pdicipantsas a great opportunity to test their code
capability. This fact is also stngthenedby the lesson leat from the FukushimaDaiichi
Nuclear Power Planaccident and th@perationof the isolation condenser (IC).The
PERSEQCexperimental campaigyives data that can be used first instanceto contribue

to the full-scale understatimy of the heat removal capability in heat excharggaes a
function of the pool water level, integrating current knowledge.
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1.4.Benchmark objectives

Previous code application anatgqFerri etal., 200%;) (Ferri etal., 2012,) (Bandini,
Meloni and Polidori, 2009;) against experimental daltave shown:

The dfficulty to have an accurate quantitative estimation of the experimental
exchanged power. This is mostly related to an underestimation of -tiileen
condensation. This determines the difficudfymatching the experimental power
removed at different MP levels.

Discrepancies in the prediction of system instability with a steam/cold water
interface in thenjector; such instability talsplace when the level in theXd® is
so lowasto not generate enough steam to stantaukition between the two pools.

Discrepancies in the prediction of the steam condensation in the HXP due to the
income of cold water after the opening of the triggering valve

That by using a 1D codewith 2D fictitious nodaliation (parallel channels
connected by lateral junctiona)general good agreement with the experimental
datacan be obtainedhaugh a calibration of the nodaditon with the experimental
data is needed.

Taking into accourthe previous considerations, tmainbenchmark purpose is to evaluate

the capability of various codes in the prediction of heat transfer in-adaléemergency

heat exchanger submerged in a liquid pool (both itk and poolside)asa function of

the pool liquid level. Other parameters are available to characterise the heat exchanger
behaviouras steam and condensate flow rate, HX differential pressure, HX inlet and outlet
temperatures and OP and HXP bottom/middle/upper temperakliogsover, itcan be

used taanaly® the capability of the cod¢o evaluate the coupling processes between two
pools,creatinga naturakirculationcircuit that can be characterised in the facility by the
power exchanged, the pools levels and temperatures, and the differential pressure across
the injector. he phenomena occurring in the pools themselagthermal stratification

and natural convection, can be also investigated.

In relation to the user effect, the target of leachmark is also to characterias much as
possibleconsidering the measurements availatiie,useeffect to predict theverall HX

heat transfer (e.guning of the heat transfer hydraulic diameter, tuning of fouling factors
multiplier) and to test the codeser nodaliation strategy to model the phenomena taking
placein large pools(e.g.1D nodalisation, 2D fictitious nodalisation, 3D nodatien if
available in the adopted coddés limitations, in the facility it is not possible to have local
values of the condensation heat transfer coefficient and to determine the location where the
transition from the laminar to the turbulent condensation regime occurs. The
instrumentation fotemperature measurement in the pools is not-@fde however it

gives some insights on the thermal stratification.

The absolute pressure of Bar of thke Test 7, can be considered as a prototypical generic
pressure for the RPV of the BWR and the secondary side of a PWR. The geometrical
dimensions of the pools and the heat exchanger and teequmnt power removed (about
20MW) could be considered also representative of a generisdale plant situation
during a transient progression. The axial thermal stratification in large pools, though the
instrumentation of the facility cannot be considered with a CFD gradeharnchnsversal

2l n the presepsti dleodc u nse netd wikhvaahl eemmtd tid fAisnreferred t
of the tube.
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temperature distribution (though there are really few transversal thermocouples) could give
some insight for the validation of the 3D components in system théwydedulic code.

Therefore, the main phenomena target of this benchmark could be:

System instability with a steam/cold water interface initijector (Test 7Part
1/PhW1, Test 7 Part 2/PhW 1). This can give insight ino the steardiquid
interaction: direct contact condensation of steam in pool water phenomenon.

Investigation of the exchanged power trend versus the HXP level in two different
conditions:

only for boiling-off in the HXP (Test 7 &t 1 fW?2) after the closure of the
triggering valve;

boiling-off in the HXP with the triggering valve open (coupled natural
circulation between the pools) and accelerated level decrease in both pools by
opening of the OP discharge valigét 7Part 2 Fhw?2).

Within this regard, in agreement with the SETF nature of the facility, the data can
be used to assess the code correlations for direct contact condensation and pool
boiling heat transfer. This could give some insight in relation tdoéhaviourof
emergency heat exchangers and isolation condenserssitidbeand pookide
convection heat transféiAEA-TECDOG1677, 20134).

Another important process to be simulated is the mass transfer between the two
pools when the triggering valvepens and steam flow accelerated into the OP
through the injectdr This configuration is specifio the PERSEO facility but the
experimental data can be used to integrate the current knowledge in relation to the
steam/water interaction and typhase flow natural circulation in a loop (in this
case composed by two connected pools)

Testing the 1D nodalisation, fictitious 2D nodatisn (require an OPEN
calculation tuning), a 3D component, available in some code, against natural
circulation and thermal mixing in large pool (only one hydraulic region divided in
different celk, two vertical hydraulic regions laterally connected by cfting
junctions tuned on experimental data, 3D model application). Figure of merit for
these analyses could be the axial temperapndile and different (few)
temperature measuremeatsafixed axial elevation

Characteriagtion oftheifuser effect o for tml®mHSIi mul ati on
submerged imlarge pooland thethermathydraulic behavior of large pool.

Test 7 chosen for the benchmark covers both thewgtgrhase and the loftgrm operation
of the system at full pressusgit is relevant to characteéghe systef globalbehaviour
(Mascari e@al., 2019:s)).

The phenomena identified for the benchmark and the related experimental measurements,
necessary to characterise each of themreported in Section 4 (Tablel).

3. For the analysis of the code capability to simulate the occurring phenomenon, it would be helpful
to have a measurement of the velocity downstream the injector. However, in the performed test
this parameter was not measured.
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2PERSHEaCc i dleistcyr i pti on

The PERSEO test facility was built at SIET laboratories in Piacenza (Italy) by modifying
the existing PANTHERS I CC facility considering the new passive system proposal and
its requirements. The scheme of the PERSEO facility is depictedume 2.1

Figure 2.1. PERSEO facility scheme
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The main components tie PERSEO facility ar¢l]:

Source:Mascari et al., 2019[15]

The pressure vess@3 m® volume and 13n height)
The steam line from the pressure vessel to theupler header
The condensate line from the HX lower header to the pressure.vessel

The HX (composed of two cylindrical headers and 120 vertical straight pipes)
Some relevant HX geometrical data are reportethalne 2.1

The newheat exchangergol (HXP) (29 m® volume ands.7 m height). The area

of the HXP is the most important dimension for reproducing the expected
prototypical physicabehaviar of the proposed system. A 5.6# area was used,
permitting prototype timdédehaviourand sufficient steam/water separation at the
top of pool(Ferri etal., 200%;) (NEA, 201%g).

The overall pool(OP) (173m° volume and 5.8n height). In this pool the old
PANTHERS PCC heat exchanger is still present but not used in theée tests

The line connecting the OP and the HXP with the triggering valve

The steam duct connecting the two pools

4. No information has been distributéal evaluate the influence of the remaining old PANTHERS
PCC heat exchanger. This could be a source of uncertainty for the nodalisation development.
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The pressure vessel is the multipurpgeaerator separator t€d&EST) facility, available

at SIET (SIET S.p.A., n.gse)); it is used to maintain the saturation condition typical of a
generic BWR or of the secondary side of a generic PWR in thébaside of PERSEO
facility. The GEST configuration can be changed according to the required test conditions
target of the expeamiental campaign to be performed. The S3Efacility configuration
(e.g.steam separators and dryers) during the PERSEO experimental campaign is different
from the previous experimental campaigns developed by SIET. It has to be underlined that
the objectiveof the PERSEOQ factly is focused on the charactaii®n of thein-pool and

in-tube heat transfer and the therrhgtiraulic coupling of the two pools during the
operation of the proposed new passive system. In this way it is possiliiertoat
hydraulically characterssits operating principles, behaurcand performance. Therefgre

the intube circuit is used only to create a natural circulation loop to permit the heat
transport and the consequent condensation of the steam, provided from the vessel, in t
tube of the HX. Then the main target of the GEST facility for PERSEO testing is to provide
the saturated steam (at the desired conditions) to be condensed during the test in the HX.
Considering the general application of the system, thedsel circuiof PERSEO does

not have any direct scaling relation with any BWR and PWR prototypical pressure drop
circuit.

The pressure is kept constant by controlling the steam supply received from a nearby power
plant. At the beginning of the test the HX, the feed line and the drain line are full of
saturated steam; the HXP is full of air or steam depending on the ted® tisdull of cold

water at the nominal level and the triggering valve is closed. To start the desired test, the
triggering valve is opened and the heat exchanger pool is flooded by cold water and the
heat transfer takes place from the heat exchangee taothi. As soon as pool water boiling
starts, the steam produced in HXP is driven to theOP through the steam duct. The
injector contributes to mix the water in the OP, thus limiting temperature stratification
within the pool. When steam starts to be produced in the OP it is vented to the atmosphere
through the boibff pipe. When the injectorsiuncovered, no condensation is present
anymore in th@©P and the steam flows outside directly through the-bffipipe. In some

tests, water is drained fromé&lOP to accelerate the transient phase with water level
decreasingFerri, Achilli and Gandolfi, 2003) (Bandini etal., 2011).

A complete description of PERSEO facility is available in referdresri, Achilli and
Gandolfi, 200%;). Figure 2.2shows the flow diagram of PERSEO faciliigure 2.3and

Figure 2.4show the dimensions and the location of the measurement instrumentation in the
HXP and OP respectivelfrigure 2.5shows the geometrical details of the steam injector
placed at the end of the steam duktlist of all the measured variables (both directly
measured and derived) is reported in refer¢Reeri, Achilli and Gandolfi, 2003). Table

2.2 and Table 2.3shows the list of the directly measured and derived quantities in the
facility. Table 2.4contains the materials of the main components based on thesatdali
available in ENEA (CATHARE code) and SIET (RELAPS5 code).

Table 2.1. HX relevant geometrical data

HX tube outer diameter [mm] 50.8
HX tube thickness [mm] 2.3
HX tube average length [m] 1.8

Source:Ferri, Achilli and Gandolfi, 2002[1]
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Figure 2.2. Flow diagram of PERSEO facility
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Figure 2.3. Location of the temperature measurements in the HXP
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Figure 2.4. Location of the temperature measurements in the OP
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Figure 2.5. Geometrical detail of the steam injector

Table 2.2. List of directly measured quantities

N. Quantity Units Measure Note
1 |time S time

2 |DP-002 kPa Diff. pressure HX inlet upper header

3 |DP-003 kPa Diff. pressure HXupper headerlower header

4 |DP-004 kPa Diff. pressure HXlower header drain line

5 |DP-006 kPa Diff. pressuredrain line-1

6 |DP-Q001 kPa Diff. pressure HXpool - 1

7 |DP-Q002 kPa Diff. pressure HXpool - 2

8 |DP-Q003 kPa Diff. pressure HXpool - 3

9 |DP-Q004 kPa Diff. pressure HXpool - 4

10 |DP-QO005 kPa Diff. pressure HXpool - 5

11 |DP-Q006 kPa Diff. pressure HXpool diaphragm

12 |F-MO001 kPa Diff. pressurepool makeup line

13 |L-POO1 kPa Diff. pressureoverall pool

14 |P-BO01A kPa Absolute pressure H¥pper header

15 |F-PQO1 (orvdc) | kPaorV Not used
16 |F-G1001 kPa Not used
17 |T-Q004 °C Temperature HXpool

18 |T-Q023 °C Temperature H>pool

19 |T-Q030 °C Temperature HXpool

20 ([T-Q032 °C Temperature HXpool

21 ([T-QO016 °C Temperature HXpool
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Table 2.3. List of directly measured quantities(Continued)

N. Quantity Units Measure Note
22 [T-Q007 °C Temperature H>pool
23 [T-Q006 °C Temperature HXpool
24 |T-Q031 °C Temperature H>pool
25 [T-Q024 °C Temperature H>pool
26 [T-Q009 °C Temperature HXpool
27 [T-Q013 °C Temperature H>pool
28 ([T-Q015 °C Temperature HXpool
29 ([T-Q034 °C Temperature H>pool
30 |T-Q036 °C Temperature HXpool
31 |T-Q022 °C Temperature HXpool
32 ([T-Q033 °C Temperature HXpool
33 ([T-Q010 °C Temperature HXpool
34 [T-Q008 °C Temperature HXpool
35 ([T-P0O06 °C Temperatureverall pool
36 ([T-Q037 °C Temperature HXpool
37 |T-P028 °C Temperatur@verall pool
38 [T-P0OO7 °C Temperatureverall pool
39 |T-P023 °C Temperatur@verall pool
40 |T-P030 °C Temperatureverall pool
41 |T-P008 °C Temperatureverall pool
42 |T-P025 °C Temperatureverall pool
43 |T-P022 °C Temperatureverall pool
44 |T-P021 °C Temperatur@verall pool
45 |DX-B009 m/m Strain HXupper header
46 |DX-B010 m/m Strain HXupper header Not used
47 |DX-B013 m/m Strain HXupper header
48 |DX-B015 m/m Strain HXupper header Not used
49 |DX-D001 m/m Strain HXlower header
50 |DX-C013 m/m Strain HX pipe

51 |DX-D003 m/m Strain HXupper header
52 |DX-B012 m/m StrainHX upper header
53 |DX-C003 m/m Strain HX pipe

54 |DX-C006 m/m Strain HX pipe

55 |DX-D004 m/m Strain HXlower header
56 |DX-D002 m/m Strain HXlower header
57 |DX-C005 m/m Strain HX pipe

58 |DX-B014 m/m Strain HXupper header Not used
59 |DX-C011 m/m Strain HX pipe

60 [DX-C004 m/m Strain HX pipe

61 |DX-B011 m/m Strain HXupperheader
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Table 2.4. List of directly measured quantities(Continued)

N. Quantity Units Measure Note
62 |DX-B016 m/m Strain HXupper header
Not
63 |CIJTEMP °C used
64 [T-A004 °C Temperatureteam supplyine
65 [T-A005 °C Temperature HX inlet
Not
66 |T-B0OO1 °C used
67 (T-D0O0O1 °C Temperature HXower header
68 ([T-E001 °C Temperaturalrain line (HX outlet)
69 |T-NOO1 °C Temperature@verall pool to HX pool line
70 [TW-C004 °C Wall temperature HX pipe
71 |TW-C002 °C Wall temperature HX pipe
72 [TW-CO005 °C Wall temperature HX pipe
73 [TwW-D001 °C Wall temperature HXower header
74 [TW-C003 °C Wall temperature HX pipe
75 [TW-C001 °C Wall temperature HX pipe
76 [TW-CO011 °C Wall temperature HX pipe
77 [TW-CO006 °C Wall temperature HX pipe
78 [TW-C008 °C Wall temperature HX pipe
79 [Tw-CO007 °C Wall temperature HX pipe
80 |TW-B007 °C Wall temperature HXipper header
81 (TW-B005 °C Wall temperature HXipper header
82 [TW-C009 °C Wall temperature HX pipe
83 [TW-C010 °C Wall temperature HX pipe
84 |Tw-D002 °C Wall temperature HXdwer header
85 (TW-B008 °C Wall temperature HXipper header
86 |TW-B006 °C Wall temperature HXipper header
87 |DP-S002 kPa Diff. pressure steam duct
88 |DP-S001 kPa Diff. pressure steam duct siphon
89 |DP-J001 kPa Diff. pressure steam duct injector
90 |DbP-J002 kPa Diff. pressure steam duct injector
91 |DP-028 kPa Diff. pressure steam duct injectoverall pool
92 |P-QO001 kPa Relative pressure Hgool top
93 |[DP-020 kPa Diff. pressure HXupper header 2A tube
94 |P-1001 kPa Absolute pressureessel
95 |DP-008 kPa Diff. pressuredrain line- 2
96 |DP-011 kPa Diff. pressuredrain line- 3
97 |DP-012 kPa Diff. pressuredrain line- 4
98 |DP-010 kPa Diff. pressurevessel outlet drain line
99 |DP-001 kPa Diff. pressurevessel outlet HX inlet
100 |F-A0Ola kPa Diff. pressure steam supply line
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Table 2.5. List of directly measured quantities(Continued)

N. Quantity Units Measure Note
101 |L-101 kPa Diff. pressurevessel (lower)

102 |F-EOO0la kPa Diff. pressure drain line

103 |DP-030 kPa Diff. pressure drain line vent

104 |T-A002 °C Temperature steam supply line

105 |T-1003 °C Temperatureressel mixer

106 |T-E002 °C Temperature drain line

107 |L-1305 kPa Diff. pressurevessel (upper)

SourceFerri, Achilli and Gandolfi, 2002[1]

Table 2.6. List of derived quantities

N. Quantity Units |Measure Derived by Note
DP-Q005, TFQO013, T

108 |L_VQ m Level HX pool QO015, (P = 11&P¢
imposed)
L-PO01, TFP028, FP023

109 |L_VP m Leveloverallpool T-P025, TFP021, (P
110kPa imposed)

110 |L_DPH m Level HX pool diaphragm DP'QOOG’ (P = 101.8Pg
imposed)

111 |L_SPH m  |Level steam duct siphon DP-S001, (P = 101.8P3
imposed)

112 |F_MOO01 kg/s |Flowratepool makeup line F-M001

113 |W_I kw Not used

114 |H-E001 kJ/kg |Enthalpy of condensate F_EO001, TE002

115 [H-A001 kJ/kg |Enthalpy of steam F_A001, FA002
H-A001, F_A001, H_EOO0

116 |W_IC kW  |Powerheat exchanger F_E001

117 |L_101 m Level pressure vessel (lower) L-101, RIOO1

118 |L_1305 m Level pressuresessel (upper) L-1305, RI001

119 |F_A001 kg/s |Flowrate steam supply line F-A0O1l1a, FA002, RIOO1

120 |F_EO001 kg/s |Flowrate steam supply line F-EO001a, TE002, RI001
DP-002, DR003, DR0O04

121 |DPsum kPa |Primary loopdiff. press. sum DP-006, DP-001, DR0OO08
DP-011, DR012, DR010

122 |F_POOL kg/s |Flowrate Ov. pool to HX pool line | L_VQ, T-Q016

123 |F_028 kg/s |Flowrate vacuum breaker air ?P'OZS.’ (P=10&Pa and
= 2(0°C imposed)

124 |DX_B009 m/m  |Strain DX-B009, TW-B005

125 |DX_BO011 m/m  [Strain DX-B011, TWB005

126 |DX_BO013 m/m  |Strain DX-B013, TWB007

127 |DX_C003 m/m  [Strain DX-C003, TWCO003
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Table 2.7. List of derived quantities (Continued)

N. Quantity Units |[Measure Derived by Note
128 |DX_C004 m/m  [Strain DX-C004, TWCO003
129 DX _CO005 m/m  |Strain DX-C005, TWC004
130 |DX_C006 m/m  |Strain DX-C006, TWCO004
131 |DX_CO011 m/m  |Strain DX-C011, TWCO001
132 |DX_CO013 m/m  [Strain DX-C013, TWCO001
133 |DX_D001 m/m  [Strain DX-D001, TWDO001
134 |DX_DO002 m/m  |Strain DX-D002, TW-D001
135 |DX_D003 m/m  |Strain DX-D003, TWD002
136 |DX_D004 m/m  |Strain DX-D004, TW-D002

SourceFerri, Achilli and Gandolfi, 2002[1]

Table 2.8. PERSEO maincomponents material

Component Material

Heat exchanger Inconet600

Condensate drain line in pool Stainless steel 316

Condensate drain line out of pool Carbon steel

Steam line Carbon steel

Steam line vertical final part (after-7 Stainless steel 316 + Rockwool + Stainless st

A004) 316

Steam line tubes to upper header Stainless steel 316

Pools connection line Carbon steel

HXP Stainless _steel 304 and outer reinforcement
structure in carbon steel

OoP Fiberglass

Steam duct Fiberglass

Injector Stainless steel 316

Vessel Carbon steel

PERSEO, which as previously underlined was not designed to simulate a specific passive
system of a particular reactor, is a SETC&mponent that has the target of the thermal
hydraulic characterisation of the operation, performance and efficiency of a Rpaoin

heat exchanger for DHR, implementing natural circulation. The system is an evolution of
the previous CEANEA proposal (thermal valve device) which moved the generic IC
primaryside drain line valve to the low pressure pool side.

The main innovation in PERSEO facility is the presence of two pools connected by a line
with a triggering valve. In this way it is possible to fill the pool where the heat exchanger
is located only when it is needed for safety reasons, by using the teatsf i a second
separate pool that could be placed also outside the containmémis(case it should be

also verified that the pressure drop in the steam line connecting the HXP and the OP does
not limit excessively the natural circulation betweentthe pools).This system could be

used both for BWR and secondary side of PWR reactors allowing the elimination of the
triggering valves on the primary side.
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Considering as a reference firetotypical new system proposal, these are the main scaling
characteristics of the facility:

time presering facility;

full height facility;

full volume facility;

full pressure facility;

prototypical fluid and fluid conditions;

well imposed boundary condition to simulate the operation of the system but not
to capture the integral feedback of the system to the reactor behavio

instrumatation dedicated to characteriall the most relevant therrAaydraulic
parameters (pressure, temperature, pressure drop, flowrate, level)

Considering the prototypical system proposal, the main distortions of the facility are due to
the scaling effect of the boundary condition causing a distortion on the interacting
phenomena at the facility boundary. It is clear that in order to chasadiesi operation of

the passive system the interaction/feedback from the reactor, during the transient
progression, is necessary (scatkdvn ITF). Therefore,to have a complete
characteriation of the passive system operation are necessary ITF experiroaptedc

with PERSEO experiment. Considering the general application of the systemy#ssat

circuit of PERSEO does not have any direct scaling relation with any BWR and PWR
prototypical pressure drop circuit.

It is important to underline, however, that the new system proposal was only at a
preliminary state of design and that the layout has not been sgdirfor construction,
operation and grace time of the reactor in an accident situation.

In relation to the data extrapolation, the data of PERSEO can Hbefarsthefull-scale
characteriation of heat exchange in-pool heat exchanger for DHR (implementing natural
circulation) in relation to the #ube and pool side, thermal stratification, natural circulation
in-tube side and pool side (large pool convection) and between two couplsd poo
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3Test 7 Paescdi phidoR

ThePERSEO facility is a SEFEomponeniTest(NEA, 2017%g) andhas been designed to
characteris a new ifpool heatexchanger for DHR, implementing natural circulation.
Therefore the initial conditions of the transient do not represent a classical stestdy
condition that an be used to assess the nodts in steadygondition. In fact, the initial
conditions of the facility represent the therrngtraulic condition of the prototypical
passive system not in operation with the RPV in a stable pressure condition (simulating the
steady state condition of the generic RPV of the BWR or the secondary side of the SG in a
PWR).

In this condition the system is in the following configuration:

HXP with a fixed water level and the remaining volume filled with air or steam
dependingnthe test (air iMTest 7Part 1 and steam imest 7Part 2);

OP filled with water;

pressure vesel at saturation pressure @dr for Test 7 Partl and 2); this
represents hypothetical steadgtate condition for the vessel representing or the
RPV of a generic BWR or the secondary sida bypothetical SG;

no mass flow rate in the steam duct connecting the two pools;
no mass flow rate in the line connecting the HXP and the OP;

no heat transfetbetween the circuit connected with the pressure vessel and
therefore no fluid circulation in the pressure vessel circuit.

Considering that the operation of the system determines the decrease of the HXR, a quasi
steadyoperation condition is highlighted in order to have an operational.gdavrever,

it should be consideed that the identification of this quasteadyoperation
phenomenological window is only an abstraction because the facility is in a transient
condition.

Pressure drop charactei®n is important for any numerical simulation since it is useful

to evaluate the correctness of distributed and local pressure drop modelling in the
simulation. In PERSEO facility, as already mentioned, the initial conditions do not
represent a classicaleadystate conditions (system not in operajighus pressure drop
characterigtion are referred to the quasdeadyoperation phenomenological window
identified (the test procedure is described more in detail afterward)uRrelssp measured

in PERSEO are total one, therefore considering also the gravitational contribution.

ForTest 7Part 2 it is possible to identify in the central part of the transients a-gieasly
condition. In this temporal window @00 2 000s) it is possible to compute mean pressure
drops.Table 3.1presents the average, minimum and maximum flow rate, pressure and
pressure drop values for this time window.
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Table 3.1. Test7 Part 2 quaststeady operation condition (1500si

20005s)
: Mean Maximum | Minimum
Experimental parameter
value value value
Flowrate steam supply line (F_A001) [kg/s] 13.18 13.31 12.96
Flowrate condensate drain line (F_EOQ01) [kg/s] 12.80 13.34 12.17
Power heat exchanger (W_IC) [MW] 20.10 20.85 19.08
Diff. pressure vessel outleHX inlet (DP-001) [kPa] 6.10 6.62 5.58
Diff. pressure HX inlet upper header (BB02) [kPa] 14.33 14.83 13.77
Diff. pressure HX upper headelower header (D#®03) [kPa] -1.20 -1.01 -1.39
Diff. pressure HX lower headérdrain line (DRP004) [kPa] -8.60 -7.22 -9.84
Diff. pressure drain line 1 (DB06) [kPa] -11.78 -10.68 -12.87
Diff. pressure drain line 2 (DB08) [kPa] -4.97 -2.96 -6.66
Diff. pressure drain line 3 (DB11) [kPa] -38.87 -36.26 -40.11
Diff. pressure drain line 4 (D@12) [kPa] 10.91 11.99 9.89
Diff. pressure vessel outlétdrain line (DR010) [kPa] 37.54 40.60 35.20
Diff. pressure HX upper heade2A tube (DR020) [kPa] -0.59 -0.38 -0.82
Absolute pressure vesseh(®01) [kPa] 7035 7054 7011
Absolute pressure HX upper headefBB01A) [kPa] 6 985 7004 6962
Diff. pressure steam duct injector (E3B01) [kPa] 7.95 12.28 3.71

Among the four actual tests performé&est7 has been chosen for its completeness. In fact,
itis a full pressure test (MPa) that investigates both the system stability and thetienmg
cooling capability (system operation) of the system itself. The test is divided into two part

Part 1: stability test to verify the behawimf the system with twdifferent water
levds. Water level increase at Indtand 3.5m in the HXP

Part 2: test to verify the loagrm cooling capability of the system. In this part the
water level reduction in the pool is accelerated by opening a dedicated valve to
drain water from the OP (instead of the depletion of water due to evaporation
resulting from the heat transferred ire tHX).

Test 7 is devoted to investigag the following items:

the system actuation and the trend of porgenoved with a low HXP level @t
1);

the presence of instabilities due to steam condensation at the interface between
water and staa in theinjector (in the OP) @&t 1 and 2);

the system r@actuation consequent to the HXP filllugp and reaching of the
thermal regime in both the pools4R 1);

the effectiveness of thgjector in mixing the OP water @it 1 and 2)

the power and flow regime variation after the OP level dseiehbelow thinjector
outlet (Rart 2);

the trend of power as a function of the water level in the pools, decreasing for the
lossof mass through the beilff (Part 2).

Heat losses are not measured during the test, so reference values are not available.
However, considering the fuficale dimensions with respect to the prototypical passive
system, the relatively high power ¢gand 20MW) and the low transient duration (less than

6 000s) their effect is not expected to significantifect the test andtherefore the
calculation resultsConsidering the increase and decrease of level and the consequent
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power removal, the importance of the metal masses for the thermal inertia of the system
must be underlined

3.1.Test7 Rart 1

This test is charactegd by three phenomenological windows:

1. 10000s7i 11260s (maximum level in the HXP): Increase of level in two steps in
the HXP with a consequent increase of the exchanged power. Relevant thermal
hydraulic aspects are:

1)
2)
3)
4)
5)
6)

HXP level increase

OP level decrease

mass flow increase itube side

power removed increase

progressive covering of the HX in the pool side

system instability with cold water steam interface at the injector (strong
condensation shocks)

2. 11260si 11845s (HX power around 20AW, the ending time of thet®V is when
the HX power decreases underMW): Quasisteadyoperation starting from the
HXP level of 34 m. Relevant thermalydraulic aspects are:

1)
2)
3)
4)

guastisteady power removed
guaststeady flow rate iktube side
initial boil-off in the HXP,

mixing of the OP water due the acceleration of the steam in the injector

3. 11845s 1 14784s: Boil-off in the HXP with a consequent level reduction.
Thereforereduction of power removed (no accelerated level decrease by opening
of the pool discharge valve). Relevant thermgdiraulic aspects are:

1)
2)
3)
4)
5)
6)
7)

Boil-off in the HXP,

Reduction of HXP level

Increase of OP level due to steam condensation
Reduction of removed power

Reduction of flow rate kube side

Progressive uncovering of the HX in the pool side

Thermal stratification in the OP due to the reduction of mixing for the decrease
of steam accelerated in the injector

This test is performed atMPa; the primary side pressure is showirigure 3.1

After the beginning of the transient, at time 4lbs, valve F045 begins to mpened
slowly then it is completely closed at 608s. At time 10621s a further opening is
actuated and the valve is completely closed a858k. This sequence of F045 valve
opening and closure represents the first phase of water injection. The injection water
flowrate between the pools (derived by the HXP level) for the first phase of injection is
reported infigure 3.2(Water level increase 1.1). Initially the HXP contains superheated
air; the HXP level begins to increase at time483@s and at abdul0683s, the HXP
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reaches the level of about 1.dil(then it deaases slowly down to about 1.41) Figure
3.4

The OP level decreasing is observed during the first watergibwowards the HXP,
Figure 3.4 After the first phase of water peaff, power exchangédrom the primary to
the pool si@ slightly increase (around 3WW, Figure 3.5 together with steam and
condensate flow ratd-{gure 3.9. This small increase of power removed is due to the low
water level increase in the HXP. The data regarding the opening and closurévailtve
F045 and the normaésl flow area associated to each opening are not available.

After this first phase of water injection, due to the low level reached in the HXP, the steam
production is limited and not sufficient to maintain the HXP pressure high enough to drive
the fluid circulation between the pool through steam duct and the injectd@n interface
between cold water and steam is presenhéninjector, and strong condensation shocks
take place. This determines that the HXP pool relative pressure dumps down to negative
values till air inlet through the vacuum breaker valveuificgent to recover the pressure,
Figure 3.15

The HXP fluid temperatures are showrFigures 3.0 3.14 Before the water injection,

the air contained in the pool is hot, due to the high temperature of th&tex the
temperature decreases slowly for the steam production in the HXP after the first phase of
water injection.

The second phase of water injection occurs betwe@&335hnd 1260s when F045 valve

is opened at 1039s and completely closed at P60s. The injection water flowrate
between the pools (derived by the HXP level) for the second phase of injection is reported
in Figure 3.3 At time 11050s, HXP level eaches the maximum value of 3¥ following

the second water injection. The OP level is reporteHigure 3.4 Level decreasing is
observed during the two water peaff towards the HXP. The HXP fluicemperatures
decrease rapidly due to the progressive covering of the HXP (some thermocouples are
wetted by the fluid).

After the FO45 valve is opened for the seconéction and power begins to be exchanged
heavily from the primary to the pool side, the primary side pressure decreases rapidly, so it
is manually increased in order to compensate the pressure decreasing deidhd¢atth
removal. After about 556, the pressure average valuiines to 7MPa,Figure 3.1

While in the first phase of water poaff, power exchanged from the primary to the lpoo
side is quite low (around 3MW), because of the low water level in the HXP, it increases
by increasing the level up to reachithe maximum value of about BAW (Figure 3.5.

The steam flowrate entering the HX and the condensate flowrate exiting the HX increase
and are shown iRigure 3.6

When the maximumelvel of the HXP is reached (3#) the quassteadyoperation of the
system begins. In this case the triggering val@b is closed during the quasieady
operation, thus the window related to the maximemaoved power (around 24W) is
relatively short (around 60%). In theTest 7 Parg, the triggering valve remains opened so
this window last for a longer time (aroundQ0s).

The maximum steam flowrateoedensed in the HX is around K8/s (quasisteady
flowrate 2.2)Figure 3.6 In the HXP saturation is reached early andgerature stabiles
around 104C, corresponding to the saturation at the pressure in the Hyire 3.15The
production of steam is higher and the steam circulation irstésan ducts detected, so

5. The HX power is obtained as W& s-F . *H | where F is the mass flow rate, H the enthalpy and
the subscript S and L are referred to the steam and condensate respectively.
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limiting the thermal stratification in the OP at least until abouttd@s. The OP
temperatures are shownhkigure 3.160 Figure 3.21

After 11845s, due to the reduction of the HXP level (for the 1off) and the progressive

HX uncovering, the removed power starts to decrease sensibly. Correspondingly also the
steam and condensate flow rate reduce. Thedfbih the HXP brings to a level increase

in the OP.

In Figure 3.22it is possible to notice the thermal stratification in the OP starting from
12500s when the steam flow rate from the injector is no longer sufficient to promote
mixing.

The trend of the HXouterwall temperatures on the headers during the test is reported in
Figure 3.23andFigure 3.241t is possible to observe the temperature fall consequent to the
HXP flooding and later the temperature rising when thegd®l driesout. For the upper
header the considered wall temperature {BWDS5) is placed in the lower part of the
header, while for the lower header the considered wall temperaturéd0i0d) is placed

in the upper part of the header.

Table 3.2summarigs the opening and clog time of the valve that controls the transient.
Table 3.3shows thenain relevant thermahydraulic aspect related Teest 7 Part 1

Table 3.2. Test 7 Part1 valve events timing

Event Time [s]

Triggering valve (FO45) first opening 10475
Triggering valve (FO45) first closure 10608
Triggering valve (FO45) second opening 10621
Triggering valve (FO45) second closure 10655
Triggering valve (FO45) final opening 11039
Triggering valve (FO45) final closure 11260

SourceFerri, Achilli and Gandolfi, 2002].

Table 3.3. Main relevant thermal-hydraulic aspect related to the
Test 7 Part 1

Relevantthermal-hydraulic aspects Time [s] Quantity
Triggering valve (F045) opening and closure 104757 10608
Triggering valve (F045) repening and re 106211 10655
closure
qumum level in the HXpool for the first 10683 141m
filling step
Small Heat removal frorthe primary side 106007 11000 3.5MW
Slow water consumption in the Hool 11049 From 1.41m to 1.4m

Instabilities for steam condensation in t

109307 11290

Negative HXP relative

injector pressure
Triggering valve (F045) opening actbsure 110397 11260

Maximum level in the HXpool 11050 3.4m
Maximum exchanged power 112607 11845 21.5MW
HX pool minimum level 14800 1.25m
OP average temperature 13000 around 58C

SourceFerri, Achilli and Gandolfi, 2002].
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Figure 3.1. Test 7Part 1 - Primary side pressure
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Figure 3.2. Test 7 Part 1- Water flowrate between the pools (initial
HX pool filling)
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Figure 3.3. Test 7Part 1 - Water flowrate between the pools
(complete HX pool filling)
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Figure 3.4. Test 7Part 1 - HX pool and overall pool level
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Figure 3.5. Test 7Part 1 - HX exchanged power
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Figure 3.6. Test 7Part 1 - Steam and condensate flow rate
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Figure 3.7. Test 7Part 1 - HX pool temperatures (level 1)
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Figure 3.8. Test 7Part 1 - HX pool temperatures (level 2)
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Figure 3.9. Test 7 Part1 - HX pool temperatures (level 3)
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Figure 3.10. Test 7Part 1 - HX pool temperatures (level 4)
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Figure 3.11. Test 7Part 1 - HX pool temperatures (level 5)
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Figure 3.12. Test 7Part 1 - HX pool temperatures (level 6)
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Figure 3.13. Test 7Part 1 - HX pool temperatures (level 7)
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Figure 3.14. Test 7Part 1 - HX pool temperatures (level 8)
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Figure 3.15. Test 7 Part1 - HX pool relative pressure
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Figure 3.16. Test 7 Part 1- Overall pool temperatures (level 1)
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Figure 3.17. Test 7Part 1 - Overall pool temperatures (level 2)
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Figure 3.18. Test 7 Part1 - Overall pool temperatures (level 3)
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Figure 3.19. Test 7Part 1 - Overall pool temperatures (level 4)
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Figure 3.20. Test 7Part 1 - Overall pool temperatures (level 5)
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Figure 3.21. Test 7Part 1 - Overall pool temperatures (level 6)
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Figure 3.22. Test 7Part 1 - Overall pool temperatures
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Figure 3.23. Test 7Part 1 - HX upper header wall temperatures
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Figure 3.24. Test 7 Part 1- HX lower header wall temperatures
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3.2.Test 7Part 2
This test is charactegd by three phenomenological windows:

1. 0si 531s (maximum level in the HXP): Increase of level in one step in the HXP
with a consequent increase of tlechanged power. Relevant therrhglraulic
aspects are:

1) HXP level increase

2) OP level decrease

3) Mass flow increase #ube side

4) Power removed increase

5) Progressive covering of the HX in the pool side

2. 531si 2282s (HX power around 2MW, the ending time of theHW is when the
HX power decreases under RW): Quasisteadystate operation stiing from the
HXP level of 3.3m. Relevant thermdiydraulic aspects are:

1) Quasisteadystate power removed

2) Quasisteadystate flow rate iftube side
3) Initial boil-off in the HXP,

4) Instabilities in the OP water level

3. 2282si 5735s: Boil-off in the HXP with a consequent level reduction. Therefore
reduction of power removed (accelerated level decrease by opening of the pool
discharge valve). Relevant therniaidraulic aspects are:

1) Boil-off in the HXP,

2) Reduction of HXP level and OP level due to the accelerated water draining
from the drain valve

3) Reduction of removed power
4) Reduction of flow rate Hube side
5) Progressive uncovering of the HX in the pool side

The second part of the test ssawith the HXP containing 1.2 water level in saturation
conditions, the OP full of warm water attik intube side pressure ofMPa. The PV
pressure is shown frigure 3.25

Valve F045 begins to be opened iate 300s and it is completely open at 326(26s
opening time). The same valve is closed 888s in 123s in order to isolate the two pools
and investigate the trend of power as a function of the HXP level. The water flowrate
between the pools (derived by the HXP level) is reportédgare 3.26

The HXP levelbegins to increase at time 340At time 531s, the HXP raches the
maximum level of 3.2%n, then oscillations follows until aboutsD0s, Figure 3.27 The

OP level is reported in the same figure. After the early OP level decreasing for the water
pouroff to the HXP, strong and fast oscillations are observed in the OP level, due to the
condensation of steam produced in the HXP and flowing throughjdwan

After the FO45 valve is opened apdwer begins to be exchanged from the primary to the
pool side, the primary side pressure is manually increased in order to compensate the
pressure decreasing due to the heat removal. After some oscillations, twee@ee®rage
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value returns to ¥MPa and it is maintained stable until tthepressuration of the plant is
started at 685s, Figure 3.25

The exchanged power is shownFigure 3.28 It is possible to observe that the removed
power follows the trend of level in the HXRait is quite stable around 20W until the
level does not decrease below thdabout 2400s), Figure 3.27

The HX steam and condensate flowrate are showigare 3.29 The condensed steam
flowrate at the maxium exchanged power is aboutkdis.

The HXP fluid temperatures are shownHigure 3.30to Figure 3.37 Before the water
injection, superheated steam is contained in the upper part asabgedwater in the lower
one. After the HXP flooding and water boiling, all temperatduabiise around 104,
corresponding to the saturation at the pressure in thekigate 3.38 Pressure in the HXP
is sufficient to drive steam in the OP through the steam duct aij¢letor.

Steam, accelerated into the OP by tfjector, promotes the water circulation and mixing

in the OP. The temperature peaks observed around 650 @@dslare due to level
oscillations between the pools and water transfer from the HX to the OP through the water
line. All the OP fluid temperatures are showrrigure 3.44and it is possible to notice the
mixing promoted by the injector and then the reaching of saturation conditions. The OP
temperatures are shown kigure 3.39to Figure 3.43(T-P007 is not wailable for Test

7 Part2 soLevel 3 is not shown).

Attime 1150s, when the majority of OP tempeures is between 80°C and’@)the level
decreasing in the pools is accelerated by opening the discharge valve FO31. The valve is
left open for the remaining part of the test. At this point,ithector outlet is uncovered

and steam arriving from theteeamduct is discharged through the boif pipe.

The data regarding the opening and closure rate of valve FO31 and the seatfit@lv area
associated to each opening are not available.

After the F045 valve between th&o pools is closed (from 338sto 3461s), the HXP
level decreases more rapidly and consequently the exchanged power the steam and
condensate flow rate.

The trend of the HX wall temperatures on the headers is repoffeglire 3.45andFigure
3.46 Itispossible to observe the temperature fall consequent to thdlebtihg and later
the stabili;ng of the wall temperature about® above the saturation temperature until
they are covered by water.

Table 3.4summarigs the opening and closure time of the valves that control the transient.

Table 3.5shows thanain relevant thermahydraulic aspect related to thest 7 Parg.

Table 3.4. Test7 Part 2 valve events timing

Event Time [s]
Triggering valvg(F-045) opening (in 26) 300
Overall Pool discharge valve+#B1) opening 1150
Triggering vahe (F045) closure (in 128) 3338

Source:Ferri, Achilli and Gandolfi, 2002[1]
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Table 3.5. Main relevant thermal-hydraulic aspect related to the
Test 7 Part 2

Relevantthermal-hydraulic Time [s] Quantity
aspects
Triggering valve (F045) opening 326 (opened in 26)
Maximum level in the HXP 531 3.25m
Maximum exchanged power 5311 2282 21 MW
OP discharge valve FO31 opening 1150
Triggering valve F045 closure 3338 (closed in 128)
HX pool level decreasing and loss .
of mass from the boeibff 228215735
Primary side depressugton
o2 4685
beginning for end of test

Source:Ferri, Achilli and Gandolfi, 2002[1]

Figure 3.25. Test 7 Part 2- Primary side pressure
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Figure 3.26. Test 7 Part 2- Water flowrate between the pools
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Figure 3.27. Test 7 Part 2- HX pool and overall pool water level
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Figure 3.28. Test 7 Part 2- HX exchanged power
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Figure 3.29. Test 7 Part 2- Steam and condensate flowrate
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Figure 3.30. Test 7 Part 2- HX pool temperatures (Level 1)
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Figure 3.31 Test 7 Part 2- HX pool temperatures (Level 2)
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Figure 3.32. Test 7 Part 2- HX pool temperatures (Level 3)
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Figure 3.33. Test 7 Part 2- HX pool temperatures (Level 4)
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Figure 3.34. Test 7 Part 2- HX pool temperatures (Level 5)
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Figure 3.35. Test 7 Part 2- HX pool temperatures (Level 6)
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Figure 3.36. Test 7 Part 2- HX pool temperatures (Level 7)
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Figure 3.37. Test 7 Part 2- HX pool temperatures (Level 8)
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Figure 3.38. Test 7 Part 2- HX pool relative pressure
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Figure 3.39. Test 7 Part2 - Overall pool temperatures (Level 1)
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Figure 3.40. Test 7 Part 2- Overall pool temperatures (Level 2)
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Figure 3.41 Test 7 Part 2- Overall pool temperatures (Level 4)
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Figure 3.42. Test 7 Part 2- Overall pool temperatures (Level 5)
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Figure 3.43. Test 7 Part 2- Overall pool temperatures (Level 6)
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Figure 3.44. Test 7 Part 2- Overall pool temperatures
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Figure 3.45. Test 7 Part 2- Heat exchanger upper header wall
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Figure 3.46. Test 7 Part 2- Heat exchanger lower header wall
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4.Qu al | anadyuiavnet | a&cectuiresea ¥ u aHy poas:itar get
phenommemetahods

To assess the quality of a code predictebnode validation process has to be fulfilled; the

main parts of the codaleinanalideveldpmditan goddd cess ar e
independent qualificatian . T h goallmd i rcddeeind@pendent qualification i st o

evaluate the code accura¢Mascari etl., 201%7). Accuracy is connected with the

qualitative and quantitative discrepancy in the comparison between measured and
calculated trends. This evalwuation is done by
the fimeasured transiento.

It should be underlined that the validation of each indivigualdopted code is

responsibility of the different code users and code developers, based on their methodology

and acceptance criteria; then it is out of the target of the PERSEO benchmsiadd, the

target of this benchmark is to evaluate the capability of the adoptedwitdescommon

methodology, already used in technical literatgrdd 6 Aur i a, Frogheri and
1999:g)), and based on a qualitative and quantitative point of view.pEnits to identify

the main code limitations and new proposals for future further activities that can contribute

to theimprovement of the safety of current and advanced reactor designs.

The accuracy evaluation of the PERSEO benchmark is performed in twddtegsari
etal.,20157)( D6 Aur i a, Frogheigg): and Giannotti, 1999

1. qualitative evaluation;

2. quantitative evaluatian

The qualitative weval uat i ogekevart shernmlehydraulic me d i den
phenomenad in the system and the Aphenomenol og
processoccursn each phenomenol ogical window the fArel

are then identified ahthey are used to characterthephenomena of interest. Finally

is possible to perform the qualitative analysis of the obtained results by comparison of the
measured and calculated tren@sialitative analysis is based on four subjective gmgnt

marks (Excellent (+), Reasonable), Minimal (NA), Unqualified {)), thatis applied to

the matrix ofthe selectegpphenomena. It is mainly based avisual observation of the
experimental and calculated trenééter the qualitative accura@nalysisthe quantitative
evaluation has been performéithis evaluation is important to juddeom a quantitative

point of viewthe results of a calculaticand properly assure its qualitgonsidering the
subjective nature of the qualitative analysis, qualitative and quantitative accuracy
evaluation should be considered complementary and they should be applied together to
have a solid accuracy evaluatiomeFast Fourier transforibasednethodhas been applied

to quantitatively evaluate the accuracy of the calculations

4.1.Qualitative accuracy evaluation

The PERSEO facility is suitablfor obsening several thermahydraulic phenomena such
as: natural circulation, thieehaviourof large pool of liquid and the performancetbé
emergency heat exchandekEA-TECDOG1677, 20184) (Mascari etal., 201%5)).

6. As reported in(Mascari e@l., 20157) the code internal development is constituted by code
verification and internal code validation. Therefore, its main target is to qualify the models
implemented in the code and the global architecture.
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A series of experimental parameters (either directly measured or derived from other
quantities) lave been selected to characterthe phenomena of interest. A matrix of
phenomena observed and relateghegimental quantity is shown ifable 4.1 The
occurrence in the facility of the phenomena of interest is qualitatively evaluated according
to Table 4.2 In the same table also the code capability to qualitatively simulate the
phenomena is rankéMascari efal., 201¢q)). In Table 4.3t is summaried the list of the
parameters selected for thmualitative accuracy evaluation of the benchmarke
parameters have been proposed by ENEA and then agreed by the benchmark participants
at the first mssive system groupeeting inKarlstein(Germany, 26-27 June 2018

The phenomeémoml Bciircul ation in HXP and OP cou
new advanced passive system proposal consisting of two coupled pools. The flow rate

between the two pos| even if useful to charactezishe natural circulation, has not been

considered since it is available only in short time windows.

For phenomenon C, the absolute pressure and the removed power determine the operating
conditions of the systenin theseoperating conditionshere isa pressure drop profile.

During the tesbnecan identify a time windowduring whichit is possible tdix a quasi
steadyoperational point (as already mentioned). For phenomé&ndinis important to
characteris the intube condensation and the adopted correlations in the codes.

In relation to the phenomenon H the steam flow from the HXP to the OP is not available,
only the pressure drops in the steam duct and in the injector are available. The consequent
thermal stratification is investigated in phenomenon F thus it is notedserpbhenomenon

H.

In phenomenon | heddsses are not inserted since they are not measured in the facility and
they are expected to have a little effect on the operating conditions and on the simulation
results.
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Table 4.1. Phenomenacharacterised in PERSEO tests

Phenomenon Experiment TH code
Ph. Measurement Ph.
Flowrate steam supply line F_A001 (der.)
Flowrate condensate drain line F_E001 (der.)
A Natural circulation in one-phase + Power heat exchanger W_IC (der.)
and two-phase flow intube side Absolute pressure vessel P-1001
HX inlet temperature T-A005
HX outlet temperature T-E001
Power heat exchanger W_IC (der.)
Level HXP L_VQ (der.)
Level OP L_VP (der.)
Natural circulation in HXP and Temperature HXP (bottom) T1-Q037
B OP coupledcircuit + Temperature HXP (middle) T-Q034
Temperature HXP (top) T-Q031
Relative pressure HXP top P-Q001
Temperature OP (bottom) T-P008
Temperature OP (top) T-P021
Absolute pressure vessel P-1001
Flowrate steam supply line F _A001 (der.)
Thermo-fluid dynamics and Flowrate condensate drain line F_E001 (der.)
C pressure drops in various + Power heat exchanger W_IC (der.)
geometrical configurations Relative pressure HXP top P-Q001
Diff. pressure HX uppelower header | DP-003
Diff. pressure steam duct injector DP-J001
Behaviour of emergency heat Flowrate steam supply line F_A001 (der.)
D exchangers an_d isolation ' + Flowrate condensate drain line F_EO0O01 (der.)
condensers: Tubeside convection
heat transfer Absolute pressure vessel P-1001
Diff. pressure HXupperlower header | DP-003
HX inlet temperature T-A005
HX outlet temperature T-E001
Power heat exchanger W _IC (der.)
. Level HXP L_VQ (der)
Beha\ﬂour of emerg_enlcy_heat Power heat exchanger W_IC (der.)
E exc angers ar_ld Isolation. + Temperature HXP (bottom) T-Q037
condensers: Pooside convection -
heat transfer Temperature HXP (middle) T-Q034
Temperature HXP (top) T-Q031
Power heat exchanger W _IC (der.)
Diff. pressure steam duct injector DP-J001
. . Temperature HXP (bottom) T-Q037
F Behaviour (t)I Ig;iget?onol. Thermal + Temperature HXP (middle) T-Q034
stratiicatio Temperature HXP (top) T-Q031
Temperature OP (bottom) T-P008
Temperature OP (top) T-P021
Level HXP L VQ (der.)
G Behaviour of large pool: Natural + Level OP L_VP (der.)
convection (within a single pool) Power heaexchanger W_IC (der.)
Relative pressure HXP top P-Q001
Steamliquid interaction: Direct Level OP L_VP (der.)
H | contact condensation of steam in| + Relative pressure HXP top P-Q001
pool water Diff. pressure steam duct injector DP-J001
Wall temperature HX upper header | TW-B005
: Structural Heat " Wall temperature HX lower header | TW-D001

* (der.) = derived quantity
** Ph. = phenomenon
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Table 4.2. Experimental facility and code qualitative phenomena
prediction evaluation

+ 0 NA -

Phenomenon occurreg
Phenomenon occurreq Phenomenon occurred during the test but therg

Experimental Phenomenodid not

in the test and it is in the test and it is is no instrumentation ta )
data - - occur in the test
directly measured indirectly measured detect (lack of
instrumentation)

Phenomenon is partiall Models aranot

Phenomenon is clearly predicted appropriate to predict Phenomenon is not
predicted by the code| (i.e.the answer of the pprop op i
Calculated data (Excellent/ code isreasonablebut (i.e. nodalisation predicted b_y_the code
Reasonablg closure relations are ng Szﬁfﬁ%ae)tc') (Unqualified)

appropriate, etc.)

Table 4.3. List of parameters selected for the benchmark

Parameter Plant code Unit
1 Flow rate steam supply line F_AO001 (der.) kg/s
2 Flow rate condensate drain line F_E001 (der.) kg/s
3 Power heaexchanger W_IC (der.) kw
4 Absolute pressure vessel P-1001 kPa
5 HX inlet temperature T-A005 °C
6 HX outlet temperature T-E001 °C
7 Level HXP L_VQ (der.)
8 Level OP L_VP (der.)
9 Temperature HXP (bottom) T-Q037 °C
10 Temperature HXPmiddle) T-Q034 °C
11 Temperature HXP (top) T-Q031 °C
12 Relative pressure HXP top P-Q001 kPa
13 Temperature OP (bottom) T-P0O08 °C
14 Temperature OP (top) T-P0O21 °C
15 Differential pressure HX uppédower header DP-003 kPa
16 Differential pressure steam duct injector DP-J001 kPa
17 Wall temperature HX upper header TW-B005 °c
18 Wall temperature HX lower header TW-D001 °c

4.2.Quantitative accuracy evaluation

The quantitative accuracy evaluation of the benchmark results is performed applying the
FFTBM (briefly described in Annex 1) tt2 selected parameters. The parameters are a
subset of the.8 considered in the qualitative evaluation. The parameters selected for the

WGAMA PERSEO BENCHMARK RESULTS REPORT



NEA/CSNI/R(2021)2/ADD| 63

quantitative accuracy evaluation have been proposed by ENEA and agreed by the
benchmark participants at tlsecond pssive system groumeeting in Tirrenig(ltaly),
27 Februaryi 1 March 2019

The weighting factors adopted for the various parameters are repoifatle4.4with

some notes regarding some assumptions made with respect to the original methodology
(Progek, DO Aur iga(preposdd biMENEA and agr2dd By2the benchmark
participants at theecond pssive system groumeeting in Tirrenigltaly), 27 February

i 1 March 2019).The weighting facta reported in the tableonsider the experimental
accuracy(Weyxp), the safety relevang@vsa) and the parameter contribution to the primary
pressuréWnorm).

Table 4.4. Weighting factors for the FFTBM application

Parameter Type Wexp W Woorm Note
F A001 |Flow rate 0.5 0.8 0.5
W_IC Power 0.8 0.8 0.5 |Assumed as core power
P-1001 Pressure 1 1 1 Assumed as primary pressure
L VQ Collapsed level 0.8 0.9 0.6
L_VP Collapsed level 0.8 0.9 0.6
T-Q034  |Fluid temperature 0.8 0.8 2.4
P-Q001 Pressure 1 0.6 1.1 |Assumed asecondary pressure
T-P0O08  |Fluid temperature 0.8 0.8 2.4
T-P0O21 Fluid temperature 0.8 0.8 2.4
DP-003 Pressure drop 0.7 0.7 0.5
DP-JO01 |Pressure drop 0.7 0.7 0.5
TW-B005 |[Outerwall temperature] 0.9 1 1.2 |Assumed as cladding temperature]
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5Benchmanrtki canpdadt sirghwoal s

5.1.Benchmark participants and codes

Nineteen organaions worldwide expressed interéstparticipatng in the benchmark.
Twelveresults fromeleven organetions were submitted according to the fixisdlines
original and extended. The original deadline for submitting the results was fixed for
31 March 2019; considering the interest in the activity, a new deadlingafiitary 2020)

was proposed and acceptdhe last working group meetin@irrenia, 12 13 December
2019). Twolate submissions, one updatealculation and a new organisation with a late
submissiorwereaccepted. Eight orgamitons withdew from the benchmark. Noticeably,

7 out of 12 calculationspresented in this benchmark reparere carried out by code
developers.Table 5.1summarises the participants, the adopted codes and the results
received. Afterwards, in Section 5.2, the individual reports of all the benchmark
participants are collected.

Table 5.1. Summary of the participants and adopted codes

RESULTS AND
COUNTRY INSTITUTION CODE REPORT
DELIVERED
Canada CNSC/CCSN - Cancelled
China SPICRI - Cancelled
Croatia FER - Cancelled
RELAP5/MOD3.3Patch05 N
Czechia uv MELCOR v2. Cancelled
GOTHIC Cancelled
Finland VTT Apros 6.09 N
France IRSN CATHARE Cancelled
Germany GRS ATHLET 3.2 N
POLITO RELAP53D v4.3.4 N
Italy UNIPI RELAP5/MOD3.3Patch03 N
UNIROMA1 RELAP5-3D N
Netherlands NRG SPECTRA v3.61 N
Russia IBRAE SOCRAT N
MARS-KS v1.4 N
KAERI
Korea SPACE v3.2 N
KINS - Cancelled
Spain UPV - Cancelled
NuScale - Cancelled
United States UofU MELCOR v2.2.11620 N
osu - Cancelled
USNRC TRACE V5.1175 N
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5.2.Individual benchmark participants report

5.2.1.GRS
SECTION 1: GENERAL INFORMATION
Organisition GRS gGmbHGermany)
Contact persons/authoiSebastian Buchholz, Henrique Austregesilo
Code ATHLET 3.2
Computing environment
Operative systemBCWindows 10Enterprise
RAM 16 GB
CPU characteristicsmtel Core i58350U with 4 Cores and HT

SECTION 2: DESCRIPTION OF THE CODE USED

The thermahydraulic system code analysis of therthgtiraulics of leaks and transients
(ATHLET), part of the GRS code package A being developed for thetailedanalysis

of the whole spectrum @vents from normal operation up to design extension conditions
without core degradatiornThe code is applicable for western readigint water reactor
designsfor Russian VVER and RBMK reactoesd has diverse capabilities for reactors
with other working fluids The main code features are:

advanced thermdiydraulics;

modular coderchitecture;

separation between physical models and numeniedhods;
portability to the prevalent computer platforms.

ATHLET is composed of several basic modules for the simulation of the different
phenomena involved in the operatmfra light water reactor, i.¢he thermefluid dynamics
(TFD), theheat transfeand heat conduction (HECU), neutron kinetics (NEUKIN), and the
control and balaneef-plant (GCSM), together with the fully implicit numerical time
integration method FEBEOther independent modules (€30 neutron kinetics or
containment modules) can be coupled by means of a general interface.

The thermefluid-dynamic module is based on a-siquation model, with fully separated
balance equations for liquid and vapocomplemented by mass conservation equations
for up to six different noitondensable gases and by a boron tracking model. Alternatively,
a five-equation model, with a mixture momentum equation and ardnthe driftflux
formulation for the calculationfahe relative velocity between phases is also available.
Specific models for pumps, valves, separators, turbines, mixture kesiahty, critical flow

etc. are also included in ATHLET. The system configuration to be simulated islatbdel
just by connecting basic therrfloid dynamic elements, called therrfiaid (TF) and heat
conduction (HC) objects. Multimensionaprocesses are simulated by a dedicated 2D/3D
TF model incartesian or cylindrical cordinates. Optionally, ondimensional parallel
channels with cross connection flows may also be used.

The range of code applicability has been newly extended to supercritical water, enabling
the transition from supeito subcritical fluid states. In addition to light water, further
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Power (MW)

coolants can be simulated as working fluids: heavy water, helium, sodium, lead and lead
bismuth.

The systematic validation of ATHLE[B.2.11] is based on a webalanced set of integral
and separate effects tests derived from the CSNI code validation matrices.

The pool side heat transfer is determined by the modified model of Chen (for subcooled
and saturated nucleate boiling) and the model of McAdams (natural conv¢stap].

For the tubeside, the models of Chen (macroscopic part only, forced convection), Nusselt
(laminar condensation) and Carpenter and Colburn (turbulent condensat®hb] have

been replaced by the models of Nusselt (laminar condensation), Kutateladze (laminar wavy
condensation) and Chen (turbulent condensation) proposbit3].

The newly implemented correlations enhance the heat transfer coefficient depending on the
Reynolds number of the liquid inside the tubes. A comparison of the heat transfer
coefficients for PERSEO Test 7 Part 2 at approximat€l9@s is shown in théollowing

Figure 5.2(from top to bottom of the pipes with increasing node number). While the heat
transfer coefficient is almost constant over the height of the heat exchanger when standard
ATHLET 3.2[5.2.12] is used, in the developer version (_dev) the coefficient is higher at
the same locations. Furthermore, its behaviepends on the condensation regime: At the

top of the tubes, the condensation is laminar and the heat transfer coefficient is decreasing
due to an increasing water film thickness at the tube wall. When the condensation becomes
turbulent (from nodehreeto severn the heat transfer coefficients are increasing. This
enhancement of the condensation heat transfer coefficient leads to a better prediction of the
transferred power over the heat exchanger whicsh@vn inFigure 5.1 Without the
additional corrtations, the power is underpredidtey ATHLET by approximately 23

(on the base of the experimental data), while including the correlatendifference
shrinks tofive.

Figure 5.1. HX power before and after AC2 modification
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Figure 5.2. Heat transfer coefficient as function of the HX axial nodes
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For PERSEOthe six-equation systens mainly used.However, since the mixture level
tracking model was needed for the simulation of the mixture levels within the RPV and
both water pools, for these objects the faguation system has been implementeat.
wall friction, the DarcyWeissbach friction factor is calculatetdth the equations of

HagenPoiseuille and Colebrook. Furthermore, a 4mase friction multiplier is
determined by the MartinelNelson model. Form losses are included by user input.

SECTION 3: DESCRIPTION OF THE NODALI SATION

The ATHLET model of PERSEO consists of two fluid dynamic systems. The first one is
composed of the pressure vessel, steam line, heat exchanger (including upper and lower
header and heat exchanger pipes) and the drain line. Furthermoredapiemelent vaime
(pressure and enthalpy boundary object) is defined at the gas/steam region of the pressure
vessel, since no data was available concerning the steam injection into the first circuit. The
boundary can be disabled by closing a valve which connects thedryuvith the vessel.

For keeping a constant liquid level inside the vessel, a water drainage has been adopted,
modeled as a secalled Fill object. The second fluid dynamic system consists of the two
water pools and their connecting lines. Both pools are rextleds a tweahannel
representation to achieve a mixing of the water inventory of the pools. At the top of the
heat exchanger pool, a pressure and enthalpy boundary has been set, which also can be
disabled by a valve. A second boundary is given etetind of the boibff line, which is
connected to the top of the overall pool for steam release into the environment. The heat
exchanger pool pipe (shell side of the heat exchanger) was implemented with a model
option for vertical bundles considering the pitch of the heaha&nger pipes which
influences the heat transfer.

All objects are equipped with wall structures;catled heat conduction objects, excipt
the heat exchanger pool channehich includes the heat exchanger since this one is the
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inner channel of the pool. The insulation of the structures has been considered. Material
properties were taken from the information provided by the experimenters, except the heat

conductivity of INCONEL 600, whichdiffer in the literature (e.gvDl Wé&armeatlas
[5.2.14]) in a range between 4#1+2 W/m K in the temperature range of 100F@G0C°C
from the provided information and the higher values were taken. Heat losses arednodel
by giving a fixed environment temperature and a fixedt transfer coefficient of My/m?

K as an outside condition.

Table 5.2. Summary of the main nodalisation characteristics of the
PERSEO model

I\rllumber_of Number of Number of heat Overall Volume
ydraulic . : 3
junctions structures (m3)
volumes
Vessel 9 9 1 38.58
Steamline 27 29 7 2.398
HX 9 8 5 1.826
Condensate line 20 21 2 0.5402
HXP 26 41 2 26.96
Steam duct 11 12 3 12.95
OP 18 29 4 173.0
Heat transfer area HX @n Inner area: 42.665, outer area: 46.722
HX heat structure axial nodq 11
number
HX heat structure radial nodes | 3
number
Figure 5.3. GRS nodalisation of PERSEacility
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SECTION 4: RESULTS
TEST 7 Part1

Calculations of this experiment with the standard ATHLET 3.2 did not lead to suitable and
satisfying results. The power of the heat exchanger was underpredicted. For that reason, a
developer version of ATHLET 3.2 has been created and the heat transfds rfoode
condensation inside vertical pipes have been exchanged by the modetsedest the end

of Section 2. The following results have been obtained by using the developer version. The
newly implemented correlations will be adopted into the main ved§i&fTHLET in such

a way, that the user can choose them for special heat transfer objects.

The initial conditions are specified by the user within the corresponding ATHLET input
deck on the base of the experimental data. With start of the calculation, ATHLET first
performs a saalled steady state calculation, which is needed to ensure steaey st
conditions of the thermdlydraulic network to avoid unexpected initial transients.

Initially, the pressure inside the pressure vessel (steam part) B2IM0Pa. The
temperature is 286°€ (saturation temperature) and the collapsed lev@l42m. Pressure
and enthalpy were fixed by a tirtkependent volume connected to the upper part of the
pressure vessel. The heat exchanger pool is initially fully fiketl air at a pressure of
0.126MPa and aamperature distribution of 803 to 28.7°C from bottom to topThe
collapsed level is at 0rh, which is the height of the bottom of theol (so initially, no
water is inside the heat exchanger pool). The overall pool is filldd water (collapsed
level: 4.65m, temperature: 15°€). The presse within the gas region is OMPa. The

gas region is filled with air and steam with the steam partial pressuretigusaturation
pressure at 152€. The liquid line connecting both pools is closed by a valve and is filled
with water in the overall pool side only.

During the steady state phase, the pressure and enthalpy boundary connected with the upper
part of the heat exchanger pool is active to prevent the system from a pressure decrease due
to condensation within the vessel. After the steady state ptiesexperiment starts at
10475s with partially (886) opening the valve in the liquid line. Consequently, water is
flowing from the overall to the heat exchanger pool, indicated by an increase of the water
level within the pool Figure 5.1(. Five seconds afteopening the valve, the above
mentioned boundary condition is deactivated. A6Q8s, the alve is closed anckopened

(85%) again at 1821s. At 10655s it is closed again until 1139s. At this time point, it

is fully opened. It is finally closed at ZB0s. The opening timior the valve has been set

to 5s.

The resultindbehaviourof the pool collapsed levels (L_VQ, L_VMigure 5.1GandFigure

5.11) are in a good agreement with the experimental data. At the primary side, the mean
mass flow rates into and from the heat exchanger are also in good agrdemest §.4
andFigure 5.5, whereas the peak values are not fully reached. Since the transferred power
is calculated by the mass flow rates and the corresponding enthalpies of the fluid -at the in
and outlet, the calculated transferred poweigyre 5.9 is slightly underestimated
(approximately %, based on the experimental data). Due to the fixed pressure boundary
the pressure within the pressure vessdure 5.7 stays constant as well as the inlet
temperature Kigure 5.8, while fluctuations in the pressure and temperature can be
observed in the experimental data. The constant pressure hashmsam sinceno
information about the steam injection control system were provided (mass flow rate and
enthalpy) and therefore this system could be reprodudie isimulation.

The experimental data regarding the condition within the pressure vessel is not clear: It can
be seen that the temperaturd005 (Figure 5.8 follows the pressure-®01 (Figure 5.7,
which would be the case if the temperature is the saturation temperatul@Oth. For the
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mean pessure inside the vessel (7.08Ba) thesaturation temperature is 28834 But in

the experimental data, the mean measured temperature is ab&iC2@&hich corresponds

to 7.6MPa. One possibility could be that not the bulk, but a wall or film temperature is
measured. For the calculations the experimental pressure has been considered and therefore
also the saturation temperature, which is lower than the experimentally determined
temperature.

In the comparisons of the heat exchanger pool temperatures, larger differences between
experiment and calculations for the steady state values can be observed for the top and
bottom measurements Q031 and ¥QO037, Figure 5.12to Figure 5.134. While the
experimental values were put into the input deck correctly, the output values after the
steady state calculation are mean values of the corresponding control volumes, which may
differ from the initial input values. With start of the heat tfandetween 1100s and
13000s the agreement becomes better, since the temperatures of the water inventory reach
saturation conditions.

The mixing of the overall pool water inventory might be underestimated by the code. The
temperature at the top {H021,Figure 5.17 of the overall pool becomes higher in the
simulation than in thexperiment, while the temperature at the bottom of the peB0O{S,
Figure 5.16 is lower in the simulation than in the experiment.

The wall temperatures of the upper and lower header-BD@5, Figure 5.20and TW

D001, Figure 5.2} are in a qualitatively good agreement with the experimental data. The
differences may be due to a coarse nadatin of the header. The upper and lower header
are simulated in ATHLET by a branch object each. Consequently, the heat conduction
objects simulating the headsalls are also modield with only one control volume.

The relative pressure within the heat exchanger poQ@Q@1, Figure 5.1% has been set
higher in the simulation for the steady state case, since otherwise water from the overall
pool would have flowed backwards through the steam duct into the heat exchanger pool
during the steady state phase. After starting the experimenthwtfirst opening of the

liquid line valve, the calculated relative pressure first agrees well but later it overestimates
the experimental data during the main heat transfer phasedie 11100s and 1200s.

After that, the agreement is good. The pressure difference between the upper and lower
header (DFO03,Figure 5.18 is overestimated (in absolute values) but shows qualitatively
the samévehaviour The measurement BBO3 is part of a closed pressure difference chain
over the whole primary circuit. The sum of all pressure differences should be zero (value
DPsum,Figure 5.22. While in the simulation DPsum is zero, in the experiment it is not.
Therefore, a comparison of BI®3 isnot reasonable.

The differential pressure over the injector (DBD1,Figure 5.19 is underestimated by
ATHLET between 1100s and 1200s. One reason for that may be the higher
temperature at the top of the overall pool leading to a less high counterpressure above the
injector, leading to a lower differential pressure.

A total number of 50027 time steps have been performed. The CPU time \28¢ 8
Since ATHLET has a variable time step size automatically defined by the error
convergence criteria within the implicit integration procedure FEBE in ATHLET, no
general time step size can be provided. But the bandwidtle ioatlculation was between
0.005s and 0.5.
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Figure 5.4. Test 7 Part 1- Steam flow rate
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Figure 5.5. Test 7 Part 1- condensate flow rate
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Figure 5.6. Test 7 Part 1- HX power
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Figure 5.7. Test 7 Part 1- Primary pressure
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Figure 5.8. Test 7 Part 1- HX inlet fluid temperature
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Figure 5.9. Test 7 Part 1- HX outlet temperature
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Figure 5.10. Test 7 Part 1- HXP level
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Figure 5.11. Test 7 Part 1- OP level
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Figure 5.12. Test 7 Part 1- Fluid temperature HXP (bottom)
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Figure 5.13. Test 7 Part 1- Fluid temperature HXP (middle)
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Figure 5.14. Test 7 Part 1- Fluid temperature HXP (top)
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Figure 5.15. Test 7 Part 1- Relative pressure HXP top
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Figure 5.16. Test 7 Part 1- Fluid temperature OP (bottom)
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Figure 5.17. Test 7 Part 1- Fluid temperature OP (top)
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Figure 5.18. Test 7 Part 1- Differential pressure HX upper-lower
header
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Figure 5.19. Test 7 Part 1- Differential pressure injector
Diff. pressure steam duct injector
10 A —— DP-J001_Experiment
] ——— DP-J001_AC2
5 -
T ]
oL
= 0 4
@
2 ]
2
2 ]
o 4
_5 -
_10 —
1 T T T T T T T T T T o T T T T T T T T T T
10000 11000 12000 13000 14000

Time (s)

WGAMA PERSEO BENCHMARK RESULTS REPORT



NEA/CSNI/R(2021)2/ADD| 79

Figure 5.20. Test 7 Part 1- Wall temperature HX upper header
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Figure 5.21. Test 7 Part 1- Wall temperature HX lower header
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Figure 5.22. Test 7 Part 1- Primary loop sum of differential pressure
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Table 5.3. Main relevant thermakthydraulic aspecsrelated to the
Test 7 Part 1

Relevantthermal-hydraulic
aspects
Triggering valve (F045) openin
and closure
Triggering valve (F045) repening
and reclosure
Maximum level in the HXpool for

Time(s) Quantity

1047571 10608 -

106217 10655 -

the first filling step 11039 1.39m

Sr_naII he_at removal from thg¢ 106651 11039 34841 2 50KW
primary side

F?(I)oo\;v water consumption in the H 106657 11039 T 845K
Instabilities for steam condensati 10475: 11000 -5 KPa: +4 4KPa

in theinjector
Triggering valve (F045) openin

110397 11260 -

and closure

Maximum level in the HXpool 11325 3.36m
Maximum exchanged power 11188 20844kwW
HX pool minimum level 15000 1.14m
OP average temperature 15000 57°C

The marks adoptead Table 5.4for thequalitative accuracy evaluation aeported inTable
4.2
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Table 5.4. PERSEO Test 7 Part 1 versus phenomena, code

prediction versus phenomena

Phenomenon Experiment TH code
Ph. Measurement Ph.
Flowrate steam supply line F_A001 (der.)
i . Flowrate condensate drain line F EO001 (der.)
Natural circulation in Power heat exchanger W_IC (der.)
A onephas_e and twgphase * Absolute pressure vessel P-1001 *
flow in-tube side -
HX inlet temperature T-A005
HX outlet temperature T-E001
Power heat exchanger W_IC (der.)
Level HXP L _VQ (der.)
Level OP L_VP (der.)
Natural circulation in Temperature HXP (bottom) T-Q037
B HXP and OP coupled + Temperature HXP (middle) T-Q034 +/o
circuit Temperature HXP (top) T-Q031
Relative pressure HXP top P-Q001
Temperature OP (bottom) T-P008
Temperature OP (top) T-P021
Absolute pressure vessel P-1001
. . Flowrate steam supply line F_A001 (der.)
The(;mo-flwd d)énamu_:s Flowrate condensate drain line F _EO001 (der.)
C a\?ari%Le:SgLéfmé?riF)csa:n + Power heat exchanger W_IC (der.) +/o
configurations . Relative pressure HXP top P-Q001
Diff. pressure HX uppelower header | DP-003
Diff. pressure steam duittjector DP-J001
Flowrate steam supply line F _A001 (der.)
Behaviour of emergency Flowrate condensate drain line F_EO001 (der.)
heat exchangers and Absolute pressure vessel P-1001
D isolation condensers: + Diff. pressure HX uppelower header | DP-003 +
Tube side convection HX inlet temperature T-A005
heat transfer HX outlet temperature T-E001
Power heat exchanger W_IC (der.)
Behaviour of emergency Level HXP L_VQ (der)
heat exchangers and Power heat exchanger W_IC (der.)
E isolation condensers: + Temperature HXP (bottom) T-Q037 +/o
Poolside convection heat Temperature HXP (middle) T-Q034
transfer Temperature HXP (top) T-Q031
Power heat exchanger W_IC (der.)
Diff. pressure steam duct injector | DP-J0O01
havi | ¥ Temperature HXP (bottom) T-Q037
F B‘I?h:rvrllljlrsotia?i;i%fat‘i)gs ' + Temperature HXP (middle) T-Q034 o]
Temperature HXP (top) T-Q031
Temperature OP (bottom) T-P008
Temperature OP (top) T-P021
Level HXP LV r.
Behaviaur of Iarge_pool: I?e\(/ael oP L:V(F? ((gsr.))
G N_atl_JraI convection * Power heat exchanger W_IC (der.) "
(within a single pool) - = -
Relative pressure HXP top P-Q001
Steamtliquid interaction: Level OP L VP (der.)
H Direc'F contact ' + Relative pressure HXP top P-Q001 o
Conden;c?ctnllovr\;act);rs eam Diff. pressure steam duct injector | DP-J001
Wall temperature HX upper header | TW-B005
! Structural Heat i Wall temperature HX lower header | TW-D001 i

* (der.) = derived quantity
** Ph. = Phenomenon
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Test 7 Part 2

As with experiment Test Part 1, calculations of Test 7 Part 2 with the standard ATHLET

3.2 did not lead to suitable and satisfying results. The power of the heat exchanger was
underpredicted. For that reason, a developer version of ATHLET 3.2 has been created and
the heat transfer modefor condensation inside vertical pipes have been exchanged by the
models described at the end etc8on 2. The following results have been obtained by using
the developer version.

The initial conditions are specified by the user within the corresponding ATHLET input
deck on the base of the experimental data. With start of the calculation, ATHLET first
performs a saalled steady state calculation, which is needed to ensure stedey st
conditions of the thermdlydraulic network to avoid unexpected initial transients.

Initially, the pressure inside the pressure vessel (steam part) BEL9NPa. The
temperature is 286°€ (saturation temperature)éthe collapsed level i8.68m. Pressure
and enthalpy were fixed by a tirtkependent volume connected to the upper part of the
pressure vessel. The heat exchanger pool is fully filled with superheatedmitesin at

a pressure of 0.1¥Pa and a tmperature distribution of 103.6°C to 191C3from bottom

to top. The collapsed level is at 1.12. The overall pool is filledvith water (collapsed
level: 4.52m, temperature: 42.7°C to @ (bottom to top distribution). The presswvithin

the gas region is 0/MPa. The gas region is filled with air and steam with the steam patrtial
pressure equidghe saturation pressure at°@ The liquid line connecting both pools is
closed by a valve and idléd with water on both sides.

While in Part 1 of Test 7 during the steady state phase, the pressure and enthalpy boundary
connected with the upper part of the heat exchanger pool is active, in Part 2, this is not
necessary. After the steady state phase, the expdrgtegts at time point t = 3@0with

fully opening the valve in the liquid line.

With opening the valve, consequently, water is flowing into the heat exchanger pool from
the overall pool (F_POOIEigure 5.42. This leads to a decreasing water level inside the
overall pool (L_VPFigure 5.30, while the heat exchanger pool level is increasing (L_VQ,
Figure 5.29. The pressures at the overall and heat exchanger pool openings of the liquid
line (PLL-OP and FLL-HP, Figure 5.4] start to equalis and power is transferred over

the heat exchanger. This leads to an evaporation inside thexXubanger pool and an
increase of the relative pressure within the gas regipQ®L,Figure 5.34. Due to this in
combination with the increasing water column the presstre-PIP becomes larger than

the pressure-BL-OP and water flows now backwards from the heat exchanger pool to the
overall pool. Consequently, the power is slightly decreasing Weser is evaporated and

the relative pressure is decreasing so that the pressure difference over the liquid line turns
and the water is flowing to the heatchanger pool again. This phenomenon repeats several
times but decays until approximatelypQ0s. Due to the evaporation, the mean liquid levels

of both pools are decreasing, which is accelerated by activation of the overall pool drainage
at 1150s. Unfortunately, the mass flow rate is not known. For the simuldt&kg/s were
chosen having been tuned on the progress of the overall pool liquid leveB3&is2he

valve inside the liquid line is closed. This leads to a stronger decrease of thdewelter
inside the heat exchanger pool and a less strong decrease inside the overall pool. The
simulation data of the liquid levels and relative pressure inside the heat exchanger pool fit
well with the experimental datalthough the peak value of 318height of the liquid level

inside the heat exchanger pool is not fully reached. The fluctuations are also captured.

The transferred power (W_IGsigure 5.2% is slightly underestimated (approximately
2MW, which is 1@ based on the experimentally determined power). But already
mentoned as for &t 1, the primary boundary conditions are not fully clear, since the inlet
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fluid temperature (JA005, Figure 5.27, which should be the saturated temperature of the
pressure (RO01, Figure 5.28, is too high. As the power is underestimated, consequently,
the mass flow rates of the inlet steam, (F_A®&fure 5.23 as well as (F_EO00Eigure
5.24), are underestimated, too.

At timepoint t = 4685s, the pressure vessel is depressdriseeFigure 5.2%. This is
performed in the simulation by closing the connection to the pressure and enthalpy
boundary for the pressure vessel. Therefore, the pressure inside the vessel is decreasing but
drops faster in the simulation than in the experiment. One reasdhatocould be that

during this phase in the experiment steam is still injected into the vessel, but with lower
power. Unfortunately, no speciatformation about the depresmsation procedure was
available. This could explain the deviations in the pressure.

The simulated fluid temperatures in the heat exchangeraiadl heights are in good
agreement with the experimental data (5egure 5.3] Figure 5.32and Figure 5.33.
Differences can be observed in the temperatures inside the overall pool. At thé>@pil(T
seeFigure 5.39, the temperature increase fits well unt®30s. Here the mixture level

track of the pool leaves the control volume in which the temperature is determined.
Therefore, the temperature signal switches from saturated water to superheated vapo
conditions. It is not clear why this behawias not seen in the experimental data, since the
experimentally determined liquid level of the overall pool reaches at approxim&é$s3

the height of the probe at 2.685 and falls below this point further on. Maybe the
superheated steam flowing through the injector does not reach the probe in the experiment
but due to the applied nodadifon it does in the simulation. Another possibility could be
that a water droplet got caught on the temperature probe. This droplet would have had
saturation conditionsAt the bottom of the pool, the temperatureR008,Figure 5.3% in

the simulation rises 40®later than in the experiment but reaches also saturated conditions.

As in Part 1 of the test, the pressure difference betwbempper and lower header is
overestimated (in absolute values). But also, in this case, DPsum (sum of the complete
pressure difference chain, segure 5.43 is not zero in the experiment. The pressure
difference of the injector is also underestimated -@DB1, Figure 5.38, although the
relative pressure inside the heat exchanger pool fits well with the experimental data.

The wall temperatures of the upper header are not well captured. At the beginning of the
experiment, the temperature drops as in the experiment, but it fluctuates further on. In the
experiment, the thermo probe FTBOO5 is wetted all the time until800s keeping the
temperature low. In the simulations the heat conduction object is wetted only at the peaks
of the liquid level progress. Later on, without any fluctuations, the heat conduction object
stays dry until the end of the simulation, leading to éigiemperatures than in the
experiment. The temperature of the lower header shows an offset between experimental
data and simulation of approximately 4 K. This difference could al&xplained by the
coarse nodalation of the lower header (1 Node)dantrast withthe exact location of the
thermo probe.

In total, 43430 time steps were performed andi7Z3s of CPU time were consumed for the
simulation ofTest 7 ParR. Since ATHLET has a variable time step size, size automatically
defined by the error convergence criteria within the implicit integration procedure FEBE
in ATHLET, no general time step size can be provided. But the bandwidth in the calculation
was béween 0.005 and 0.5.
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Mass Flow Rate (kg/s)

Figure 5.23. Test 7 Part 2- Steam flow rate
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Figure 5.24. Test 7 Part 2- Condensate flow rate
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