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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee
made up of representatives from regulatory authorities as well as senior scientists and engineers with
broad responsibilities for safety technology and research programmes. It was created in 1973 to
develop and co-ordinate the activities of the NEA concerning the technical aspects of the design,
construction and operation of nuclear installations insofar as they affect the safety of such installations.

The committee’s purpose is to foster international co-operation in nuclear safety among
NEA member countries. The main tasks of the CSNI are to exchange technical information and to
promote collaboration between research, development, engineering and regulatory organisations; to
review operating experience and the state of knowledge on selected topics of nuclear safety
technology and safety assessment; to initiate and conduct programmes to overcome discrepancies,
develop improvements and reach consensus on technical issues; and to promote the co-ordination of
work that serves to maintain competence in nuclear safety matters, including the establishment of joint
undertakings.

The priority of the CSNI is on the safety of nuclear installations and the design and construction of
new reactors and installations. For advanced reactor designs, the committee provides a forum for
improving safety-related knowledge and a vehicle for joint research.

In implementing its programme, the CSNI establishes co-operative mechanisms with the
NEA Committee on Nuclear Regulatory Activities (CNRA), which is responsible for issues
concerning the regulation, licensing and inspection of nuclear installations with regard to safety. It
also co-operates with other NEA Standing Technical Committees, as well as with key international
organisations such as the International Atomic Energy Agency (IAEA), on matters of common interest.
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FOREWORD

The OECD/NEA Rig-of-Safety Assessment (ROSA-2) Project was performed to resolve key safety
issues of light water reactor (LWR) thermal-hydraulics highlighted from the previous ROSA Project,
by means of the ROSA/Light-scale test facility (LSTF) experiments at the Japan Atomic Energy
Agency (JAEA), for three and a half years, from April 2009, including a half-year shifting due to the
influences from the Fukushima Daiichi accident since 11 March 2011. In particular, the ROSA-2
Project focused on the validation of simulation models and methods for various complex phenomena
that may occur during design-basis event (DBE) and beyond-DBE and to increase the level of detail
and accuracy in the analyses of the key phenomena during abnormal transients and accidents of LWRs.

To meet these objectives, seven LSTF experiments were performed for the following three
subjects as either system-integral tests (SITs) or separate-effect tests (SETS).

o Intermediate-break loss-of-coolant accident (IBLOCA).
e Steam generator tube rupture (SGTR) accident.

¢ Open subject, being dedicated for counterpart to the NEA Primary Coolant Loop Test Facility
(PKL-2) Project tests.

These subjects were defined among the project participants from 15 countries who share the need
to maintain or improve their technical competence in thermal-hydraulics for nuclear reactor safety
evaluations.

New attempts were made to enhance the Project objectives such as blind analysis activity for
four LSTF experiments among the Project participants and counterpart testing for two experiments
against primary coolant loop test facility (PKL) tests that were done in the NEA PKL-2 Project in a
parallel manner with the ROSA-2 Project.

The LSTF experiments generated the data that fulfil current and future needs for the development,
verification and validation of best estimate (BE) and computational fluid dynamics (CFD) codes. The
obtained data as well as technical information and experiences through the post-test analysis by using
the BE and CFD codes have been shared and actively utilised among the participants particularly
through the blind analysis activity and counterpart testing to PKL tests.

This final integration report (FIR) briefly summarises major findings in all of the seven LSTF
experiments for the ROSA-2 Project with a description of background and objectives for each subject.
Appendices describe the blind analysis results in detail with the evaluation report given from the
participants as well as lists of publishing through the ROSA-2 Project.

Note: The NEA ROSA-2 Project FIR is issued in a form of DVD that contains all the data reports with
the LSTF test data as well as hand-outs presented at the ROSA-2 programme review group (PRG)
meetings. Visual observation (video probe) data originally attached to the data reports in a form of
DVD are not included in the FIR.


http://www.oecd-nea.org/jointproj/rosa-2.html
https://www.jaea.go.jp/english/
https://www.jaea.go.jp/english/
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LIST OF ABBREVIATIONS AND ACRONYMS

ACC Accumulator

AFW Auxiliary feed water

AIS Accumulator injection system
AM Accident management

ANS American Nuclear Society

ATHLET Analysis of thermal-hydraulics of leaks and transients

BE Best estimate

BEPU Best estimate plus uncertainty

BDBE Beyond design basis event

BT Boiling transition

CCFL Counter-current flow limiting

CCVM CSNI code validation matrix

CET Core exit thermocouple or core exit temperature
CFD Computational fluid dynamics

CL Cold leg

CNRA Committee on Nuclear Regulatory Activities
CRGT Control rod guide tube

CSNI Committee on the Safety of Nuclear Installations
DBE Design basis event

DEGB Double-ended guillotine break

ECCS Emergency core cooling system

EM Evaluation model

FIR Final integration report

FP Fission product

GDIS Gravity-driven injection system

HC Heat conduction

HL Hot leg

HPI High-pressure injection (system)

IAEA International Atomic Energy Agency
IBLOCA Intermediate break loss-of-coolant accident
ID Inner diameter
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JAEA Japan Atomic Energy Agency

JAERI Japan Atomic Energy Research Institute

JAPC Japan Atomic Power Company

LBLOCA Large break loss-of-coolant accident

LOCA Loss-of-coolant accident

LPI Low-pressure injection (system)

LSC Loop seal clearing

LSTF Large scale test facility

LWR Light water reactor

MB Management board

MSIV Main steam isolation valve

MSLB Main steam line break

NCI Natural circulation interruption

NEA Nuclear Energy Agency

NRS Nuclear reactor safety

OA Operating agent

OECD Organisation for Economic Co-operation and Development
PCT Peak cladding temperature

PKL Primarkreislauf-Versuchsanlage (primary coolant loop test facility)
PRG Program review group

PORV Power-operated relief valve

PV Pressure vessel

PWR Pressurised water reactor

PZR Pressuriser

RHR Residual heat removal (system)

RIR Risk informed regulation

ROSA Rig-of-Safety Assessment

RV Relief valve

SESAR Senior Group of Experts on Nuclear Safety Research
[FAP [Facilities and programmes

/SFEAR /Support facilities for existing and advanced reactors

SBLOCA Small break loss-of-coolant accident

Sl Safety injection (signal)
SIT System-integral tests
SG Steam generator
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SGTR
SRV

ST

TF
TMI-2
TSO
UCP

VP

V&V
WGAMA

Steam generator tube rupture

Safe relief valve

Suppression tank

Thermo fluid

Three-Mile Island Unit-2

Technical Supporting Organisation

Upper core plate

Video probe

Verification and validation

Working Group of Analysis and Management of Accident
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EXECUTIVE SUMMARY

Background of ROSA Project

The use of computer codes is required in safety evaluation of light water reactors (LWRs) in order to
simulate plant behaviour during design basis event (DBE) and beyond-DBE (BDBE). This involves
complex multi-dimensional single-phase and two-phase flow conditions, which may include non-
condensable gas in many cases. For this purpose, thermal-hydraulic safety analysis codes, especially
for best estimate (BE) analyses codes for the evaluation of safety margin at reactor accidents and
abnormal transients including loss-of-coolant accident (LOCA), have been developed with significant
efforts to achieve high predictive capability especially for one-dimensional (1-D) phenomena such as
flows in piping at rather high flow rate. Such BE codes include APROS, ATHLET, CATHARE,
COSINE, MARS, RELAP5, SPACE, SPECTRA, TRAC and TRACE. However, there remain needs
for experimental work and code development and validation for the complex flow conditions that may
appear during the DBE and BDBE. Further, the increased use of the BE analysis codes in licensing,
which is replacing traditional conservative evaluation model (EM) approaches, requires quantification
of uncertainties in the simulation models and methods through validation efforts against the obtained
detailed data.

Many experimental facilities, for system integral test (SIT) and/or separate-effect test (SET), have
contributed to furnishing thermal-hydraulic databases available today including those for the CSNI
code validation matrix (CCVM). However, a large portion of current data is insufficient for future
codes that are to incorporate multi-dimensional simulation capabilities, mainly because the spatial
resolution of measurement is not enough to assess the simulation models and methods with accuracy.

Meanwhile the NEA ROSA Project by means of the ROSA/LSTF experiments started in April
2005 at the Japan Atomic Energy Agency (JAEA, former JAERI) with the following key objectives
and contributed to the detailed validation effort for both the BE and computational fluid dynamics
(CFD) codes;

1. To provide integral and separate-effect experimental database to validate code predictive
capability and accuracy of models. Especially, the ROSA/LSTF experiments were planned
to include phenomena coupled with multi-dimensional mixing, stratification, parallel flows,
oscillatory flows and non-condensable gas flows.

2. To clarify the predictability of codes currently used for thermal-hydraulic safety analyses, as
well as of advanced codes presently under development.

The LSTF is a full-pressure and full-height two-loop integral test facility simulating an
1100 MWe four-loop Westinghouse-type pressurised water reactor (PWR): Tsuruga Unit-2 of the
Japan Atomic Power Company (JAPC) with a volumetric scaling of 1/48. The LSTF was constructed
in 1985 for the fourth phase of Rig-of-Safety Assessment (ROSA-IV) Programme to investigate
thermal-hydraulic responses during reactor accidents and abnormal transients following the TMI-2
accident in 1979.

Based on the experiences in both pre-test and post-test analysis effort and the information gained
from data analyses on the accident phenomena found in the SIT and SET experiments with the LSTF
during the previous ROSA Project, successive activity was deemed valuable to perform as the

9
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ROSA-2 Project by conducting LSTF experiments among the Project participants that involve some
urgent regulatory and safety issues, based on the following objectives.

Objectives of ROSA-2 Project

The NEA ROSA-2 Project is to resolve key LWR thermal-hydraulics safety issues highlighted from
the 1% phase of the ROSA Project by using the LSTF facility. In particular, the ROSA-2 Project is
focusing on the validation of simulation models and methods for the complex thermal-hydraulic
phenomena of high safety relevance in DBE and beyond-DBE through the following means as;

1. Generate SIT and SET databases to validate predictive capability and accuracy of computer
codes and models. Thermal-hydraulic phenomena coupled with multi-dimensional flows,
that may include mixing, stratification, counter-current flows, parallel-channel flows and
oscillatory flows, will be the main focus of the investigations.

2. Facilitate assessment of codes currently in use for thermal-hydraulic safety analyses as well
as advanced codes presently under development, including three-dimensional CFD codes
through active involvement of the Project partners who will maintain and improve the
technical competence in thermal-hydraulics for nuclear reactor safety (NRS) evaluations.

Work performed in ROSA-2 Project

The LSTF experiment programme for the ROSA-2 Project was intended to provide a valuable and
broadly usable database to achieve the above cited objectives. New attempts were pursued further in
the ROSA-2 Project to enhance the Project objectives such as blind analysis activity among the Project
participants and counterpart testing against PKL tests under the collaboration of the NEA PKL-2
Project that was underway in a parallel manner with the ROSA-2 Project.

A total of 7 LSTF experiments; Test 1 through Test 7, were conducted as either SIT or SET for
three types of subjects with the Project participants including China that newly joined the Project in
2011. The three types of subjects are: (1) intermediate-break LOCA (IBLOCA), (2) steam generator
tube rupture (SGTR) and (3) counterpart testing to the PKL tests based on a request from the Project
participants. The major elements of each subject and each test are as follows:

1. IBLOCAs (Tests1,2and7)

A series of IBLOCA experiments were performed to address a safety issue concerning risk-informed
changes to LOCA technical requirements (break size definition) and to well understand the thermal-
hydraulic phenomena that may occur during the “transition break size” LOCA:s.

= Test 1: Hot leg intermediate-break LOCA

An SIT was performed to clarify thermal-hydraulic responses during an IBLOCA due to double-ended
guillotine break (DEGB) of pressuriser (PZR) surge line connected to hot leg. Assumptions were made
such as total failure of both high pressure injection (HPI) system of emergency core cooling system
(ECCS) and auxiliary feed water. The first blind analysis activity was performed.

= Test 2: Cold leg intermediate-break LOCA

An SIT was performed to clarify thermal-hydraulic responses during an IBLOCA due to DEGB of one
of the four ECCS piping nozzles connected to four cold legs. Assumptions were made such as single-
failure of both HPI and low pressure injection (LPI) systems and total failure of auxiliary feed water.
The break size of 17% was equivalent to that for Test 1. The second blind analysis activity was
performed.

10
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= Test 7: Cold leg intermediate-break LOCA

The same type of SIT as Test 2 was performed with slightly different boundary conditions as (a) break
size of 13% and (b) full injection of both HPI and LPI systems. The final (fourth) blind analysis
activity was performed among the Project participants.

2) SGTR (Tests 4 and 5)

Two experiments that simulate SGTR accidents were performed to address the evaluation of
radioactive release to the environment through a ruptured SG U-tube in response to operator recovery
actions in two different types of accident as well as the influences of multi-dimensional coolant
behaviour such as temperature stratification in primary loops.

= Test4: SGTR

An SIT was performed to obtain data for the evaluation of radioactive release to the environment
during a typical SGTR through a broken SG relief valve (RV) as well as multi-dimensional coolant
behaviour such as temperature stratification in horizontal legs. Full ECCS injection was assumed for
the HPI flow rate.

= Test5: SGTR with main steam line break

An SIT was performed to obtain data for the evaluation of radioactive release through a ruptured SG
U-tube and main steam line due to the main steam line break (MSLB) as well as multi-dimensional
coolant behaviour such as temperature stratification in horizontal legs under influences of significantly
asymmetric loop behaviour. The third blind analysis activity was performed, with consideration of
operator recovery actions.

3) Counterpart testing with PKL (Tests 3 and 6)

Two PKL counterpart tests were performed to address phenomena scaling issues in the thermal
hydraulic response mainly for superheated steam flow during core uncovery and to address
clarification of system and local phenomena response during intentional natural circulation cooling of
reactor systems. The PKL and LSTF experiments were performed under close communication and
collaboration between the PKL and ROSA teams.

= Test 3: Hot leg small-break LOCA as a counterpart test to PKL

An SIT of hot leg SBLOCA was performed as a counterpart to the PKL-2 G7.1 test, to fulfil the
requests from the Project participants and NEA/CSNI/WGAMA, by both experiments, to clarify
relations between core exit temperature measured by core exit thermocouples (CETs) and fuel rod
surface temperature, and thus to investigate CET responses during core boil-off. This particular
experiment was conducted under two conditions of high-pressure to meet PWR pressure conditions
and of low-pressure to meet PKL conditions. Many of the Project participants, both for the PKL-2 and
ROSA-2, contributed to the test condition definition through significant pre-test analysis effort.

= Test 6: Natural circulation interruption

An SET was performed as a counterpart to the PKL-2 G2.1 test to clarify thermal-hydraulic responses
when primary loops with SG(s) that became empty of coolant in the secondary side for some reasons
are intentionally cooled down by means of natural circulation through active SG. Stepwise cool down
operation, composed of depressurisation and maintaining secondary pressure of active SG, was done.

For all the LSTF experiments, pre-test analyses and/or preparatory LSTF experiments were done
in JAEA with the JAEA-modified version of RELAP5/MOD3.2.1.2 code to survey optimum test
conditions to meet the test objectives. The obtained results were distributed and discussed among the

11
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Project participants particularly at the PRG (Programme Review Group) meetings to define the test
conditions.

To obtain necessary and detailed data during each LSTF experiment, new instrumentation
furnished during the previous ROSA Project was utilised to measure such parameters as temperature
distribution at fine spatial resolution in cold and hot legs, down comer, SG inlet plenum and direct
visual observation of flows in all of the four horizontal legs.

The obtained LSTF data has been shared and utilised among the Project participants for the
development, verification and validation of the thermal-hydraulic BE safety analysis codes and models,
especially for the discussion on the blind analysis in the PRG meetings and over e-mail
communications.

Major results and significances

The seven LSTF experiments for three subjects provided the following technical findings suitable for
the verification and validation (V&YV) of safety analysis codes and new issues for the assurance and
improvement of LWR safety.

1) IBLOCAs (3 experiments)

= Test 1: Hot leg break LOCA with 17% break to simulate a DEGB of PZR surge line

A typical thermal-hydraulic response during an IBLOCA with a break at hot leg was observed, which
indicated a possibility to have low PCT in the hot leg IBLOCA, though an assumption adverse to core
cooling such as total failure of HPI system was made.

Blind analysis was performed by 8 participants as the 1* trial in a series of blind analysis efforts.
The results indicated a relatively small scattering among the calculated results, while some results had
an overestimation of break flow rate and low (non-conservative) PCT.

= Test 2: Cold leg break LOCA with 17% break to simulate a DEGB of ECCS nozzle

This experiment, conducted with the same break size as that in Test 1, indicated a possibility to have a
quite high PCT in the cold leg IBLOCA in contrast to Test 1: the hot leg break IBLOCA. The
influence of HPI under single-failure assumption was negligible.

The 2™ blind analysis was performed by 7 participants. A large scattering appeared among the
calculated results especially for the liquid level in the core and thus PCT. Most participants
significantly underestimated the PCT.

= Test 7: Cold leg break LOCA with 13% break to simulate a DEGB of ECCS nozzle

This experiment, conducted with smaller break size than in Test 2, indicated another possibility to
have a quite low PCT in the cold leg IBLOCA in contrast to Test 2. The influence of HPI under full
injection assumption looked negligible too. It was noticed that there is a possibility to have
significantly different consequences as a result of a small change in the accident and ECCS conditions,
break size and ECCS failure mode in this case.

The 4™ blind analysis was performed by 6 participants. A large scattering appeared again among
the calculated liquid level in the core and thus PCT. Most participants significantly overestimated the
PCT, contrary to Test 2.

12
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2) SGTR

= Test4: SGTR

DEGB of one SG U-tube was assumed with operator recovery actions being defined based on the pre-
test analysis and experiences from the LSTF simulation of Mihama Unit-2 SGTR accident. Operator
actions defined with the Project participants were composed of intact SG depressurisation, primary
depressurisation and pressuriser liquid level recovery by using auxiliary spray, termination of HPI and
restart of primary coolant pump after the confirmation of pressure equalisation between the primary
and SG secondary systems.

The RV of broken SG opened three times after the initiation of manual depressurisation of intact
SG, which provided a basis suitable for the evaluation of radioactive release to environment in
response to the given operator actions. Multi-dimensional phenomena appeared such as temperature
stratification in the broken loop cold leg and temperature fluctuation in the intact loop cold leg in the
downstream of ECCS injection nozzle.

=  Test5: SGTR with MSLB

An assumption was made that MSLB and SGTR occur simultaneously in the broken SG. The break
size of MSLB was 40% of MSL, considering the size of flow restrictor. As for the SGTR, the same
break configuration was employed as that for Test 4. Operator actions were defined with the project
participants, which were composed of the depressurisation of intact SG, primary depressurisation by
using PORYV and throttle of HPI flow rate.

The MSLB caused a significant system cooling by enhanced natural circulation through the
broken loop. The primary coolant was abruptly and largely sub cooled. The influence of SGTR was
negligible, compared with the significant cooling effect by the MSLB, while very large pressure
difference prevailed across the broken tube. Flow stagnation appeared in the intact loop after a short-
term natural circulation induced by the natural circulation in the broken loop. The manual
depressurisation of intact SG was ineffective to restart natural circulation in the intact loop, giving a
negligible effect onto the primary loop cooling. Significant thermal stratification appeared in the intact
loop hot and cold legs in different ways.

Blind analysis was performed by 5 participants as the 3" trial. 1-D BE codes failed to properly
simulate the short-term natural circulation and thermal stratification in the intact loop, causing
scattering in the primary pressure response, probably due to failure in the proper simulation of thermal
balance in the primary system. Almost all the calculated results indicated some influence of intact SG
depressurisation, in contrast to the experiment observation, suggesting BE codes may have a critical
difficulty to provide a proper estimation on the effectiveness of planned AM actions.

3) Counterpart Testing with PKL

=  Test 3: Hot leg SBLOCA

A hot leg SBLOCA experiment was performed to observe the response of CETs during the core
uncovery under the conditions of core boil-off with no reflux coolant from SGs. This experiment was
performed prior to the PKL-2 G7.1 experiment. Significant efforts were made by the project
participants for the pre-test analyses to define the test conditions suitable for both LSTF and PKL
experiments. Specifically, the LSTF experiment was divided into 3 phases: high-pressure, preparation
and low-pressure, to make a close mutual simulation with the PKL at the low-pressure transient phase,
while to have results at primary pressure equal to the reference reactor.

Twofold data was obtained successfully concerning the response of CETs. Mutual relationships
between the high-pressure and low-pressure phases, and between the PKL and LSTF low-pressure
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phase gave insights to clarify the influences of the primary pressure and differences in the facility size
and structure especially around the core exit onto the CET response.

= Test 6: Natural circulation interruption

A counterpart to PKL-2 G2.1 experiment was performed to clarify system behaviour when primary
loops are cooled down by means of natural circulation when secondary side of SG in the loop without
PZR is empty of liquid. The condition that may cause the interruption of the natural circulation in the
loop without PZR was experimentally investigated. The natural circulation in the loop without PZR
was then induced by the natural circulation in the other loop with intact SG that was manually
depressurised stepwise.

The natural circulation successfully continued in the loop without PZR (with the affected SG)
until the last stepwise cool down process at the intact SG, when the average cool down rates were 12,
14 and 16 K/h (averaged from the start of the depressurisation to the end of pressure maintaining
operation), which was the same as the result of PKL-2 G2.1.

Conclusions

The NEA ROSA-2 Project was carried out for 3.5 years from April 2009 until September 2012 under
the collaboration and definition among the 19 participants from 15 countries to resolve LWR safety
issues especially in thermal-hydraulics analyses through system integral tests with the LSTF of the
ROSA Programme in JAEA. The Project participants are composed of regulatory bodies, TSOs,
research organisations including universities, utilities and vendors.

Major objectives of the ROSA-2 Project were the validation of simulation models and methods for
the complex thermal-hydraulic phenomena of high safety relevance in DBE and beyond-DBE, and to
investigate safety issues, specifically as;

1. IBLOCA, including risk-informed break size definition and validation of safety analysis
codes.

2. Improvements and new proposals for accident management mitigation and/or emergency
operation, focused on the recovery from SGTR.

Seven LSTF experiments were performed for three subjects in either SIT or SET comprising
thermal-hydraulic responses that may encounter during reactor accidents such as IBLOCAs, SGTRs,
hot leg SBLOCA and natural circulation interruption during intentional system cooling by natural
circulation. Efforts were made to establish a database that includes complicated thermal-hydraulic
phenomena as many as possible suitable for V&V of BE computer codes for safety analysis. Care was
taken further for each LSTF experiment to include phenomena related to multi-dimensional mixing,
stratification, parallel flows and/or core heat transfer under wide range of accident conditions that
include rather fast transient such as IBLOCAs and influences of operator interventions such as SGTRs
and natural circulation interruption.

The ROSA-2 Project then provided a great amount of LSTF experimental data and technical
information. The obtained data has been readily distributed to and shared among the Project
participants and utilised for the post-test analyses for the V&V of the safety analysis codes and models
as well as advanced codes such as CFD codes. The technical information obtained through the
ROSA-2 Project was shared among the Project participants through the discussions during PRG
(Programme Review Group) meetings and through e-mail communications. The technical information
is useful not only for the improvement of code utilisation, but also to address safety issues such as
effectiveness of AM measures including effectiveness confirmation of CETs.

New attempt of blind analysis with the Project participants has greatly contributed to further
improvement of the predictive capability of BE computer codes and elimination of user effect by in-
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depth understanding of the accident phenomena and key phenomena such as counter-current flow
limiting (CCFL) that may provide great uncertainties in the BE code prediction. Another attempt of
the counterpart testing with the NEA Project PKL-2 being performed simultaneously with the
ROSA-2 Project provided a good database suitable for phenomena scaling and in-depth analysis on
the complicated phenomena including multi-dimensional and multi-channel (parallel) flows during
phenomena transient of interest.

In total, the ROSA-2 Project successfully planned and performed ROSA/LSTF experiments with
the Project participants and shared the obtained data and technical information to address the
concerned safety issues and the V&V of safety analysis computer codes including CFD codes.

Remaining issues and recommendation

Based on both the experimental and analytical studies done through both the ROSA and ROSA-2
Projects, the following issues, but not limited to these, may still remain in the thermal-hydraulic safety
research, especially as the source of uncertainty in safety analyse by using one-dimensional (1-D) best
estimate (BE) computer codes, as;

1. Representation of multi-dimensional phenomena has a critical difficulty due to the
representation in a simplified one-dimensional manner by 1-D BE codes. Examples found
through the ROSA and ROSA-2 Projects include;

a) CCFL the characteristic of which is shape dependent. This phenomenon may directly
influence the safety margin evaluation by controlling amount and way of coolant flowing
into the core. Furthermore, it is difficult to experimentally obtain all of such CCFL
characteristics even in the test facilities such as LSTF and PKL, not only for the LWRs.

b) Thermal stratification with various types of temperature and velocity profile under
influences of system-wide and/or local flow mixing/separation conditions including
ECCS injection. This may result in the uncertainty in the system-wide thermal response
that should be important for the definition, validation and confirmation of AM
effectiveness.

¢) Natural circulation through SG U-tube bundle may happen with co-existing of forward,
stall and reverse flow tubes by changing the portion of them depending on the total loop
flow condition and local pressure and multi-dimensional temperature profile along the
loop including SG and within the SG inlet plenum. This controls total flow rate through
the primary loop, thus influences the system-wide thermal response.

2. Precise heat transfer evaluation in the core, especially under abrupt change in the flow rate
and flow direction and unstable flows at relatively high core power, being demonstrated in
the IBLOCA experiments in the ROSA-2 Project. Small change in the void fraction and flow
may cause completely different consequences due to the selection criterion of heat transfer
correlations. Examples found through the ROSA and ROSA-2 Projects include;

a) Core uncovery response under rapid liquid level drop and/or recovery at relatively high
core power, being followed by rapid core temperature excursion.

b) Core uncovery and rewet characteristic at very high void fraction including top-down
film rewet under influences of CCFL at core exit.

c) Post-BT (boiling transition) rewet characteristics under influences of entrainment at
wide range of pressures.

d) Correct identification of mixture level location in the computer code calculations to
correctly define core uncovery and rewet location.
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3.

Scaling issues, a part of which is related to (1) above, to properly extrapolate the phenomena
observed in the scaled-down facility such as LSTF to the reference reactor accident
conditions, mainly through some computer codes with high accuracy. Continuous effort of
blind analysis is strongly recommended to pursue in, for example, the NEA Projects such as
PKL-3, possibly with counterpart (or similar) tests among facilities that are designed
similarly but with different size and pressure against similar reference reactors.
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1. BACKGROUND, OBJECTIVES AND METHODS

1.1 Background of ROSA Project

The use of computer codes is required in safety evaluation of light water reactors (LWRS) in order to
simulate plant behaviour during design basis event (DBE) and beyond-DBE (BDBE). This involves
complex multi-dimensional single-phase and two-phase flow conditions, which may include non-
condensable gas in many cases. For this purpose, thermal-hydraulic safety analysis codes, especially
for best estimate (BE) analyses codes for the evaluation of safety margin at reactor accidents and
abnormal transients including loss-of-coolant accident (LOCA), have been developed with significant
efforts to achieve high predictive capability especially for one-dimensional phenomena such as flows
in piping at rather high flow rate. Such BE codes include APROS, analysis of thermal-hydraulics of
leaks and transients (ATHLET), CATHARE, COSINE, MARS, RELAPS5, SPACE, SPECTRA, TRAC
and TRACE. However, there remain needs for experimental work and code development and
validation for the complex flow conditions that may appear during the DBE and BDBE. Further, the
increased use of the BE analysis codes in licensing, which is replacing traditional conservative
evaluation model (EM) approaches, requires quantification of uncertainties in the simulation models
and methods through validation efforts against the obtained detailed data.

Many experimental facilities, both of system integral test (SIT) facilities and separate-effect test
(SET) facilities, have contributed to furnish thermal-hydraulic databases available today including
those for the CSNI code validation matrix (CCVM). However, a large portion of current data is
insufficient for future codes that are to incorporate multi-dimensional simulation capabilities, mainly
because the spatial resolution of measurement is not enough to assess the simulation models and
methods with accuracy.

Meanwhile the NEA ROSA Project by means of the ROSA/LSTF experiments started in April,
2005 at the Japan Atomic Energy Agency (JAEA, former JAERI) following the evaluations and
recommendations by an international working group SESAR/FAP (Senior Group of Experts on
Nuclear Safety Research Facilities and Programmes) in 1997 and the SESAR/SFEAR (Support
Facilities for Existing and Advanced Reactors), both set-up by CSNI in 1997 and 2005 respectively.
The LSTF is a full-pressure full-height two-loop model of a 4-loop Westinghouse-type PWR with a
volumetric scaling of 1/48. The LSTF was constructed in 1985 for the fourth-phase of ROSA (Rig-of-
Safety Assessment) Programme in former JAERI following the TMI-2 accident to experimentally
investigate thermal-hydraulic phenomena that may appear during postulated abnormal transients and
small-break LOCAs (SBLOCAs). The ROSA Project then contributed to the detailed validation effort
for both the BE and computational fluid dynamics (CFD) codes with the following key objectives;

1. Provide integral and separate-effect experimental database to validate code predictive
capability and accuracy of models. Especially, the ROSA/LSTF experiments were planned to
include phenomena coupled with multi-dimensional mixing, stratification, parallel flows,
oscillatory flows and non-condensable gas flows.

Clarify the predictability of codes currently used for thermal-hydraulic safety analyses as well as
of advanced codes presently under development.
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Based on the experiences in both pre-test and post-test analysis effort and the information gained
from data analyses on the accident phenomena found in the SIT and SET experiments with the LSTF
during the previous ROSA Project, successive activity as the ROSA-2 Project was agreed valuable
among the Project participants to pursue further with LSTF experiments that involve some urgent
regulatory and safety issues, based on the following objectives;

1.2 Objectives of ROSA-2 Project

The NEA ROSA-2 Project is to resolve key LWR thermal-hydraulics safety issues highlighted from
the 1% phase of the Project, by using the ROSA/LSTF facility at JAEA [1.2-1]. In particular, the
ROSA-2 Project will focus on the validation of simulation models and methods for the following
complex phenomena of high safety relevance for thermal-hydraulic transients in DBE and beyond-
DBE:

1. Generate SIT and SET database to validate predictive capability and accuracy of computer
codes and models. Thermal-hydraulic phenomena coupled with multi-dimensional flows that
may include mixing, stratification, counter-current flows, parallel-channel flows and
oscillatory flows will be the main focus of the investigations.

2. Facilitate assessment of codes currently in use for thermal-hydraulic safety analyses as well
as advanced codes presently under development including three-dimensional CFD codes
through active involvement of the Project partners who will maintain and improve the
technical competence in thermal-hydraulics for nuclear reactor safety (NRS) evaluations.

The ROSA-2 Project experimental program was intended to provide a valuable and broadly usable
database to achieve the above cited objectives. A total of 6 LSTF experiments were proposed for two
subjects, and finally 7 experiments were conducted for three subjects, considering newly joining of
China to the Project in 2011. New attempts were pursued further in the ROSA-2 Project to enhance
the Project objectives such as blind analysis activity among the Project participants and counterpart
testing against PKL tests under the collaboration of the NEA PKL-2 Project that was underway in a
parallel manner with the ROSA-2 Project. The 7 LSTF experiments for the ROSA-2 Project are
briefly explained in the following section.

1.3 Scope of work of ROSA-2 Project

The NEA ROSA-2 Project consists of three types of subject: (1) intermediate-break LOCA (IBLOCA),
(2) steam generator tube rupture (SGTR) and (3) counterpart testing to the PKL tests as a request from
the Project participants. Seven LSTF experiments; Test 1 through Test 7 were performed as either SIT
or SET as shown in Table 1-1. Major significances of each test are as follows;

= Test 1: Hot leg intermediate-break LOCA

This test is intended to clarify thermal-hydraulic responses during an IBLOCA due to double-ended
guillotine break (DEGB) of pressuriser (PZR) surge line connected to hot leg. The IBLOCA was
selected to address a safety issue concerning risk-informed changes to LOCA technical requirements
(break size definition) and to well understand the thermal-hydraulic phenomena that may occur during
the “transition break size” LOCAs.

The LSTF experiment was planned to perform an SIT that simulates IBLOCA from the nominal
operating condition for PWR with assumptions of total failure of both high pressure injection (HPI)
system and auxiliary feed water.

The first blind analysis activity was performed among the Project participants.
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= Test 2: Cold leg intermediate-break LOCA

This test is intended to clarify thermal-hydraulic responses during an IBLOCA due to DEGB of one of
the four emergency core cooling system (ECCS) piping nozzles connected to four cold legs.

The LSTF experiment was planned to perform an SIT that simulates the IBLOCA from the
nominal operating condition for PWR with assumptions of single-failure of diesel generators related to
flow rates of both HPI and low pressure injection (LPI) systems and total failure of auxiliary feed
water. The employed break size was equivalent to that for Test 1.

The second blind analysis activity was performed among the Project participants.

= Test 3: Hot leg small-break LOCA as counterpart test to PKL

This test is intended as a counterpart test to the PKL-2 G7.1 test and to fulfil the requests, by both
experiments, from the Project participants and NEA/CSNI/WGAMA to clarify relation between core
exit temperature measured by core exit thermocouples (CETSs) and fuel rod surface temperature and to
investigate CET responses during core boil-off.

The LSTF experiment was planned to perform an SIT that simulates a small-break LOCA
(SBLOCA) with a break at hot leg with an assumption of total failure of HPI system. This particular
experiment was conducted under two conditions of high-pressure to meet PWR pressure condition and
of low-pressure to meet PKL condition as a counterpart test to the PKL. Many of the Project
participants, both for the PKL-2 and ROSA-2, contributed to the test condition definition through
significant pre-test analysis effort.

= Test 4: Steam generator tube rupture accident

This test is intended to obtain data for the evaluation of radioactive release to environment
through broken SG relief valve (RV) in response to operator recovery actions as well as multi-
dimensional coolant behaviour such as temperature stratification in horizontal legs.

The LSTF experiment was planned to perform an SIT that simulates the SGTR accident from
the nominal operating condition for PWR. Full ECCS injection was assumed for the HPI flow rate.
=  Test 5: Main steam line break with steam generator tube rupture accident

This test is intended to obtain data for the evaluation of radioactive release through a ruptured SG
U-tube and main steam line as well as multi-dimensional coolant behaviour such as temperature
stratification in horizontal legs under influences of significantly asymmetric loop behaviour.

The LSTF experiment was planned to perform an SIT that simulates the SGTR induced by
main steam line break (MSLB) from the nominal operating condition for PWR.

The third blind analysis activity was performed among the Project participants.

=  Test 6: Natural circulation interruption

This test is intended as another counterpart test to the PKL-2 G2.1 test to clarify thermal-hydraulic
responses when primary loops with SG(s) that became empty of coolant in the secondary side by
some reasons are intentionally cooled down by means of natural circulation through active SG.

The LSTF experiment was planned to perform an SET that simulates the system cool down via
natural circulation in a controlled manner. Stepwise cool down operation, composed of
depressurisation and maintaining secondary pressure of active SG, was done, while secondary
side of affected SG was empty of liquid.
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= Test 7: Cold leg intermediate-break LOCA

This test is intended to clarify thermal-hydraulic responses during IBLOCA due to DEGB of one of
the four ECCS piping nozzles connected to four cold legs.

The LSTF experiment was planned to perform an SIT that simulates the IBLOCA from the
nominal operating condition for PWR with assumptions of full injection of both HPI and LPI systems,
and total failure of auxiliary feed water.

The final (fourth) blind analysis activity was performed among the Project participants.

These LSTF experiments were intended to provide data for the V&V of both the BE and CFD
codes, aiming to increase the level of details and accuracy in the analyses of the key phenomena
during abnormal transients and accidents of the LWRs.

Reference
[1.2-1] The ROSA-V Group, 2003, “ROSA-V Large Scale Test Facility (LSTF) System Description

for the Third and Fourth Simulated Fuel Assemblies,” JAERI-Tech 2003-037 Report, Japan
Atomic Energy Research Institute.
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Table 1-1: ROSA/LSTF Experiments for NEA ROSA-2 Project

SIT
Test gll's . Subject Safety significance1 Eta|lt|as ation Preparatory analysis
Hot le Clarify thermal-hydraulic responses during RELAP5/MOD3.2 code
1 SIT IBLO(?A IBLOCA due to DEGB of pressuriser surge BE analyses to define test
line conditions and procedures
Clarify thermal-hydraulic responses during
Cold le IBLOCA due to DEGB of ECCS nozzle with Pre-test analyses with
2 SIT IBLOCX the break size equal to that in Test 1 BE voluntary participants to define
Single-failure of diesel generators, following test conditions and procedures
DBE assumption
CET . Clarify response of CETs re‘Iative tp fuel rod Pre-test analyses with
effectiveness | surface temperature excursion during core . 2
; - participants2) for both of LSTF
3 SIT via Hot leg boil-off BE & CFD d PKL to define test
SBLOCA as | High- and low-pressure phases as a an di 0 Z'ne esd ;
counterpart | counterpart test to conditions an tproce ures for
testtoPKL | PKL-2 G7.1 counterpart tests
Obtain data for evaluation of radioactive
relegse to environment through RV of broken RELAP5/MOD3.2 code
4 SIT SGTR SG in response to operator actions BE & CFD !
X . s ; . analyses to define test
accident Clarify multi-dimensional coolant behaviour "
P conditions and procedures
such as temperature stratification in
horizontal legs
Obtain data for evaluation of radioactive RELAP5/MOD3.2 code
release through ruptured SG U-tube and analyses to define test
MSLB with broken MSL conditions and procedures
5 SIT SGTR Clarify multi-dimensional coolant behaviour BE & CFD RELAP5/MOD3.2 code
accident such as temperature stratification in analyses to clarify response to
horizontal legs under significantly MSLB such as reactivity
asymmetric loop behaviour change in the core
No preparatory analysis
Clarify thermal-hydraulic responses that Preparatory LSTF experiment
Natural cause natural circulation interruption in the to identify key parameters that
. ! loop with affected SG when asymmetric cool contribute to maintain natural
6 SET | circulation down b | circulation is i ionall BE & CFD irculation in the | ith
Interruption own by natura circu ation is intentionally circulation in the loop ywt
performed by using intact SG affected SG, by following a
A counterpart test to PKL-2 G2.1 test condition applied to PKL
tests
SIT Data
Test gE . Subject Safety significance1 utilisation Preparatory analysis
Clarify thermal-hydraulic responses during
Cold le IBLOCA due to double-ended guillotine Pre-test analyses with
7 SIT IBLOCE break of one of the ECCS piping nozzles BE voluntary participants to define
connected to cold leg under the condition of test conditions and procedures
full injection of ECCSs

1) A point common to all the tests = Provide LSTF database for the validation and development of BE and/or

CFD codes.

2) GRS, PSI, UniPi, UPC and UPV.
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2. ROSA/LARGE SCALE TEST FACILITY

2.1 Facility outline and unique design features

The large scale test facility (LSTF) shown in Figure 2-1 is a full-pressure and full-height integral test
facility constructed in 1985 to investigate thermal-hydraulic response during PWR transients and
accidents for the fourth phase of ROSA (Rig-of-Safety Assessment, ROSA-IV) Programme at JAEA.
The LSTF simulates a 1100 MWe four-loop Westinghouse (W)-type PWR: Tsuruga Unit-2 reactor of
the Japan Atomic Power Company (JAPC). The Three Mile Island Unit-2 (TMI-2) reactor accident in
1979 led to a reorientation of the LWR safety research to pursue SBLOCAS and operational/abnormal
transients. Of primary importance for the LSTF was then a good simulation of the natural circulation
through primary loops involving two-phase flows and counter-current flows. The major design
characteristics of the LSTF are summarised in Table 2-1.

Table 2-1: Major design characteristics of LSTF to reference PWR

Items LSTF PWR PWRI/LSTF
Primary/Secondary Pressures  (MPa) 16/7.4 16/6.13 | 1/0.83
Primary/Secondary Temperatures (K) | 598/562 | 598/550 | 1/0.98
Core Height (m) 3.66 3.66 1
Number of Fuel Rods 1008 50952 50.55
Primary Fluid Volume 7/ (md) 8.14 341 426
Total Core Power QO (MW) 10 3423(t) | 342

olv (MW/m3) 1.23 8.8 8.0
Core Inlet Flow (tonne/s) 0.0488 16.7 342
Pressure Vessel Down comer Gap (m) | 0.053 0.26 4.91
Number of Primary Loops 2 4 2
HotLeg Inner Diameter D (m) | 0.207 0.737 3.56

Length L (m) 3.69 6.99 1.89

L/\/B(mw) 8.11 8.14 1.0

y o0 3 0.124 2.98 24.0

olume — DL (m¥)
4

Number of Tubes in Steam Generator (SG) 141 3382 24.0
Average Length of SG Tubes  (m) 20.2 20.2 1
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Figure 2-1: Schematic of ROSA/LSTF

The ROSA/LSTF is the world largest integral test
facility for W-type PWR designed to well represent
multi-dimensional thermal-hydraulic response during
reactor accident and abnormal transients by using a full
size core rod bundle composed of more than 1000
simulated fuel rods with 10 MW electrical power (14%
of volumetrically-scaled core power), about 50 mm
width annulus down comer in the pressure vessel, 207
mm inner diameter hot and cold legs, 141 full size U-
tubes in each of two SGs. The four primary loops of the
reference PWR are represented by two equal-volume
loops to best simulate two-phase flows during reactor
accidents and transients mainly by achieving the large-
diameter (207 mm i.d.) horizontal legs. The volumetric
scaling ratio of the primary system is 1/48 to those of the
reference  PWR. The LSTF can handle accident
phenomena under wide ranges of primary and secondary
pressures from reactor nominal operating pressure to
atmospheric pressure.

The LSTF is equipped with all of the ECCS with
additional new features such as ECCS coolant
temperature control, temperature stratification in
accumulator coolant tank to inject coolant by flashing of
high temperature coolant portion without N, gas

pressurisation, though these features were not used in
the NEA ROSA and ROSA-2 Projects.

Measurement instrumentations around 1900 channels
provide detailed information on thermal-hydraulic
conditions by measuring such parameters as temperature,
liquid level, pressure loss, flow rate, density. Visual
observation of flow is possible using “video-probe”; a periscope that withstands high-temperature
steam/water conditions employing glass-fibre image guide or bore scopes. Non-condensable gas
detectors, many thermocouples for detailed temperature measurement and low-velocity steam
velocimetre were furnished further to the LSTF in the previous ROSA Project, and the thermocouples
were used in the ROSA-2 Project.

Since the shakedown test in 1985, the LSTF has provided more than 200 experiment data
including the 5% cold-leg LOCA simulation for NEA ISP-26, the Mihama Unit-2 SGTR simulation
for the Nuclear Safety Commission of Japan and the AP600 reactor simulation in collaboration with
the US NRC. Throughout its operational history, the facility has demonstrated excellent experimental
capabilities and has provided unique database to give in-depth understanding on the reactor accident
phenomena under non-equilibrium, non-homogeneous and multi-dimensional conditions with
influences of non-condensable gas in many cases.

2.2 Design philosophy and scaling of major components

Design philosophy and scaling of major components of the LSTF are summarised as follows:
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Design pressure covers that in the reference PWR. The rated pressure of LSTF pressure vessel is
17.26 MPa. The experiments can thus be performed under full-pressure conditions to simulate the
thermal-hydraulic phenomena in the reference PWR via corresponding fluid properties.

Volumes of major components such as pressure vessel (PV) and pressuriser are scaled by 1/48 to
the reference PWR. Since two loops are lumped into one, the volume of SG is twice as much as scaled
one. The scaling factor is about 1/21 to the two-loop PWR such as Mihama Unit-2.

Elevations are preserved, i.e. one to one correspondence with the reference PWR, considering
good representation of the driving force of natural circulation. As for the horizontal legs, pipe inner
diameter (207 mm) is far smaller than that of the reference PWR (737 mm). The top elevation of hot
leg inner diameter is thus set equal to that of the reference PWR. As for the cold legs, elevation of leg
horizontal axis is set equal to that of the reference PWR.

Flow area is scaled by 1/48 in the pressure vessel and by 1/24 in the primary loops and SGs. The
flow area in the horizontal legs is scaled to conserve the ratio of the length L to the square-root of pipe

diameter D; L/\/B of the reference PWR to better simulate the flow regime transitions in the
primary loops (Froude number basis). The time scale of simulated thermal-hydraulic phenomena is
thus one to one to those in the reference PWR.

Core power is limited to 10 MWHt, which is volumetrically scaled by 1/48 at core power equal to
and less than 14% of the scaled rated power of the reference PWR.

Fuel assembly has mostly the same dimensions for the following points as those of PWR 17x17
fuel assembly; diameter, length and pitch of fuel rod, diameter, length and pitch of control rod guide
thimble, and the ratio of number of fuel rods to number of the guide thimbles. This preserves the heat
transfer characteristics of the core. The total number of the simulated fuel rods is scaled by about 1/48.
There are 1008 heated rods in the current fourth fuel assembly.

Steam generators are designed to simulate primary-to-secondary thermal interactions during most
of SBLOCAs or operational transients. The rated 10 MWt power sets the maximum steady-state steam
and feed water flow requirements to 14% of the scaled flow required for the reference PWR operating
at full power. The secondary pressure is elevated at the initial steady state operation to suppress and
control the heat transfer with the scaled heat transfer area of U-tubes and 14% primary loop flow rate.
U-tube bundles have mostly the same dimensions with those of the reference PWR.

Flow capacities are scaled by 1/48 where practical.

Pressure loss due to fluid flow is designed to be equal to that in the reference PWR for scaled
flow rates.

Break in the reference PWR is simulated by using a break unit that can be connected at
19 locations of the LSTF. Break size is controlled by orifice or nozzle. Large-diameter long break
nozzles (L/D = 12) were newly furnished for the ROSA-2 Project. The break flow rate is measured
from liquid level increased rate in the suppression tank (ST).

ECCS is designed with adjustable operational envelopes that cover capacity at the normal
envelope and beyond. Piping and nozzles are provided so that ECCS fluid can be injected into several
possible locations around the primary coolant system other than those typical to the reference PWR for
some parameter investigations. All types of ECCS furnished to the reference PWR are provided; HPI
system, accumulator injection system (AIS), LPI system and residual heat removal (RHR) system. A
gravity-driven injection system (GDIS) as a kind of passive safety features is equipped with the LSTF,
though it was not used in the NEA ROSA and ROSA-2 Projects.

Process control system includes logics that consider the following four experimental needs;

a) A computer controlled sequence control programme drives steady-state and transient events.
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Constants vary according to demands for each experiment.

b) The interlock programme incorporates special control features of the reference PWR for
facility equipment trip control.

c) The component control programmes contains logic specific to key individual component
control such as core power decay, pressuriser heater control and pump rotation speed
increase/ coast down.

d) The facility protection control system governs the equipment safety interlocks such as core
over-temperature protection that was activated at Test 6-1 in the ROSA Project and Test 2 in
the ROSA-2 Project.

Instrumentations are designed

a) to simulate the process instrumentation of the reference PWR to control the LSTF system
during SBLOCA and operational transient simulation experiments,

b) to measure thermal-hydraulic phenomena as precisely as possible, and
¢) to develop new instruments for advanced measurements in need.

As for the point b), three-dimensional fluid behaviours are to be detected by a combination of
thermocouples, water level measurements and gamma-ray densitometers with aid of visual
observation by the video probe at hot and cold legs, which were attained for the previous ROSA
Project and utilised in the ROSA-2 Project too. As for the point ¢), non-condensable gas detectors and
low-velocity gas velocity meter were developed in JAEA and utilised in the previous ROSA Project.
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3. TEST DESCRIPTION AND RESULTS

This section describes major significances observed and obtained in each experiment, in a form of
very brief summary of each of 7 LSTF experiments for the ROSA-2 Project, as well as such
fundamental information as background, objectives including safety significances, experiment method.
The descriptions given in this section are based on the detailed descriptions in the Data Report, all of
which are included in the DVD of final integration report with the corresponding LSTF data.

The seven LSTF experiments for the ROSA-2 Project provide a good database to understand the
associated thermal-hydraulic responses during simulated accidents, which is suitable for the validation
of computer codes and models for system integral analyses consistent with the objective of the NEA
ROSA-2 Project.

3.1 Test 1 Hot leg intermediate-break LOCA

3.1.1 Background

Risk assessment of a LWR has been extensively performed in relation to risk informed regulation
(RIR) in various ways including the clarification of occurrence frequency of incidents that may cause
abnormal transients or accidents. The break of piping in the primary system is a cause for LOCA, and
LOCA is applied as a hypothetical event for design and safety assessment to validate the effectiveness
of ECCS. The occurrence frequency of the pipe break has been found to depend on the pipe size such
that complete rupture of a smaller pipe or non-piping component is more likely to occur than double-
ended guillotine break (DEGB) of a larger pipe, through the investigation on pipe integrity during
long-term operation and for life extension of LWRs. The frequency of main piping in the primary
system such as hot and cold legs of PWRs, leading to large-break LOCA, would thus be quite low.
The consideration of complete rupture of largest branch pipe connected to the main piping should
become relatively more important than ever in RIR-relevant safety analyses [3.1-1].

The US NRC proposed risk informed changes to LOCA technical requirements, Appendix K to
CFR Part 50 [3.1-2]. In this proposal, IBLOCA is chosen as a design basis event for the assessment of
ECCS effectiveness. For PWR, DEGB of pressuriser (PZR) surge line connected to one of hot legs is
considered as representative for break location and size of IBLOCA. The experimental data, however,
are quite limited to clarify thermal-hydraulic responses during IBLOCA due to DEGB of PZR surge
line.

3.1.2  Objectives

The objective of Test 1 was to clarify thermal-hydraulic responses during IBLOCA due to DEGB of
PZR surge line connected to hot leg. Another objective is to obtain data suitable for the assessment of
predictability of computer codes and models for system integral analyses particularly on the hot leg
IBLOCA.

3.1.3  Description of experiments

Test 1 [3.1-3, 3.1-4] was conducted under assumptions of total failure of both HPI system and
auxiliary feed water as well as loss of off-site power concurrent with the scram signal. The
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specification of Test 1 including test conditions and procedures was defined, based on the discussion
among the Project participants.

The size of break at the top of hot leg in the loop without PZR (loop-B) was equivalent to
17% old leg break to better simulate DEGB of PZR surge line. An upward long nozzle was mounted
flush with the inner surface of hot leg to simulate the break. PZR connected to intact loop was isolated
by an isolation valve before the test initiation to better simulate the primary coolant inventory involved
in the LOCA transient. Core scram occurred at 4 s after the break since the reactor control logic is
based on the pressure of PZR that is isolated before the break. ACC and LPI flow rate was 3:1 to cold
legs of intact and broken loops, respectively.

3.1.4  Experiment results

Rather large size of break caused a fast transient of phenomena. The primary pressure became lower
than the SG secondary-side pressure at about 55 s. Break flow turned from single-phase liquid to two-
phase flow in a few seconds after the break. Water remained on the upper core plate in the upper
plenum due to counter-current flow limiting because of significant upward steam flow from the core to
the break. Core uncovery started simultaneously with liquid level drop in crossover leg down flow-
side before loop seal clearing (LSC) induced by steam condensation on ACC coolant injected into cold
legs (Figure 3.1-1). The core liquid level rapidly recovered after the LSC. Peak cladding temperature
(PCT) recorded almost simultaneously with the LSC was 607 K, which was lower than the initial
temperature of 623 K. During the ACC coolant injection, simultaneous level recovery appeared in hot
legs and SG inlet plena because of liquid entrainment from hot leg into SG inlet plenum by high-
velocity steam flow. The experiment was terminated when the core cooling was confirmed after the
actuation of LPI system, and the primary and SG secondary-side pressures reached nearly-equilibrium.

Consequently, the results of Test 1 indicated a possibility to have low PCT in the hot leg IBLOCA,
though an assumption adverse to core cooling such as total failure of HPI system was made.
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Figure 3.1-1: Primary and secondary pressures, crossover leg liquid level and accumulator flow rate,
upper plenum and core liquid levels, and fuel rod surface temperature in Test 1
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3.2 Test 2 Cold leg intermediate-break LOCA with single-failure ECCS

3.2.1 Background

Risk assessment of a LWR has been extensively performed in relation to RIR in various ways
including the clarification of the occurrence frequency of incidents that may cause abnormal transients
or accidents. The break of piping in the primary system is a cause for LOCA, and LOCA is applied as
a hypothetical event for design and safety assessment to validate the effectiveness of ECCS.

The occurrence frequency of the pipe break has been found to depend on the pipe size such that
complete rupture of a smaller pipe or non-piping component is more likely to occur than DEGB of a
larger pipe, through the investigation of pipe integrity during long-term operation and for life
extension of LWRs. The frequency of DEGB of the main piping in the primary system such as hot and
cold legs of PWRs, leading to large break LOCA (LBLOCA), would thus be quite low. The
consideration of a complete rupture of largest branch pipe connected to the main piping should
become relatively more important than ever in RIR-relevant safety analyses [3.2-1].

The US NRC proposed risk informed changes to LOCA technical requirements, Appendix K to 10
CFR Part 50 [3.2-2]. In this proposal, IBLOCA is chosen as a design basis event for the assessment of
ECCS effectiveness. For PWRs, DEGB of PZR surge line connected to one of hot legs and one of
ECCS lines connected to cold legs is considered as representatives for break location and size of
IBLOCA. The experimental data for IBLOCA, however, is quite limited to understand thermal-
hydraulic responses and to validate the latest BE analysis methods as well as more advanced computer
codes such as CFD codes.

3.2.2  Objectives

The objective of Test 2 was to clarify thermal-hydraulic responses during IBLOCA the break size of
which is equivalent to simulation DEGB of pressuriser surge line under the condition of single-failure
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of diesel generators. Another objective is to obtain data suitable for the assessment of predictability of
computer codes and models for system integral analyses particularly on the cold leg IBLOCA.

3.2.3  Description of experiments

Test 2 [3.2-3] was conducted under assumptions of single-failure of diesel generators related to flow
rates of both HPI and LPI systems, and total failure of auxiliary feed water as well as loss of off-site
power concurrent with the scram signal. The specification of Test 2 including test conditions and
procedures was defined, based on the discussion among the Project participants.

The size of break at the top of a cold leg in the loop without PZR (loop-B) was equivalent to 17%
cold leg break to better simulate DEGB of pressuriser surge line. An upward long nozzle was mounted
flush with the inner surface of a cold leg to simulate the break. Core scram occurred at 7 s after the
break, which was 2 s after the time when the primary pressure lowered 12.97 MPa. HPI, ACC and LPI
systems were operated in the intact loop.

3.2.4  Experiment results

Relatively large size of break resulted in a fast primary depressurisation. Break flow turned from
single-phase liquid to two-phase flow in a very short time after the break. The primary pressure
became lower than SG secondary-side pressure at about 55 s (Figure 3.2-1). Core dry out took place
due to rapid liquid level drop in the core before LSC. Liquid was accumulated in upper plenum, SG U-
tube up flow-side and SG inlet plenum before the LSC due to counter-current flow limiting (CCFL) by
high velocity vapour flow, and enhanced the core liquid level decrease. The HPI system was started at
about 35 s almost simultaneously with the core dry out, but was ineffective on the core cooling
because the injection flow rate was much smaller than break flow rate. The core bottom-up quench
started after the incipience of accumulator coolant injection at about 110 s. However, a large
temperature excursion appeared in the core, which induced actuation of automatic core power
decrease to protect the LSTF core. The peak cladding temperature of 978 K was observed at Positions
7 and 6 at about 150 s during the core reflooding. Whole core was quenched by about 180 s. The
experiment was terminated when the core cooling was confirmed after the actuation of the LPI system,
and the primary and SG secondary-side pressures reached nearly-equilibrium.

Consequently, the results of Test 2 indicated a possibility to have quite high PCT in the cold leg
IBLOCA in spite of the HPI and ACC injection.
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Figure 3.2-1: Primary and secondary pressures, upper plenum and core liquid levels, fuel rod surface
temperature, crossover leg liquid level and ECCSs flow rates in Test 2
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3.3 Test 3 Hot leg small-break LOCA as counterpart test to PKL

3.3.1 Background

Core exit thermocouples (CETs) are utilised worldwide as an important indicator to start an AM
operator action by detecting core temperature excursion during reactor accidents. In NEA ROSA
Project Test 6-1 [3.3-1], a PWR PV upper-head SBLOCA was simulated with SG secondary-side
depressurisation as a symptom-oriented AM measure based on core exit temperature during core boil-
off to confirm effectiveness of the AM measure. The break size was equivalent to 1.9% cold leg break
to simulate the ejection of one whole penetration nozzle for control rod drive mechanism. The primary
pressure became lower than the SG secondary-side pressure almost simultaneously with core uncovery,
resulting in no reflux flow from the SG. It took, however, more than 230 s to initiate the AM action
after the core temperature excursion started. The AM action was not effective in the early stage onto
the intended primary depressurisation to start the ACC coolant injection, because the primary pressure
was lower than the SG secondary-side pressure at the onset of AM action.

The ROSA Project Test 6-1 result raised a safety concern on the reliability of CET to detect core
uncovery and to start effective recovery actions [3.3-2]. The NEA Working Group of Analysis and
Management of Accident (WGAMA) then studied the CET issue by a task group and recommended to
investigate the scaling problems, because the task considered it is important when the experimental
results are applied to the commercial reactors. Large-scale experiments such as ROSA/LSTF and PKL
[3.3-3] to address prototypical conditions were considered preferable for phenomena investigation and
data preparation for computer code validation. Detailed study associated with SBLOCA with no reflux
coolant through the LSTF experiment was then requested from the Project participants to clarify
relation between core exit temperature measured by CETs and fuel rod surface temperature under two
conditions of high-pressure to meet PWR pressure condition and of low-pressure to meet PKL
condition.
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3.3.2  Objectives

The objectives of Test 3 were to clarify relation between core exit temperature measured by CETs and
fuel rod surface temperature and to investigate CET responses during core boil-off. Another objective
is to obtain data suitable for the assessment of predictability of computer codes and models for system
integral analyses on the hot leg SBLOCA concerning CET response and the analysis on phenomena
scaling with the data from PKL-2 test.

3.3.3  Description of experiments

Test 3 [3.3-4] was conducted under assumptions of total failure of HPI system and loss of off-site
power concurrent with the scram signal. The specification of Test 3 including test conditions and
procedures was defined through the discussion among the project participants based on pre-test
analysis results by voluntary participants to possibly provide superheated steam to CETs during core
boil-off with no reflux coolant for both high- and low-pressure transient phases.

The size of break at the top of hot leg in the loop without PZR (loop-B) was equivalent to 1.5%
cold leg break. An upward sharp-edge orifice was mounted flush with the hot leg inner surface to
simulate the break. In the high-pressure transient phase, coolant injection was started into PV upper
plenum for core cooling without forming sub-cooled water layer at the PV bottom immediately after
maximum fuel rod surface temperature reached 750 K. In the low-pressure transient phase, SG
secondary-side depressurisation was initiated by fully opening the relief valves (RVs) in both loops as
an AM action immediately after maximum core exit temperature measured by CETSs reached 623 K.
Boundary test conditions such as actuation in ACC system and LPI system and size of the RVs were
defined based on the PKL test conditions and scaling ratio of LSTF to PKL. ACC and LPI systems
were actuated when the primary pressures decreased to 2.6 and 1 MPa respectively. The ACC system
was terminated when primary pressure decreased to 1.2 MPa that is a little before the LPI actuation.

3.3.4  Experiment results

In the high-pressure transient phase, core uncovery took place a little after the primary pressure
became lower than the SG secondary-side pressure. In the low-pressure transient phase (Figure 3.3-1),
core uncovery started when the primary pressure became lower than the SG secondary-side pressure.
The core liquid level recovered soon after the ACC coolant injection into cold legs following the rapid
primary depressurisation as the AM action.

Core temperature excursion took place during liquid level drop in the core by boil-off in both
phases. The observed maximum core exit temperature and the maximum fuel rod surface temperature
were 633 and 780 K respectively in the high-pressure transient phase, and 662 and 822 K in the low-
pressure transient phase.

In the low-pressure transient phase, the core exit temperature started to increase at the centre of
upper core plate the earliest. However, it took more than 411 s to initiate the AM action after the core
temperature excursion started due to late and slow responses of CETs. The time delay in the detection
in the steam superheating by CETs were influenced by such factors as low-temperature steam flow
from the core peripheral region and low-temperature structures around the core exit as well as multi-
dimensional superheating steam in the core. The experiment was terminated when the continuous core
cooling was confirmed because of the coolant injection by LPI system.

Consequently, the results of Test 3 indicated a possibility to have high PCT in the hot leg
SBLOCA, though an assumption adverse to core cooling such as total failure of HPI system was made.
Slow and late responses of CETs during core boil-off were revealed, similar to results of Test 6-1 of
the ROSA Project. Influences of such factors as scaling, geometry and power profile onto observed
thermal-hydraulic phenomena should be clarified through mutual comparison of and in-depth analysis
on the test results from PKL and LSTF.
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Figure 3.3-1: Primary and secondary pressures, upper plenum and core liquid levels and core
exit temperature and fuel rod surface temperature in low-pressure phase in Test 3
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3.4 Test 4 steam generator tube rupture accident

3.4.1 Background

Emergency recovery operation against SGTR accident needs prompt operator action to terminate
primary coolant discharge to SG secondary and to suppress amount of radionuclide released to
environment as low as possible. Typical recovery actions include the isolation of broken SG, the
depressurisation of intact SG to assure the heat sink for the primary system through natural circulation,
and the primary depressurisation by opening power-operated relief valve or by other means to equalise
primary and secondary pressures and to recover and confirm liquid level in PZR. Meanwhile, the
primary pressure is kept higher than the SG secondary-side pressure when HPI system is under
operation. When the equalisation of primary/secondary pressure and the liquid level recovery in PZR
are confirmed, operators may terminate the ECCS and enhance primary system cooling by such
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producers as restart of main circulation pump in the intact loop. The radioactive release to atmosphere
during SGTR takes place primarily through cycle opening of RV of broken SG.

SGTR accident is simulated to evaluate amount of fission product (FP) release and to consider
better AM actions to minimise the FP release. The experimental data, however, are quite limited for
the evaluation of radioactive release to environment as well as multi-dimensional coolant behaviour
such as temperature stratification in horizontal leg during a SGTR accident [3.4-1, 3.4-2].

3.4.2  Objectives

The objectives of Test 4 were to obtain data for the evaluation of radioactive release to environment
through broken SG RV and to clarify multi-dimensional coolant behaviour such as temperature
stratification in horizontal leg. Another objective is to obtain data suitable for the assessment of
predictability of computer codes and models for system integral analyses particularly on the SGTR
accident, and evaluation the effectiveness of AM operator actions.

3.4.3 Description of experiments

The specification of Test 4 [3.4-3] including test conditions and procedures was defined through the
discussion among the Project participants based on conditions of two tests simulating the Mihama
Unit-2 SG U-tube rupture incident [3.4-1] and its design basis scenario [3.4-2] as well as LSTF pre-
test analyses with RELAP5/MOD3.2 code [3.4-4].

The SGTR is simulated by using a long nozzle in the break unit in a piping connected between
nozzle at inlet plenum and nozzle at secondary boiler section bottom of SG in the broken loop. The
nozzle size corresponds to DEGB of the 1/21 volumetrically-scaled cross-sectional area of one of SG
U-tubes in 2-loop Mihama Unit-2. Manual depressurisation of intact SG secondary-side was initiated
720 s after the scram signal by fully opening the RV as an AM action, and was terminated when hot
leg fluid temperature decreased to 531 K in intact loop. Auxiliary feed water (AFW) was initiated in
both loops 70 s after safety injection (SI) signal. AFW was terminated in broken loop when the broken
SG secondary-side collapsed liquid level reached 12.85 m, while continued in intact loop till the end
of the test. HPI system was initiated in both loops 10 s after the Sl signal, and was terminated in both
loops when PZR liquid level reached 1 m. PZR auxiliary spray was initiated by using PJ pump of HPI
system to enhance the primary depressurisation and to recover liquid level in the PZR switching over
from PJ to PH pumps when the primary pressure was below 10.34 MPa and hot leg fluid temperature
decreased to 547 K in intact loop, and was terminated when the pressure equalisation between the
primary and broken SG pressures was achieved. Primary coolant pump was restarted in intact loop
after the pressure equalisation between the primary and broken SG pressures was achieved.

3.4.4 Experiment results

Coolant in the core was kept sub cooled through the experiment, while the steam ingress into intact
loop hot leg happened from PZR. As the AM action, manual depressurisation of intact SG secondary-
side was initiated 720 s after scram signal by fully opening the RV. The resulted primary
depressurisation, however, was significantly limited because major steam condensation on the cooled
primary coolant was not enhanced due to temperature stratification. Then, the primary pressure was
lowered to the broken SG secondary-side pressure by the termination of HPI system after the
confirmation of liquid level recovery in the PZR by PZR auxiliary spray. The broken SG RV opened
three times after the initiation of manual SG depressurisation. Significant temperature stratification
appeared in cold leg in the broken loop due to flow stagnation, while significant natural circulation
prevailed in the intact loop after the initiation of manual SG depressurisation with some fluid
temperature fluctuation along the cold leg in the downstream of ECCS injection nozzle (Figure 3.4-1).
The experiment was terminated when the cold shut-down condition was confirmed by the restart of
primary coolant pump in the intact loop after the pressure equalisation between the primary and
broken SG pressures was achieved.
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Consequently, data on local phenomena and system responses were obtained in relation to the AM
operator actions, which are necessary for the evaluation of radioactive release to environment through
broken SG RV. Multi-dimensional phenomena specific to SGTR accident such as temperature
stratification appeared in the broken loop cold leg. Such multi-dimensional flow data are suitable to
validate 3-D CFD codes as well as BE codes for safety evaluation.
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Figure 3.4-1: Primary and secondary pressures, primary loop flow rate,
broken cold leg fluid temperature
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3.5 Test 5 Main steam line break with steam generator tube rupture accident

3.5.1 Background

Emergency recovery operation against SGTR accident needs prompt operator action to terminate
primary coolant discharge to SG secondary and to suppress amount of radionuclide released to
environment as low as possible. Typical recovery actions include the isolation of broken SG, the
depressurisation of intact SG to assure the heat sink for the primary system through natural circulation,
and the primary depressurisation by opening power-operated relief valve (PORV) or by other means to
equalise primary and secondary pressures and to recover and confirm liquid level in PZR. Meanwhile,
the primary pressure is kept higher than the SG secondary-side pressure when HPI system is under
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operation. When the equalisation of primary/secondary pressure and the liquid level recovery in PZR
are confirmed, operators may terminate the ECCS and enhance primary system cooling by such
producers as restart of main circulation pump in the intact loop. The radioactive release to atmosphere
during SGTR takes place primarily through cycle opening of RV of broken SG.

Main steam line break (MSLB) causes a fast depressurisation of broken SG, resulting in injection of
low-temperature water into core inlet. Coolant of SG primary-side is discharged to the secondary-side
through SGTR [3.5-1, 3.5-2]. The experimental data, however, have been scarcely obtained for such a
SGTR accident induced by MSLB for the evaluation of radioactive release through ruptured SG U-
tube as well as multi-dimensional coolant behaviour such as temperature stratification in horizontal leg
under significantly asymmetric loop behaviour.

3.5.2  Objectives

The objectives of Test 5 were to obtain data for the evaluation of radioactive release through ruptured
SG U-tube and to clarify multi-dimensional coolant behaviour such as temperature stratification in
horizontal leg under significantly asymmetric loop behaviour. Another objective is to obtain data
suitable for the assessment of predictability of computer codes and models for system integral
analyses particularly on SGTR induced by MSLB as well as the effectiveness of AM operator actions.

3.5.3 Description of experiments

Test 5 [3.5-3] was conducted under assumptions of suppression of accumulator system actuation to
keep primary coolant discharge to SG secondary-side as low as possible and loss of off-site power
concurrent with the scram signal. The specification of Test 5 including test conditions and procedures
was defined, based on the discussion among the Project participants.

The MSLB was simulated by using a sharp-edge orifice, which mounted at the downstream of a
pipe that was connected to SG main steam line in the broken loop. The orifice size corresponds to 40%
of the 1/21 volumetrically-scaled cross-sectional area of 2-loop Mihama Unit-2 main steam tube,
based on size of one SG flow restrictor. The SGTR is simulated in the same manner as Test 4 [3.5-4].
AFW was initiated in broken loop after Sl signal, and was terminated when the SG secondary-side
collapsed liquid level reached the initial liquid level. HPI system was initiated in both loops when
pressure vessel lower plenum pressure decreased to 12.27 MPa. As an AM action, intact SG
secondary-side depressurisation was initiated by fully opening the RV 30 minutes after the Sl signal,
considering an internationally common understanding on a grace period to start operator action. AFW
was initiated in intact loop simultaneously with the AM action. PORV was opened to recover liquid
level in the PZR when the primary pressure stagnated after the intact SG depressurisation, and was
closed when the PZR liquid level reached 1 m. The flow rate of HPI system in both loops was reduced
to a half switching over from the PJ to PH pumps after the 1% PORV closure. The PORV was opened
again to recover the liquid level in the PZR when the primary pressure stagnated at half of HPI flow
rate capacity, and was closed when the PZR liquid level reached 1 m. The HPI system was terminated
in both loops after the 2™ PORV closure.

3.5.4  Experiment results

The primary pressure reached nearly-equilibrium with the intact SG secondary-side pressure under
influences of SGTR, while some sub cooling especially in the broken loop due to a fast
depressurisation of broken SG through MSLB. As an accident management action, intact SG
secondary-side depressurisation was initiated at 30 minutes after safety injection signal by fully
opening the relief valve. However, the primary pressure decreased a little and stagnated again due to
the increase in HPI flow rate and the decrease in the break flow rate. The HPI flow rate was then
stepwise decreased twice, finally to zero, to make the primary pressure decreased. Significant
temperature stratification appeared in hot and cold legs in the intact loop due to the ingress of low-
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temperature coolant into the hot leg from upper plenum and the stagnation of high-temperature coolant
over HPI coolant that flows at cold leg bottom, while significant natural circulation prevailed through
the broken loop with uniform fluid temperatures in hot and cold legs due to MSLB (Figure 3.5-1).
The experiment was terminated when the continuous core cooling was confirmed because of the
coolant injection by LPI system.

Consequently, through the two SGTR experiments: Tests 4 and 5, non-symmetrical behaviours
appeared between two loops. Significant thermal stratification appeared commonly but in either of two
loops: loop with broken SG in Test 4, or loop with intact SG in Test 5. Such multi-dimensional
phenomena should be important for the correct evaluation of system thermal response, thus for the
correct estimation of effectiveness of AM actions. The obtained data are suitable for the evaluation of
radioactive release through a ruptured SG U-tube as well as the validation of 3-D CFD code and BE
codes for safety evaluation.
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Figure 3.5-1: Primary and secondary pressures, primary loop flow rate, intact
cold leg fluid temperature in Test 5
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3.6 Test 6: Natural circulation interruption

3.6.1 Background

System cool down is intentionally performed by means of natural circulation through intact (active)
SGs after such incidents as feed water line break and steam line break in which SG secondary-side
becomes empty of liquid as shown in Figure 3.6-1. Natural circulation interruption (NCI) may then
happen in a loop with affected (isolated) SG under such asymmetric cool down condition. Once the
NCI happens, steam bubble generation and boron precipitation may take place at the top of U-tubes in
the affected SG because of heating of stalled coolant by high-temperature metal structure. It is
important to clarify the conditions, in the case of such asymmetric cooling by natural circulation, with
which natural circulation is maintained for a long time.

NEA PKL-2 Project conducted G2.1 test on the NCI during intentional yet asymmetric system
cool down by natural circulation through two depressurising SGs with the other two SGs emptied on
its secondary side [3.6-1]. The experimental results showed that, for a stepwise cool down, the natural
circulation was maintained in all the loops, suggesting a condition that enables the cool down of PKL.

Based on the background above, and as a request from the ROSA-2 Project participants, the NCI
test was chosen as the subject of Test 6 in order to clarify the NCI behaviour and detail of thermal-
hydraulic responses when the cool down operations are done stepwise in LSTF.

3.6.2 Objectives

The objective of Test 6 is to clarify system behaviour when primary loops are cooled down by means
of natural circulation when secondary side of SG in the loop without the PZR is empty of liquid as
counterpart test with the PKL test G2.1. Another objective is to obtain data suitable for the validation
of safety analyses codes applied for PWR accident.

3.6.3  Description of experiments

Test 6 [3.6-2] was conducted under the following assumptions. The secondary side of SG in the loop
without PZR (SG-B in loop B, affected SG) was made empty of coolant. Primary loops were then
cooled-down by stepwise depressurisation operations in the secondary side of SG in the loop with
PZR (SG-A in loop A, intact SG). Following detailed test conditions and procedures were defined
through the discussion based on the preparatory experiment with LSTF and experiences from the NEA
PKL-2 G2.1 experiments. Initial secondary pressure was 7.3 MPa. Every stepwise cool down rate was
50 K/h, and three average cool down rates including isothermal step after the stepwise cool down
operation were used. During the cool down by natural circulation, core power was maintained at 1.29
MW (1.8% of the scaled nominal power).

Major experiment procedures were as follows;

o Firstly, forced circulation state was established by maintaining primary pressure at 11 MPa and
SG secondary side pressure at 7.3 MPa. Hot leg and cold leg fluid temperatures were
respectively set to 580 K and 562 K.

e Secondly, natural circulation was established in both loops. Core power was decreased from
4.28 MW (6.0%) to 1.29 MW (1.8%) which is representative at natural circulation during small
break LOCA [3.6-3]. Main feed water was terminated and main steam isolation valves were
closed for both SGs. Primary coolant pumps were stopped.

o Thirdly, the secondary side of SG-B was made empty of liquid.

¢ Following these operations, stepwise cool down operation with depressurisation of SG-A was
started. Each cool down step consisted of the depressurisation with cool down rate of 50 K/h
which was the same cool down rate as that employed in the PKL-2 Project test G2.1 in order to
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compare flow condition with that by PKL test, and the pressure maintaining (isothermal). The
average cool down rate depended on the time length of the isothermal step. The cool down
operations were repeated 9 times in total: 4 times with the average cool down rate of 12 K/h, 2
times with 14 K/h and 3 times with 16 K/h, to investigate flow conditions in the affected SG
that should be under influences of the cool down rate, primary pressure and hot leg fluid
temperature.

3.6.4  Experiment results

Figure 3.6-2 shows such measured parameters as (a) primary and secondary pressures, (b) loop flow
rates, (c) hot leg and cold leg fluid temperature, and (d) temperature difference between inlet and
outlet plena of SG-B. As shown in Figure 3.6-1 (a), the primary pressure was maintained at almost
constant of 11 MPa until the end of 6" isothermal step, and decreased to 10 MPa at 20000 s. The
stepwise depressurisation at SG-A was started at time 0 s. The SG-B pressure decreased
monotonically following the depressurisation of SG-A.

Mass flow through SG-B continued until the last pressure maintaining operation in SG-A as
shown in Figure 3.6-1 (b). The natural circulation was thus maintained through the affected SG until
the last cool down operation at the intact SG. During the cool down step, the mass flow rate increased
in the loop A and decreased in the loop B. On the other hand, during the isothermal step, the mass
flow rate decreased in the loop A and increased in the loop B.

Fluid temperature in cold leg B decreased with time delay to stepwise decrease in hot legs A and
B temperatures, and the time delay increased with time as shown in Figure3.6-1 (c). The temperature
difference between inlet and outlet plena (Tinet — Touter) OF SG-B shown in Figure3.6-1 (d) oscillated
according to the cool down operations, and the outlet temperature became always higher than the inlet
temperature until the last isothermal step. This result suggests that the fluid in the SG-B U-tubes was
heated by the SG structure when the inlet plenum temperature was lower than the SG structure
temperature, and the counter driving force against the natural circulation through SG-B arose. When
the amplitude of the temperature difference became large, the counter driving force increased and the
mass flow rate in the loop B decreased.

Figure 3.6-3 shows fluid temperatures in U-tubes of SG-B. Flow stagnation thus thermal
stratification happened in long U-tube from about 4000s when the average cool down rate was 12 K/h,
while it did not occur in short U-tubes until the last cool down operation when the average cool down
rate was 16 K/h. The thermal stratification in long U-tubes began from the early state of cool down
process when the average cool down rate was 12K/h and the SG secondary-side temperature was still
lower than the primary coolant temperature. On the other hand, the thermal stratification in the short
tubes was not observed until the average cool down rate became 16 K/h. The observed results
indicated that the timing of the natural circulation termination depends on the U-tube length, such that
the natural circulation is maintained for longer time in shorter U-tubes, while the average cool down
rate increased from 12 K/h to 16 K/h in this experiment.

The natural circulation successfully continued through the affected SG whose secondary side was
empty of liquid until the last stepwise cool down process including pressure maintaining operation at
the intact SG, when the average cool down rates were 12, 14 and 16 K/h (averaged for each of
depressurisation and isothermal steps), which was the same as the result of PKL test G2.1. As a result,
the whole system including the affected SG was cooled down by the natural circulation being induced
by the active SG. Counter driving force arose in the affected SG and made the natural circulation
interrupted in several U-tubes, while the natural circulation through the loop continued.

Consequently, a database on the detailed thermal-hydraulic response relevant for the NCI was
obtained under the condition when the system including affected SG is stepwise cooled down by
single-phase liquid natural circulation by using intact SG. The obtained data is suitable for in-depth
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investigation on the mechanisms that caused non-homogeneous flow behaviour among U-tubes and
may finally result in the termination of natural circulation through the affected SG.
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Figure 3. 6-1: Typical conditions relevant for natural circulation interruption in affected (isolated) SG
during system cooling operation by means of intentional natural circulation by using intact (active) SG
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Figure 3.6-2 (a): Primary and secondary pressure, (b) mass flow rates in loops A and B, (c) hot leg and
cold leg fluid temperature, and (d) temperature difference between plena of SG-B
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Figure 3.6-3: Fluid temperature in long and short U-tubes of SG-B
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APPENDIX 1: BLIND ANALYSIS AND POST-TEST ANALYSIS

The previous NEA ROSA Project was characterised by post-test analyses. Many of the Project
participants provided with their calculated results to the PRG discussions. The results are given and
major outcomes are discussed in Appendix 2 “Post-Test Analyses” of the ROSA Project FIR. The
given comparison with the experimental data showed an excellent agreement with the data, which
indicated the achievement in the BE code predictive capability, especially when they are properly
tuned according to the observed phenomena in the simulation experiments.

The reasons for and results from the blind analysis activity in the ROSA-2 Project are presented in
the following sections. The ROSA-2 Project, in this sense, is characterised by the blind analysis efforts
by many of the Project participants. Appendix 1 is dedicated to the blind analysis efforts. Self-
evaluations by the “blind analysis participants” are given after the mutual comparisons and discussions
on notable parameters among calculated results and experimental data.

As for the post-test analysis efforts within the ROSA-2 Project, a list of the analysis results
presented at the PRGs by the Project participants is given in the last part of this Appendix as well as
the blind (pre-test) analysis results.

Al-1 Blind analysis

Al-1-1 Background and objectives for blind analysis

During the previous NEA ROSA Project, the post-test analyses were performed by many project
participants and indicated an excellent agreement with the LSTF test results. This result suggested
maturity of safety analysis code development and achievements in the validation efforts. However, the
pre-test analysis was not performed by the Project participants because it was due for the operating
agent (OA) to define the boundary conditions for all the LSTF experiments. The pre-test analysis was
performed mostly by using the RELAP5/MOD3.2.1.2 code that had been modified by JAEA and the
TRAC-SKETCH code that was developed in JAEA for thermohydraulic-neutronics coupling analysis
for ATWS etc. In the ROSA Project, however, discrepancies appeared in the pre-test analysis result
from the phenomena observed in the LSTF experiments in almost all the cases. Test 6-1, for example,
indicated significantly higher peak cladding temperature (PCT) than expected, and the core power was
automatically decreased to protect the simulated fuel bundle during the experiment.

Based on such experiences and to pursue the objectives of the ROSA-2 Project effectively, JAEA
proposed the pre-test (blind) analysis activity to perform with the Project participants. Practically, all
the safety evaluation analysis is the blind analysis without reference data. Many of the ROSA-2
Project participants have already experienced several post-test analysis during the previous ROSA
Project and thus had chances to adjust and/or correct their code input through the analysis efforts. All
the Project participants then agreed to perform the pre-test (blind) calculation.

The pre-test (blind) analysis activity performed in the ROSA-2 Project may greatly contribute to
further improvement of the predictive capability of best estimate (BE) computer codes and elimination
of user effect by in-depth understanding of the accident phenomena through the comparison between
the calculation results and experiment results.
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Figure A1-2-1B: Steam generator pressures

Figure A1-2-1C: Break mass flow rate (with and without LSTF data)
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Figure A1-2-1D: Liquid level in hot leg B
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Figure A1-2-1E: Collapsed liquid level in SG-B U-tube up flow-side
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Figure A1-2-1F: Collapsed liquid level in SG-B inlet plenum
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Figure A1-2-1G: Collapsed liquid levels in core and upper plenum
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Figure A1-2-1H: Peak cladding temperature (PCT)
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Figure A1-2-1I: Collapsed liquid level in PV down comer
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Figure A1-2-1J: Liquid level in cold leg A
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Figure A1-2-1K: Collapsed liquid level in crossover leg up flow (CP)-side in loop A
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Figure A1-2-1L: Collapsed liquid level in crossover leg down flow (SG)-side in loop A
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Figure A1-2-1M: Accumulator injection flow rate into cold leg A
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Figure A1-2-1N: Accumulator injection flow rate into cold leg B
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A1-2-2 Test 2 (CL IBLOCA)

This is the second LSTF experiment for the ROSA-2 Project, and simulated a DEGB of one of four
ECCS line pipes of a four-loop PWR. The break size is equivalent to 17% of cold leg cross section to
have the same break size as that for Test 1 that simulated a DEGB of pressuriser surgeline. The break
is simulated with an upward-oriented long nozzle with the L/D ratio of 12. Single-failure assumption
is made for ECCS; HPI and LPI for intact loop cold legs (3 out of 4 loops). Detailed explanations on
the LSTF experiment are given in Section 3.1 and in the Data Report included in the final integration
report (FIR) DVD.

Seven blind analysis results were given as shown in Table Al-2-2. Four computer codes of
ATHLET, CATHARE2, TRACE and RELAP5 were used, similar to the cases for Testsl and -7.
Different versions were used for TRACE and RELAPS codes. A specific comparison was made
among three different versions of TRACE code by UPV, the result of which is given as a presentation
at PRG3 of the ROSA-2 Project, being included in the FIR DVD. Developers of the three computer
codes of ATHLET, CATHARE2 and TRACE joined. (As for the RELAP5 code, the US NRC had
completed the development of the final version of MOD 3.3 by around 2001.)

Table A1-2-2: List of blind analysis for ROSA-2 Test 2

Country Organisation Computer Code Affiliation
France CEA CATHARE2 Developer
Germany GRS ATHLET Developer
TRACE v5.0p1
Spain upv User
(comparison of v5.0, 5.0p1, rc3 at PRG)
Switzerland PSI TRACE v5.rc3 User
USA NRC TRACE v5.310 Developer
JNES RELAP5/MOD3.3 User
Japan
JAEA RELAP5/MOD3.2.1.2 User

The blind calculation results are briefly discussed through cross comparison of the calculated
results with the LSTF data, for the time range of -50 to 500 s on such parameters as primary pressure,
SG secondary pressures, break flow rate, loop mass flow rates, collapsed liquid levels in core, upper
plenum, vessel down comer, SG inlet plenum, SG U-tubes, hot & cold legs and crossover legs, PCT,
ECCS flow rates for HPI, Accumulators and LPI. All the comparisons are given in a form of
Microsoft Excel graph as an electrical file attached to the FIR DVD.

Primary and secondary pressures

Figure A1-2-2A indicates a cross comparison of the primary pressure. The depressurisation rate was
higher than in Test 1 because the break mass flow rate shown in Figure A-1-2-2C was far larger than
that for Test 1 in Figure A1-2-1C, while the same break nozzle was used. The trend of primary
pressure depressurisation process was well simulated with relatively small deviation from the
measured value, because the simulation of the break flow rate was rather well.

The SG secondary pressure shown in Figure A1-2-2B started to increase rapidly soon after the
break, and caused relief valve (RV) opening. This response in the experiment was well simulated by
most of calculations except one in which the RV opening did not happen. Some scattering appeared
among the calculated secondary pressures. However, calculated depressurisation rate after the closure
of RV was almost equal to the measured one, except one result in which no RV opening was simulated.
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Break flow rate

Figure Al-2-2C indicates a cross comparison of the break flow rate from cold leg B (broken loop
without pressuriser). The break flow rate was far larger than in Test 1 with the same break nozzle
(Figure A1-2-1C), because of lower-temperature coolant discharge from cold leg. The calculated
break flow rate agreed well with the measured data, especially for the trend of monotonically decrease
with time. Some scattering, however, appeared in the calculated break flow rate especially for the
initial single-phase liquid discharge phase; £18% among the calculated results, depending probably on
the break model employed in each code and input; critical flow models, discharge coefficients,
nodding of break nozzle and flow intake conditions at the nozzle inlet. The calculated location of flow
choking occurring at around the exit of the break nozzle may have influenced the results.

The calculated break flow rate indicated its own specific characteristic response depending on
such break modelling. Steep drop in the break flow rate and stable plateau also appeared in Test 2
simulation by one of TRACE results. More discussion is given for Test 7

Loop mass flow rate

The mass flow rate through loop B shown in Figure A1-2-2D increased after the break and started to
decrease following the rotational speed of main circulation pump. The loop mass flow rate should
have decreased almost to zero by about 50 s when loop seal clearing (LSC) happened in both loops
(partly shown in Figs. A1-2-21 and -2J). The mass flow rate in the loop A indicated almost the same
response.

The calculated results followed this response but with deviations especially around the peak flow
rate, probably depending on the employed control logic of the main circulation pump.

Since the break flow rate was as much as twice of loop mass flow rate, the core inlet flow rate
may have decreased significantly, even reversed, for a short while after the break opening (not shown),
as a particular condition in the cold leg IBLOCA.

As for the flow rate at pressure vessel side, there is no measured data. It is then expected that a
large difference may appear between two loops because of the break flow. The flow may reverse in
the broken loop, depending on the transient of break flow rate.

Note: The indication of continuous loop flow after the LSC in the LSTF experiment corresponds to
erroneous output from differential pressure measurement of vacant venturi flow metre. This response
of the flow metre is the same for Tests 2 and 7.

Liquid level in the core and PV upper plenum

Figure Al1-2-2E indicates collapsed liquid levels in the PV upper plenum and core. Calculated results
simulated well the initial rapid drop in both upper plenum and core in trend, being influenced by the
break flow.

The liquid level in the upper plenum decreased to the upper core plate (UCP) by around 40 s when
the LSC happened. During the core uncovery, therefore, there was no coolant remaining on the UCP.
Most participants failed to properly simulate this response and calculated coolant remaining on the
UCP probably because of CCFL at the UCP.

The liquid level in the core dropped steeply too after the break, and many code analysis simulated
this trend well. Large break flow rate may have caused a significant decrease in the core inlet flow rate
temporarily, and an increase in the void fraction in the core, while large amount of liquid remains in
the upper plenum. Most calculations, however, overestimated the initial level drop very much, and
failed to simulate the recovery of liquid level before the following monotonical decrease in the liquid
level until the LSC. Two calculations predicted core temperature excursion during the initial steep
level drop because of too much level drop (= very high void fractions through the core) before the
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temporary recovery. DNB may have been calculated. Including such early response, a significant
scattering appeared in the prediction of liquid level in the core among the calculated results, causing a
significant scattering in the prediction of simulated fuel rod surface temperature including PCT.

Note: Liquid level is presented and compared in a form of collapsed level, while mixture level
prevails in the real situation. Then, care should be taken because comparison only with the collapsed
liquid level may lead to wrong phenomena understanding especially for fast response. One-to-one
correspondence between the collapsed liquid level and temperature excursion in the core may fail. It
looks that IBLOCA, especially for cold leg break with larger discharge flow rate than in hot leg break,
would need a consideration on both collapsed level and mixture level, although it is difficult to obtain
the measured data for the latter one.

Peak cladding temperature (pct)

Figure Al-2-2F indicates a cross comparison of the calculated and measured history of cladding
surface temperature that recorded PCT. As long as the value of PCT is concerned, three calculations
made a good job, but with different timing of temperature excursion incipience. Temperature
decreasing response after the PCT was also significantly different. Among them, UPV made best
prediction of the PCT, but based on a quite different collapsed liquid level response as shown in
Figure A1-2-2E. GRS had a good simulation of the collapsed liquid level around the LSC, but with
very different temperature history that recorded the PCT.

Other calculations significantly underestimated the PCT. One participant, a TRACE code user,
tried BEPU, and failed to include the experimental PCT value within the range of uncertainty band
(not shown) because of too low PCT in the base case. Two participants indicated the temperature
excursion twice because of the liquid level recovery after the LSC and the liquid level drop afterwards
until the beginning of reflooding because of accumulator coolant injection. This response appeared
similarly in other elevation and/or location in the core in Test 2. Similar response also appeared in
Test 7, but with far larger level recovery after the LSC.

It is good to note that GRS and UPV calculated core power decrease (cut-off) because the
calculated PCT reached the pre-determined criterion for the core power decrease, as happened in the
experiment. However, the temperature decrease history after the PCT was quite different from that in
the experiment. It seems that most codes have difficulties to properly simulate the temperature
decrease response after the PCT, while it should depend on the combination of characteristics of heat
transfer model package and (different) reflooding response in each calculation.

Liquid level behaviour in cold legs and PV down comer

Figures A1-2-2G and A1-2-2H respectively indicate cross comparison of liquid level in cold legs A
and B, and PV down comer. The cold legs were full of coolant until the occurrence of LSC, and the
liquid level steeply dropped to the horizontal pipe bottom after the LSC in both loops. This response
was well simulated by most calculations, while the timing of the LSC was different each other
depending on the break flow rate. Influence of HPI coolant injection was negligible in the cold leg A
liquid level, and it is difficult to judge it in the calculated results.

After the LSC, the PV down comer liquid level started to drop after a short-time plateau. Most
calculations simulated this response well with different elevation and time length for the plateau. The
calculated level drop rate was similar to each other among the calculations, while the incipience time
for the level drop scattered very much.

After the coolant injection from the accumulator (ACC), the cold leg A became full of liquid in a
short time in the experiment. However, no calculations were successful to simulate this response, but
only with a partial liquid level recovery, less than a half except one result.
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In the experiment, liquid level appeared in cold leg B after the ACC injection into the cold leg A,
due to the down comer bypass via high-velocity steam across the core shroud. In the calculated results,
liquid level recovery in cold leg B was well simulated immediately after the ACC coolant injection
and level recovery in the cold leg A. However, it should be noted that this calculated result might
depend on the nodding representation of down comer, while the phenomena are three-dimensional (3D)
in the LSTF cylindrical down comer where core shroud and hot leg nozzles act as obstacles. 1D BE
computer codes may easily pass through such obstacles due to the 1D nature etc.

According to the level recovery in the cold leg B, the break flow rate slightly recovered in the
experiment. Similar trend appeared in GRS and JNES results. In the PV down comer, the liquid level
started to recover by the ACC coolant. Most calculations simulated this trend, though the recovery
timing, rate and extent depended on the ACC injection flow rate. Two participants failed to simulate
the level recovery response.

Liquid level behaviour in crossover leg A

Figures A1-2-21 and A1-2-2J respectively indicate cross comparisons of collapsed liquid level in down
flow (SG) side and up flow (CP) side of crossover leg in the loop A. Similar response appeared in loop
B except the level recovery after the LPI coolant injection. The code calculation results simulated the
LSC phenomena well but at different timing, probably depending on the break flow rate. The
inventory recovery, thus re-formation of loop seal, only in the loop A, sometime later than the LPI
initiation was not properly simulated by the code calculations.

Liquid levels in U-tube and inlet plenum of SG A and hot leg A

Figures A1-2-2K, A1-2-2L and Al-2-2M respectively indicate liquid level response in SG A U-tube
(middle length for LSTF), SG A inlet plenum and hot leg A. Former two are based on the differential
pressure and the latter one is given from three-beam gamma-ray densitometer.

After the break valve opening, the liquid level in the SG U-tube increased temporarily because of
the increase in the pressure loss along the U-tube with the CP rotational speed thus the loop flow rate.
The liquid level started to drop in SG inlet plenum and hot leg almost simultaneously with the break,
rather largely to the middle height of SG inlet plenum and to 1/4 of hot leg diameter in very short time,
while the liquid level increasing in the SG U-tubes. This response was similar to each other between
Test 2 and Test 7. Following the voiding in the SG inlet plenum, the void fraction in the SG U-tubes
started to increase. Similar response appeared in the loop A.

All the calculations simulated such response well, especially for the hot leg liquid level. The level
drop behaviour in the SG U-tube after coolant flashing was well simulated, while some fluctuations
appeared in many calculations unlike the experimental observation.

As for the SG inlet plenum, it looks that two-phase mixture filled it with high void fraction until
the SG U-tubes become depleted of coolant, and the inventory decreased gradually thereafter in the
experiment. Several codes gave similar response, but some failed to simulate the long-term coolant
holdup due to CCFL at the plenum inlet including inclined pipe, depending also on the liquid level
prediction in the hot leg.

In the hot leg, liquid remained at the pipe bottom up to around 1/4 of pipe diameter even after the
coolant depletion in the upper plenum after the LSC. This is probably due to the coolant reversal from
SG. The coolant was depleted temporarily when the core reflooding started die to the ACC coolant.
All the calculations simulated this trend well, though there were differences in the timing of complete
coolant depletion and recovery of coolant after the reflooding in the core.
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ECCS flow rates for HPI, accumulator and LPI into cold leg A

Figures Al-2-2N, A1-2-20 and A1-2-2P respectively show flow rates of HPI, ACC and LPI into cold
leg A. In Test 2, single failure was assumed for HPI and LPI.

The incipience timing of coolant injection and flow rate of ECCS depends on the predicted
primary pressure. Since the flow rate is given according to the pressure-dependent function, the HPI
flow rate was simulated well by all the calculations. The HPI initial flow rate was far smaller than the
break flow rate, and was negligible to the system response.

As for the ACC, the flow rate was simulated well, depending on the primary pressure simulation
and local pressure condition in the cold leg A that is under the influence of steam condensation on the
ACC coolant. Several participants overestimated the flow rate, while the liquid level in the cold leg
was low. Some special mechanism may have existed to make coolant flow into the PV down comer in
the calculations. It looks that CEA and NRC had some difficulties in the proper prediction of
accumulator flow rate. The ACC injection flow rate by CEA was oscillating very much in response to
the fluctuation in the cold leg liquid level.

The LPI flow rate scattered significantly, especially for the incipience timing that depends also on
the late-phase primary pressure response. Since the late phase pressure depends also on the core power
assumption in the calculation, it would not be feasible to discuss such uncertainty, considering that
many calculations did not simulate the loss of core power after the high PCT.

Summary for Test 2 blind analysis

Test 2 was the second test for the blind analysis in the ROSA-2 Project. Seven blind analysis results
are given on the LSTF IBLOCA test with a 17% break at cold leg that simulates a DEGB of ECCS
nozzle. Automatic core power control (decrease) happened in this test because of the high core
temperature.

Scattering and deviation of break flow rate from the measured result were relatively insignificant
than in Test 1, while the range of uncertainty among the results were not so small (£18%), partly
because the initial break flow rate was significantly larger than in Test 1.

A significant scattering appeared in the calculated collapsed liquid levels in the core and upper
plenum, and thus in the temperature history of simulated fuel rod that recorded PCT. Several
calculated results provided too small PCT value, indicating the importance of base case result in the
case of BEPU utilisation. Rapid change in the core inlet flow rate during early transient after the break
may have influenced largely onto the calculated void fraction distribution in the core and thus the
temperature excursion response. Two calculated results indicated very early initiation of temperature
excursion well before the LSC.

Difference from the measured data appeared in many other parameters that include timing of LSC,
peak value of loop flow rate, liquid level in cold leg after accumulator injection, accumulator flow rate.
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Figure A1-2-2A: Primary pressure

pa— e
m—cmmc——
- “ GRS Primary
CSN_UPV Primary
rZerT === JAEA Primary
* PSI Primary
PR * CEA Primary
I
& —*— JNES Primary
o
5 SOt
b1 " USNRC Primary
&
——LSTF Upper Planum
LA
i
S
et -
50 50
Time (s}
Figure A1-2-2B: SG secondary pressure
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Figure A1-2-2C: Break flow rate (with and w/o LSTF data)
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Blind analysis of Test 1 by RELAPS code (JAEA)

Figure 1 shows a nodding schematic of LSTF for RELAPS5 analysis for Test 1. The LSTF system is
modelled in one-dimensional manner including pressure vessel, primary loops, pressuriser (PZR),
steam generators (SGs) and SG secondary-side system. The break unit connected to the top of broken
hot leg was modelled by a vertical pipe, horizontal pipe and oblique pipe between them. Break nozzle
in the vertical pipe was represented by five equal-volume nodes.

The LSTF test results are shown in Figs. 2 through 12, being compared with RELAP5 blind
analysis results for major parameters. The break flow rate was predicted reasonably well. The code
well predicted liquid level formation at the hot leg and the collapsed liquid level in the SG U-tube.
Loop seal clearing appeared slightly earlier than in the test because of under prediction of the
crossover leg liquid level due to a bit earlier initiation of accumulator (ACC) system. The code failed
to reproduce enhanced primary depressurisation by the ACC coolant injection due to under prediction
of the coolant injection flow rate. The low-pressure injection (LPI) system started earlier than in the
test due to earlier termination of the ACC coolant injection, causing over prediction of liquid levels in
the hot leg, cold leg and crossover leg. The cladding surface temperature was well under predicted due
to well overproduction of the core liquid level after the core uncovery.

Figure 1: Nodding schematic of LSTF for Figure 2: Test 1 and RELAPS blind analysis
RELAPS analysis for Test 1 results for primary and secondary pressure
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Figure 5: Test 1 and RELAPS5 blind analysis
results for cold leg liquid level
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Figure 9: Test 1 and RELAPS blind analysis
results for SG U-tube collapsed liquid level
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Figure 6: Test 1 and RELAPS5 blind analysis
results for ACC flow rate
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Figure 8: Test 1 and RELAPS blind analysis
results for crossover leg collapsed liquid level
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Figure 10: Test 1 and RELAPS blind analysis
results for upper plenum collapsed liquid level
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Figure 11: Test 1 and RELAP5 blind analysis Figure 12: Test 1 and RELAPS5 blind analysis
results for core collapsed liquid level results for cladding surface temperature
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Blind analysis of Test 2 by RELAPS5 code

Figure 1 shows a nodding schematic of LSTF for RELAPS analysis for Test 2. The LSTF system is
modelled in one-dimensional manner including pressure vessel, primary loops, PZR, SGs and
SG secondary-side system. The break unit connected to the top of broken cold leg was modelled by a
vertical pipe, horizontal pipe and oblique pipe between them. Break nozzle in the vertical pipe was
represented by five equal-volume nodes.

The LSTF test results are shown in Figures 2 through 12, being compared with RELAP5 blind
analysis results for major parameters. Significant drop in the cold leg liquid level started later than in
the test because of later loop seal clearing due to over prediction of the crossover leg liquid level. The
primary pressure was over predicted probably because of steam discharge through the break due to
over prediction of the cold leg liquid level, though the break flow rate and the flow rate of high-
pressure injection (HPI) system were predicted reasonably well. Liquid accumulation in the
SG U-tube up flow-side and SG inlet plenum was well calculated, though with tendencies that the
U-tube up flow-side was over predicted and the inlet plenum was under predicted. The code under
predicted the cold leg liquid level after the ACC coolant injection. The LPI system started earlier than
in the test due to earlier termination of the ACC coolant injection. The cladding surface temperature
was under predicted due to later core uncovery in the test.

Figure 1: Nodding schematic of LSTF for Figure 2: Test 2 and RELAPS blind analysis
RELAPS5 analysis for Test 2 results for primary and secondary pressure
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Figure 3: Test 2 and RELAPS5 blind analysis Figure 4: Test 2 and RELAPS5 blind analysis
results for break flow rat results for hot leg liquid level
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Figure 9: Test 2 and RELAPS5 blind analysis Figure 10: Test 2 and RELAPS5 blind analysis
results for SG inlet plenum collapsed liquid level results for upper plenum collapsed liquid level
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Figure 11: Test 2 and RELAPS blind analysis Figure 12: Test 2 and RELAPS5 blind analysis
results for core collapsed liquid level results for cladding surface temperature
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Blind analysis of Test 7 by RELAP5 code

Figure 1 shows a nodding schematic of LSTF for RELAPS5 analysis for Test 7. The LSTF system is
modelled in one-dimensional manner including pressure vessel, primary loops, PZR, SGs and SG
secondary-side system. The break unit connected to the top of broken cold leg was modelled by a
vertical pipe, horizontal pipe and oblique pipe between them. Break nozzle in the vertical pipe was
represented by five equal-volume nodes.

The LSTF test results are shown in Figures 2 through 12, being compared with RELAP5 blind
analysis results for major parameters. Significant drop in the cold leg liquid level started later than in
the test because of later loop seal clearing due to over prediction of the crossover leg liquid level. The
primary pressure was over predicted probably because of steam discharge through the break due to
over prediction of the cold leg liquid level, though break flow rate and flow rate of HPI system were
predicted reasonably well. Liquid accumulation in the SG U-tube up flow-side and SG inlet plenum
was well calculated, though with tendencies that the U-tube up flow-side and the inlet plenum were
over predicted. The code under predicted the cold leg liquid level after the ACC coolant injection. The
upper plenum liquid level was well over predicted. The cladding surface temperature was well over
predicted due to well under prediction of the core liquid level after the core uncovery.
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Figure 1: Nodding schematic of LSTF for
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Figure 7: Test 7 and RELAPS5 blind analysis Figure 8: Test 7 and RELAPS5 blind analysis
results for crossover leg collapsed liquid level results for SG U-tube collapsed liquid level
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Test 5 (MSLB + SGTR) (JAEA)

No. Subjects Conditions for blind analysis
1. Experiment, code and participant
1-1 LSTF Experiment Test5
1-2 Computer Code RELAP5/M0OD3.2.1.2
1-2 Participant Japan Atomic Energy Agency (JAEA)
(organisation)
2. Models & methods specific to this test
241 Critical flow for SG U- Original (Ransom & Trapp) critical flow model is used with a discharge coefficient of 1.0.
tube simulation nozzle Break nozzle for SGTR in vertical pipe is represented by six equal-volume nodes.
22 Critical flow for SG main | A two-phase critical flow model incorporated by JAEA [1] employs the maximum bounding
steam line break flow theory with a discharge coefficient of 0.61 for two-phase discharge flow. A discharge
coefficient of 0.84 is used for single-phase vapour. Break orifice for MSLB is modelled by one
volume.
[1] Asaka, H., et al., Nuclear Technology, 96, pp.202-214, 1991.
2-3 Condensation heat Original (Shah) condensation heat transfer model is used.
transfer at gas-liquid
interface in hot and cold
legs
2-4 Flow resistance of spray | Flow resistance of flow path between upper head and PV down comer is adjusted to fit upper
nozzle (bypass between | head-to-down comer bypass flow rate to 0.3% of total core flow rate during initial-steady state.
upper head and PV
down comer)
2-5 Parallel flow behaviour LSTF 141 tubes in each SG are lumped into one equivalent tube.
among SG U-tubes
before and after SG-A
depressurisation
26 Temperature One-dimensional representation of hot and cold legs taken in the code failed to predict such
stratification multi-dimensional phenomena observed in the test as significant temperature stratification in
both hot and cold legs in intact loop.
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Blind analysis of Test 5 by RELAP5 code

Figure 1 shows a nodding schematic of LSTF for RELAPS5 analysis for Test 5. The LSTF system is
modelled in one-dimensional manner including pressure vessel, primary loops, PZR, SGs and
SG secondary-side system. Break nozzle for SGTR in the break unit was represented by six equal-
volume nodes, while break orifice for MSLB was modelled by one volume.

The LSTF test results are shown in Figs. 2 through 9, being compared with RELAP5 blind
analysis results for major parameters. The SG-B secondary pressure was somewhat under predicted
resulting in a little under prediction of the secondary-side collapsed liquid level, though the break flow
rate for MSLB was well predicted. The primary pressure was over predicted due to under prediction of
the break flow rate for SGTR under a rapid depressurisation of the break-downstream. The SG-A
secondary pressure was under predicted due to overproduction of discharge flow rate through the
relief valve, resulting in under prediction of the secondary-side collapsed liquid level. The code failed
to reproduce the primary pressure transient just after the reduction of HPI flow rate. Flow stagnation in
loop-A was well calculated, though with oscillative flow rate under influences of the SG-A
depressurisation. The primary mass flow rate in loop-B was over predicted. The code failed to
reproduce temporal drop in the hot leg liquid level after the PZR became empty of liquid. Decrease
rate of the PZR liquid level was over predicted after the PORV closure.

Figure 1 a): Nodding schematic of LSTF for Figure 1 b): Nodding schematic of SGTR break
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Figure 4: Test 5 and RELAPS5 blind analysis Figure 5: Test 5 and RELAPS5 blind analysis
results for MSLB break flow rate results for SG collapsed liquid level
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Al-4 PRG Presentations on post-test and blind (pre-test) analysis

Post-test analyses were performed by many of the project participants, as well as the pre-test analyses,
to validate computer codes and models against the LSTF experimental data including the previous
NEA ROSA Project, and presented at the PRG of the ROSA-2 Project. The BE computer codes such
as ATHLET, CATHARE, MARS-KS, RELAP5, SPECTRA and TRACE were used for LOCA and
SGTR tests. As for the CFD code, FLUENT code was used.
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In this section, all the calculated results presented at the PRG meetings are listed in Table Al1-4-1.
All the presentation files are given in the DVD of FIR to share the results among the participants for
possible further investigations on the results.

Table A1-4.1: List of presentations at ROSA-2 PRGs on post- and pre-test analyses
Note on Title: Post-test analysis in black colour (Pre-test analysis in red colour)

Participant

I Code |

Title

PRG1 at OECD HQ, Paris, May 14-15, 2009 (7 presentations)

W.P. Baek (KAERI) MARS-KS MARS-KS Assessment for OECD-ROSA Test 3.1
V. Abella, S. Gallardo, . ) .
G. Verdd (UPV) TRACE 5 Condensation-Induced Water Hammer Test Simulation
. TRACE Post-test Thermal-Hydraulic analysis of
J. Freixa, A. Manera (PS (v5.03 patch 1) | ROSA Test 6.2 using TRACE
A. Romero, S. Chiva, TRACE Analysis with TRACE of ROSA Test 1.2:
J. L. Mufioz-Cobo (UPV) 3D Modelling in the Reactor Vessel and in the Cold Legs
N. Tregoures, L. Foucher, L. Piar, C.
Jamond, ASTEC Validation of the ASTEC code on ROSA and ROSA-2
J. Fleurot (IRSN SGTR Crisis Team experiments
Project)
Analysis of Temperature Stratification Phenomena
Y. Masuhara, F. Kasahara (JNES) FLUENT Examination in Cold Leg with FLUENT code (Revised
version)
FLUENT ROSA Project
Y. Maruyama (JAEA) Ver. 6.2 Test 4 for Natural Circulation of Superheated Steam

- Results of Test 4-2 —

PRG2 JAEA Tokai, Nov. 18-19, 2009 (6 presentations)

C. Queral, E.Villalba (UPM), Julio Pérez

Simulation of ROSA test 6.1.

TRACE 5.0

(CSN) Sensitivity analysis using TRACE 5.0
C. Queral, David Prada, E.Villalba (UPM), TRACE 5.0 NEA ROSA-2. Test 1 - 17% Hot Leg Break LOCA.
J. Pérez (CSN) ) Pre-test analysis using TRACE 5.0
J. Freixa, T.-W. Kim, TRACE Pre-test Thermal-Hydraulic analysis of
A. Manera (PSI) (v5.0r3 patch 1) | ROSA Test 1 using TRACE

. . CATHARE ROSA-2 —test 1 17 % Hot Leg LOCA
T. Mieusset, P. Bazin (CEA) V2.5 2-mod3.1 | CATHARE pre-test calculation
H. Glaeser, ATHLET Pre-test Calculation of
H. Austregesilo (GRS) ROSA-2 Test 1 (17% Hot Leg Break) with ATHLET
T. TAKEDA (JAEA) 5155/3?251 2 Analysis of Hot Leg Intermediate-Break LOCA Test

PRG3 at NEA HQ, Issy, May 27-18, 2010 (14 presentations)

N. Khatcheressian,

L. Foucher, J. Fleurot, ASTEC Validation of the ASTEC code on ROSA test 1.1
N. Tregoures (IRSN)
H. Glaeser, ATHLET Evaluation of Uncertainties for a Post-test Calculation of
H. Austregesilo (GRS) ROSA Test 6.1 with ATHLET
\CJ).guerall, Cadel Upper head and lower head LOCA.
. Gonzalez-Cadelo, . .
E. Villalba, J. Hernandez (UPM), Julio TRACE Sensitivity analysis to RCP trip delay.
Pérez (CSN) LSTF and Almaraz NPP models
C. Queral, E. Villalba, . .
J. Gonzalez-Cadelo, TRACE SImLf|atI.0n of ROSA test 5.1.
J. Hernandez (UPM) Application to Almaraz NPP.
S. Gallardo, V. Abella, TRACE ROSA-2 Post-Test2
G. Verdu (UPV) (V5.0 & V5.0p1) | with TRACE (V5.0 and V5.0p1)
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Participant Code Title

W. Krotiuk (US NRC) TRACE TRACE Modelling of ROSA-2 Tests 1 and 2
SPECTRA Code Validation through PWR Cold Leg

JR. Jonnet (NRG) SPECTRA Small Break LOCA Tests in NEA ROSA Project

T. Takeda (JAEA) R Test 1 (Hot Leg Intermediate-Break LOCA)
ROSA-2 —test 2 17 % Cold Leg LOCA

P. Bazin (CEA) \C/QEHQ '?nlf) 431 CATHARE blind pre-test calculation

- ' + First comparison with experimental results

H. Austregesilo, ATHLET Pre-test Calculation of ROSA-2 Test 2

H. Glaeser (GRS) (17% Cold leg break) with ATHLET

J. Freixa (PSI) TRACE Pre- and Post-Test TRACE simulation of
ROSA-2 intermediate break Tests 1 and 2

. RELAPS LSTF Cold leg break LOCA (Test 2) analysis with

R. Ichikawa (JNES) MOD3.3 RELAP5/MOD3.3

T. Takeda (JAEA) 2552\251 2 Test 2 (Cold Leg Intermediate Break LOCA)

T. Takeda (JAEA) 2552\251 2 Test 5 (Main Steam Line Break with SGTR)

PRG6 of PKL-2 Project at OECD HQ, Paris, Nov. 9-10, 2010 (4 presentations)

First Results of a Pre-Test Analysis for

H. Austregesilo, (GRS) ATHLET the Counterpart-Tests PKL-LSTF with ATHLET

. TRACE Pre-test Analysis for a Counterpart Test between
J. Freixa (PSI) V5.0 RC3 the PKL and ROSA Facilties

. - . | RELAPS GRNSPG/UNIPI Contribution on
C. Matteoli, A. Del Nevo, F. D'Auria (UniP) '\ 11503 31 STF) | LSTF-PKL Counterpart Test Design
, ) RELAPS PKL-LSTF Counterpart Test:
V. Martinez, F. Revents (UPC) MOD3.3 Scaling Criterion Assessment
PRG4 at JAEA Tokai, Nov. 30 — Dec. 1, 2010 (9 presentations)
T. Takeda (JAEA) RELAPS Test 5 (Main Steam Line Break with SGTR)
) MOD3.2.1.2
. , PKL-ROSA/LSTF Counterpart pre-test analysis.
S. Gallardo, A. Rubio and G. Verdu (UPV) | TRACES Preliminary study with TRACES
S. Carlos, J.F. Villanueva, S. Martorell, V. RELAP5S RELAP-5 Pre Test Simulations of
Serradell (UPV) PKL-ROSA Counterpart Test
. . RELAPS PKL-LSTF Counterpart Test:
V- Martinez, F. Reventds (UPC) MOD3.3 Analysis on Boundary Conditions
. Additional Pre-Test Calculation for

H. Austregesilo, (GRS) ATHLET the Counterpart-Tests PKL-LSTF with ATHLET

. TRACE Pre-test Analysis for a Counterpart Test
J. Freixa (PSI) V5.0 RC3 between the PKL and ROSA Facilities

. RELAP5S LSTF Main Steam Line Break with SGTR (Test 5)
H. Ueh R. Ichik NE
Uehara, R. Ichikawa (JNES) MOD3.3 Analysis with RELAP5/MOD3.3
RELAP5S Test 4 for Steam Generator Tube Rupture Accident

Y. Maruyama (JAEA) MOD3.2.1.2 —Test Plan -

- TRACE & Numerical Simulation of
M. Ishigaki (JAEA) FLUENT Two-phase Critical Flow in the Nozzle Tube
PRG5 at NEA HQ, Issy, Oct. 19-20, 2011 (7 presentations)

. First Results of a Post-Test Calculation of

H. Austregesilo (GRS) ATHLET the OECD ROSA-2 Test 3 with ATHLET
S. Belon (IRSN) ASTEC V2.0 Post-test analysis of
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Participant Code Title
CESAR module | ROSA-2 Test 5 (MSLB+SGTR) using ASTEC V2.0
RELAP5

V. Martinez, F. Reventds (UPC) Counterpart Test: Test 3 Post-Test Analyses

MOD3.3

PKL/ROSA Counterpart TEST.

S. Gallardo, G. Verdd and A. Querol (UPV) | TRACE 5 Post Test analysis with TRACES

T. Takeda (JAEA) Test 3 (Counterpart Test with PKL)

RELAP5 evaluation of pre-test analysis result
MOD3.2.1.2 '

T. Takeda (JAEA) Test 4 (Recovery Test from SGTR Accident)
TRACE

W. Krotiuk (US NRC) ROSA-2 Test 6 Proposal (this test was done as Test 7)

version 5.391

PRG6 at JAEA Tokai, June 13-14, 2012 (8 presentations)

Remarks on consistent development of
plant nodalisations: an example of application to
the ROSA integral test facility

TRACE

J. Freixa (PSI) v5.0 RC3

A. Bousbia Salah & J. Vlassenbroeck (BEL | Cathare2 CATHARE Simulation of ROSA-2 Test 6

V) V2.5_2 Mod8.1

V. Matine, F. Revents (1P MOD55 | Assesamenton CET PCT soing RELAPSmad 3
H. Glaeser, H. Austregesilo (GRS) ATHLET ng%eég%al'gg'Eﬁfa”k‘)’w{tﬁ%\rﬁLTEeTSt !

W. Krotiuk (US NRC) Iz':‘lgf 5.391 Pre-test_7

R Icikawa (NES) MODS5 | wi RELAPSIMODY. (Test2and Tes 7

T. Takeda (JAEA) I\RAE)LDA;,SA 2 (Eglgg ir;aglﬁltséfnfwg;?tg Break LOCA)

A. Satou (JAEA) ,\RAIE)L[/)-\sPZSQ Test 7 (Cold Leg Intermediate Break LOCA)
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APPENDIX 2. LIST OF EXPERIMENTAL DATA (CDS/DVDS)

Table A2-1is a list of LSTF experimental data distributed by means of CD-Rs and DVDs during the
ROSA-2 Project. The DVD of FIR contains all the LSTF experimental data that was contained in the
CD-R shown in Table A3-1, but does not contain image data from video probes.
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Table A2-1. List of experimental data distributed by CD-Rs and DVDs

NEA/CSNI/R(2016)10

during the ROSA-2 Project

No. | TestNo. Media Contents

1 CD-R Measured test data of all instruments

2 Image data from video probe in hot leg in loop with PZR

3 Test 1 (IB-HL-01) Image data from video probe in hot leg in loop without PZR

4 PV Image data from video probe in cold leg in loop with PZR

5 Image data from video probe in cold leg in loop without PZR

6 CD-R Measured test data of all instruments

7 Image data from video probe in hot leg in loop with PZR

8 Test 2 (IB-CL-03) Image data from video probe in hot leg in loop without PZR

9 oV Image data from video probe in cold leg in loop with PZR

10 Image data from video probe in cold leg in loop without PZR

1" CD-R Measured test data of all instruments

12 Image data from video probe in hot leg in loop with PZR

13 Test 3 (SB-HL-18) VD Image data from video probe in hot leg in loop without PZR

14 Image data from video probe in cold leg in loop with PZR

15 Image data from video probe in cold leg in loop without PZR

16 CD-R Measured test data of all instruments

17 Test Image data from video probe in cold leg in loop with PZR
(SB-SG-15) DVD

18 Image data from video probe in cold leg in loop without PZR

19 CD-R Measured test data of all instruments

20 IE)S £5 (SB-SG- VD Image data from video probe in cold leg in loop with PZR

21 Image data from video probe in cold leg in loop without PZR

22 CD-R Measured test data of all instruments

23 Image data from video probe in hot leg in loop with PZR

24 4T$ft SeTNG DVD Image data from video probe in hot leg in loop without PZR

25 Image data from video probe in cold leg in loop with PZR

26 Image data from video probe in cold leg in loop without PZR

27 CD-R Measured test data of all instruments

28 Image data from video probe in hot leg in loop with PZR

29 Test? Image data from video probe in hot leg in loop without PZR
(IB-CL-05) DVD

30 Image data from video probe in cold leg in loop with PZR

31 Image data from video probe in cold leg in loop without PZR
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Method to read LSTF experimental data from FIR DVD

The data in the FIR DVD can be read by following the instruction below.

Each data folder in the FIR DVD contains the same content of the data CD-R distributed during
the ROSA-2 Project. The data reading can be done by using followings files other than LSTF data
file(s):

1. A folder bin that contains Istfread.exe file.

This file reads data in CD-R, extracts data and creates data table in MS Excel format.
2. CDread.bat file.

This file activates Istfread.exe in bin folder and specify CD-R drive name.
3. TAGLIST.xls file.

This is a table of all the LSTF data. Please consult this table to seek necessary Function ID and
LSTF System Description Report that indicates the location of sensors.

4. Readme(HowToUse).doc file.

The data reader programme “Istfread.exe” converts the data file(s) into a csv file of LSTF data by
the following procedures.

1. Prepare a folder named ‘output’.
2. Copy the folder bin and CDread.bat file into a work directory the same as the folder
‘output’.

3. Insert LSTF Data CD-R and confirm RUN ID and Function IDs you want to obtain data.
‘Function IDs’ are listed in ‘“TAGLIST.xIs’ file that is included in each of LSTF data CD-R.
The contents of ‘TAGLIST.xls’ file may change according to the change in the
measurement instruments.

4. Double click CDread.bat to activate it.
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Input several parameters requested as follows:

(Example)
DISC DRIVE ? D:
RUN ID ? SHI
Start Time ? 0.0
End Time ? 100.0
Number of Data (Max 40) ? 3
Function ID ?
FEG6
PE10
LE3

NEA/CSNI/R(2016)10

<== Drive for CD-R

<== Fix

<== Arbitrary
<== Arbitrary
<== Arbitrary

This Example creates a data table file of SB-HL-18 (abbreviated as SHI) in TSV (tab separated
values) format that contains three data (FE6, PE10, LE3) for the same measurement time span.

(1) Program starts the preparation of a csv file into the folder ‘output’.
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APPENDIX 3: LIST OF PUBLICATIONS

Tables A3-1 and A3-2 are lists of published papers and reports respectively based on ROSA
and ROSA-2 Project.

Table A3-1: List of published papers based on ROSA and ROSA-2 Project

No.

Paper

Distribution date
F: file

H. Nakamura et al., “Overview of Recent Efforts through ROSA/LSTF
Experiments”, Nuclear Engineering and Technology 41(6) (2009) 753-764

T. Takeda et al., “Analysis of the OECD/NEA ROSA Project experiment
simulating a PWR small break LOCA with high-power natural
circulation”, Annals of Nuclear Energy 36 (2009) 386-392

M. Suzuki et al., “Performance of Core Exit Thermocouple for PWR
Accident Management Action in Vessel Top Break LOCA Simulation
Experiment at OECD/NEA ROSA Project”, Journal of Power and Energy
Systems 3(1) (2009) 146-157

S. Gallardo et al. of UPV, “OECD/NEA ROSA Project Test 3-2. Simulation
with TRACES5”, Spring Camp (June 2009)

S. Gallardo et al. of UPV, “Upper head SBLOCA simulation with different
versions of TRACES”, Spring 2010 CAMP Meeting (June 2010)

V. Abella et al. of UPV, “Phenomenological Study of Condensation Induced
Water Hammer Events with the Thermal-hydraulic Code TRACES”,
Spring 2010 CAMP Meeting (June 2010)

S. Gallardo et al. of UPV, “High Power Natural Circulation SBLOCA
Transient in LSTF (ROSA V) Simulation with TRACES.0”, ICAPP’ 2010
(June 2010)

J. R. Jonnet, A. de With of NRG, “SPECTRA Code Validation through PWR
Cold Leg Small Break LOCA Tests in OECD/NEA ROSA Project”,
NUTHOS-8 (October 2010)

Tn

9 April 2010

J. Freixa et al. of PSI, “Thermal-hydraulic analysis of an intermediate
LOCA test at the ROSA facility including uncertainty evaluation”,
NUTHOS-8 (October 2010)

T

: 15 April 2010

10

V. Abella et al. of UPV, “Pressure Vessel SBLOCA Simulation with
TRACE: Application to LSTF (ROSA V)”, PHYSOR-10 (May 2010)
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No.

Paper

Distribution date
F: file

11

J. Freixa et al. of PSI, “Analysis of an RPV upper head SBLOCA at the
ROSA facility using TRACE”, Nuclear Engineering and Design 240
(2010) 1779-1788

12

C. Queral et al. of UPM, “Accident Management Actions in an Upper Head
SBLOCA with HPSI Failed”, Nuclear Technology 175(3) (2011) 572-593

13

J. Freixa et al. of PSI, “Verification of a TRACE EPR™ model on the basis
of a scaling calculation of an SBLOCA ROSA test”, Nuclear Engineering
and Design 241 (2011) 888-896

14

S. Gallardo et al. of UPV, “Assessment of TRACE 5.0 against ROSA Test
6-1, Vessel Upper Head SBLOCA”, NUREG/IA-0245 report (April 2011)

F: 10 November
2010

15

S. Gallardo et al. of UPV, “Assessment of TRACE 5.0 against ROSA Test
6-2, Vessel Lower Plenum SBLOCA”, NUREG/IA-0244 report (February
2011)

F: 10 November
2010

16

T. Takeda et al., “ROSA-2 Project Experiment on MSLB with SGTR and
RELAPS5 Analysis”, 2010 Annual Meeting of Atomic Energy Society of
Japan (cancelled)

F: 14 February
2011

17

T. Takeda, “Thermal-hydraulic Safety Research for Improvement of LWR
Safety — Validation of thermal-hydraulic analysis methods based on
LWR system-integral experiments by using ROSA/LSTF”, Report on
nuclear safety research of JAEA (FY2010) (January 2011)

F: 14 February
2011

18

T. Takeda et al., “RELAP5 Analyses of OECD/NEA ROSA-2 Project
Experiments on Intermediate-break LOCAs at Hot Leg or Cold Leg”,
ICONE19 (October 2011)

F: 14 February
2011

19

S. Gallardo et al. of UPV, “TRACE 5 Simulation of a Cold Leg Intermediate
Break LOCA”, ICAPP’ 2011 (May 2011)

F: 22 March 2011

20

C. Queral et al. of UPM, “Analysis of Surge Line MBLOCA Sequences with
HPSI Failed”, NURETH-14 (September 2011)

F: 25 March 2011

21

J. Freixa et al. of PSI, “Post-test Thermal-hydraulic Analysis of Two
Intermediate LOCA Tests at the ROSA Facility Including Uncertainty
Analysis”, NURETH-14 (September 2011)

22

H. Nakamura et al., “Effectiveness of Core Exit Thermocouple (CET)
Temperature Indication in Accident Management of Light Water
Reactors”, NURETH-14 (September 2011)
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No.

Paper

Distribution date
F: file

23

T. Takeda et al., “ROSA-2 Project Experiment on SGTR and RELAP5S
Analysis”, 2011 Fall Meeting of Atomic Energy Society of Japan
(September 2011)

D4

T. Takeda et al., “RELAPS5/MOD3.2 Sensitivity Analysis Using OECD/NEA
ROSA-2 Project 17% Cold Leg Intermediate-break LOCA Test Data”,
OECD/CSNI Workshop on Best Estimate Methods and Uncertainty
Evaluation (November 2011)

25

J. Freixa, A. Manera of PSI, “Remarks on Consistent Development of Plant
Nodalisations: An Example of Application to the ROSA Integral Test
Facility”, Science and Technology of Nuclear Installations, Article ID
158617 (2012)

26

T. Takeda et al., “RELAPS Analysis of OECD/NEA ROSA Project
Experiment Simulating a PWR Loss-of-Feed water Transient with High-
Power Natural Circulation on”, Science and Technology of Nuclear
Installations, Article ID 957285 (2012)

27

S. Gallardo et al. of UPV, “Thermal-hydraulic Analysis of an Intermediate
LOCA Test at the ROSA Facility Including Uncertainty Evaluation”,
Spring 2012 CAMP Meeting (May 2012)

F: 28 February
2012

28

S. Gallardo et al. of UPV, “Simulation of Main Steam Line Break with
Steam Generator Tube Rupture Using TRACE”, PHYSOR 2012 (April
2012)

F: 28 February
2012

29

A. Querol et al. of UPV, “Intermediate BLOCA Scenarios, Sensitivity
Analysis with TRACE 5”, 2012 ANS Annual Meeting (June 2012)

F: 7 March 2012

30

J. Freixa et al. of PSI, “Thermal-hydraulic analysis of an intermediate
LOCA test at the ROSA facility including uncertainty evaluation”,
Nuclear Engineering and Design 249 (2012) 97-103

31

T. Takeda et al., “RELAP5 Analyses of OECD/NEA ROSA-2 Project
Experiments on Intermediate-break LOCAs at Hot Leg or Cold Leg”,
Journal of Power and Energy Systems 6(2) (2012) 87-98

32

J. Freixa et al. of PSI, “Counterpart experiment between the PKL and
ROSA facilities”, Spring 2012 CAMP Meeting (May 2012)

F: 27 April 2012

33

S. Gallardo et al. of UPV, “PKL/ROSA Counterpart Test. Post Test Analysis
with TRACES”, Spring 2012 CAMP Meeting (May 2012)

F: 10 May 2012

34

S. Gallardo et al. of UPV, “Simulation of 1% Hot Leg SBLOCA with
TRACES”, ICAPP’ 2012 (June 2012)
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No.

Paper

Distribution date
F: file

35

S. Gallardo et al. of UPV, “Assessment of TRACE 5.0 against ROSA Test
3-2, High Power Natural Circulation”, NUREG/IA-0412 report (March
2012)

36

S. Gallardo et al. of UPV, “Assessment of TRACE 5.0 against ROSA Test
3-1, Cold Leg SBLOCA”, NUREG/IA-0413 report (March 2012)

37

T. Takeda et al., “OECD/NEA ROSA Project Experiment on Steam
Condensation in PWR Horizontal Legs during Large-break LOCA”,
ICONE20 (July 2012)

38

S. Gallardo et al. of UPV, “Break Size Effects on CET Response in an Upper
Head SBLOCA Transient”, I[CONE20 (July 2012)

39

S. Raub et al. of KTH, “Validation of TRACE Code against the
ROSA/LSTF Test 6-1 Simulating SBLOCA”, NUTHOS-9 (September
2012)

40

S. Gallardo et al. of UPV, “Simulation of Natural Circulation Phenomena
during a LOFW Accident with TRACES”, NUTHOS-9 (September 2012)

41

H. Nakamura et al., “OECD/NEA ROSA-2 Project (1) Achievement of
OECD/NEA ROSA-2 Project”,

M. Ishigaki et al., “OECD/NEA ROSA-2 Project (2) Cooldown Experiment
by Natural Circulation with Loss of Coolant in Secondary Side of Steam
Generator”,

T. Takeda et al., “OECD/NEA ROSA-2 Project (3) LSTF Test on CET
Performance during PWR Small-break LOCA and RELAP5 Analysis”,

A. Satou et al., “OECD/NEA ROSA-2 Project (4) Experiments of PWR
Cold Leg Intermediate Break LOCA”,

S. Abe et al., “OECD/NEA ROSA-2 Project (5) Relap5 Analyses of PWR
Cold Leg Intermediate Break LOCA”,

All for 2012 Fall Meeting of Atomic Energy Society of Japan (September
2012)

42

J. Freixa et al. of PSI, “Post-test Thermal-hydraulic Analysis of Two
Intermediate LOCA Tests at the ROSA Facility including Uncertainty
Evaluation”, Nuclear Engineering and Design 264 (2013) 153-160
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No.

Paper

Distribution date
F: file

43

T. Takeda et al., “OECD/NEA ROSA Project Experiment on Steam
Condensation in PWR Horizontal Legs during Large-Break LOCA”,
Journal of Energy and Power Engineering 7 (2013) 1009-1022

A4

T. Takeda, “Thermal-hydraulic Safety Study through ROSA Project”,
Report on nuclear safety research of JAEA (FY2012) (January 2013)

45

S. Abe et al., “OECD/NEA ROSA-2 Project (6) RELAP5 Analyses with Use
of Multiple Channel Core Modelling of PWR Cold Leg Intermediate
Break LOCA Experiment”,

D. Irwanto et al., “OECD/NEA ROSA-2 Project (7) A Preliminary
3D Steam Flow Analysis for CET Behaviour Simulation during LSTF
SBLOCA Experiment”,

All for 2013 Annual Meeting of Atomic Energy Society of Japan (March 2013)

A6

J. Vlassenbroeck, A. Bousbia Salah of Bel V, “Assessment of Natural
Interruption Phenomenon in a PWR with Inverted SG U-tubes”,
NURETH-15 (May 2013)

F: 21 November
2012

a7

H. Nakamura et al., “Major Outcomes from OECD/NEA ROSA and ROSA-
2 Projects”, NURETH-15 (May 2013)

F: 21 December
2012

A8

T. Takeda et al., “LSTF Test on CET Performance during PWR Hot Leg
Small-break LOCA and RELAPS Analysis”, NURETH-15 (May 2013)

F: 21 December
2012

49

W. J. Krotiuk of NRC, “Comparison of TRACE Predictions and Lessons
Learned for the ROSA-2 Intermediate Break Tests 1, 2 and 7”,
NURETH-15 (May 2013)

F: 9 January 2013

50

J. Freixa et al. of PSI, “Thermal-hydraulic System Code Performance for
SBLOCA Phenomenology under Different Geometries and Scales”,
NURETH-15 (May 2013)

T

: 10 January 2013

51

K. Umminger et al. of AREVA, “Overview on Test Results from the
OECD/NEA PKL 2 Project”, NURETH-15 (May 2013)

52

S. Gallardo et al. of UPV, “Testing 3D and 1D components to Model the
Pressurised Vessel. Application to SBLOCA Scenarios”, NURETH-15
(May 2013)

53

S. Abe et al., “RELAPS sensitivity analyses on influences of CCFL on core
cooling during LSTF cold leg intermediate break LOCA experiments in
OECD/NEA ROSA-2 Project”, IAEA Tech. Mtg. on BEPU Methods in
Safety Analysis (June 2013)

T

: 28 May 2013
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Distribution date

and RELAPS5 post-test analysis”, Experimental Thermal and Fluid Science
51 (2013) 112-121

No. | Paper .
F: file
D. Irwanto et al., “A Preliminary 3D Steam Flow Analysis for CET
54 Behaviour during LSTF SBLOCA Experiment Using FLUENT Code”, |-
ICONE21 (July 2013)
M. Xing et al., “Validation of TRACE Code against ROSA/LSTF Test for
55 SBLOCA of Pressure Vessel Upper-Head Small Break”, ICONE21 (July | -
2013)
E6 N. Yuetal., “ATHLET simulation of OECD/NEA ROSA-2 Test 2 about
Cold Leg Intermediate-break LOCA”, ICONE21 (July 2013)
Z.Duetal., “ATHLET Analysis of OECD/NEA ROSA-2 Test 7
57 Experiments on Intermediate-break LOCA at Cold Leg”, ICONE21 -
(July 2013)
T. Takeda et al., “Measurement of non-condensable gas in a PWR small-
5g break LOCA simulation test with LSTF for OECD/NEA ROSA Project |
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Table A3-2: List of reports on ROSA-2 Project

Rupture SB-SG-14 in JAEA)” (9 November 2012)

Distribution
No. | Report date
F: file

Thermohydraulic Safety Research Group, “Quick-Look Data Report of
1 Test 1 (De5|gn_ated JAEA Internal Run ID of_IB-HL-_Ol) Test f0|_’ Hot F: 6 October 2010

Leg Intermediate Break Loss of Coolant Accident with Break Size

Equivalent to 17% of Cold Leg Flow Area” (6 October 2010)

Thermohydraulic Safety Research G_roup, Final Data Report of ROSA— F: 16 September
2 2/LSTF Test 1 (Hot Leg Intermediate Break LOCA IB-HL-01 in 2011

JAEA)” (5 September 2005)

Thermohydraulic Safety Research Group, “Quick-look Data Report of F: 27 September
3 ROSA-2/LSTF Test 2 (Cold Leg Intermediate Break LOCA IB-CL-03in 2610

JAEA)” (27 September 2010)

Thermohydraulic Safety Research Group, “Final Data Report of ROSA- F: 16 September
4 2/LSTF Test 2 (Cold Leg Intermediate Break LOCA IB-CL-03 in 2611

JAEA)” (5 September 2011)

Thermohydraulic Safety Research Group, “Quick-look Data Report of
5 | ROSA-2/LSTF Test 3 (Counterpart Test to PKL SB-HL-18 in JAEA),” | F: 29 March 2012

(29 March 2012)

Thermohydraulic Safety Research Group, “Final Data Report of ROSA- E- 30 November
6 2/LSTF Test 3 (Counterpart Test to PKL SB-HL-18 in JAEA),” 2012

(30 November 2012)

Thermohydraulic Safety Research Group, “Quick-look Data Report of F- 10 November
U ROSA-2/LSTF Test 4 (Steam Generator Tube Rupture Accident SB-SG- 2611

15 in JAEA)” (10 November 2011)

Thermohydraulic Safety Research Group, “Final Data Report of ROSA- F- 10 November
8 2/LSTF Test 4 (Steam Generator Tube Rupture Accident SB-SG-15 in 2611

JAEA)” (9 November 2012)

Thermohydraulic Safety Res.earch Group, chk-lo.ok Data Report of E: 10 November
9 ROSA-2/LSTF Test 5 (Main Steam Line Break with Steam Generator 2011

Tube Rupture SB-SG-14 in JAEA)” (10 November 2011)

Thermohydraulic Safety Research Group, “Final Data Report of ROSA- E: 9 November
10 | 2/LSTF Test 5 (Main Steam Line Break with Steam Generator Tube :

2012
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Distribution
No. | Report date
F: file
Thermohydraulic Safety Research Group, “Quick-look Data Report of
11 | ROSA-2/LSTF Test 6 (Natural Circulation Test: ST-NC-41 in JAEA)” | F: 16 May 2012
(16 May 2012)
Thermohydraulic Safety Research Group, “Final Data Report of ROSA-
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