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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

Within the OECD framework, the NEA Committee on tBafety of Nuclear Installations (CSNI) is an
international committee made of senior scientistd angineers, with broad responsibilities for safet
technology and research programmes, as well assepiatives from regulatory authorities. It wasuget
in 1973 to develop and co-ordinate the activitiehe NEA concerning the technical aspects of th&gh,
construction and operation of nuclear installatims®far as they affect the safety of such indialfe.

The committee’s purpose is to foster internatioo@loperation in nuclear safety amongst the NEA
member countries. The CSNI's main tasks are to a&xgh technical information and to promote
collaboration between research, development, eagimg and regulatory organisations; to review
operating experience and the state of knowledgsetected topics of nuclear safety technology afetysa
assessment; to initiate and conduct programmesédocome discrepancies, develop improvements and
research consensus on technical issues; and toomdhe co-ordination of work that serves to mainta
competence in nuclear safety matters, includinge#itablishment of joint undertakings.

The clear priority of the committee is on the saf#tnuclear installations and the design and cangbn
of new reactors and installations. For advancedtoeadesigns the committee provides a forum for
improving safety related knowledge and a vehictgdmt research.

In implementing its programme, the CSNI establistm®perate mechanisms with the NEA’'s Committee
on Nuclear Regulatory Activities (CNRA) which issponsible for the programme of the Agency
concerning the regulation, licensing and inspectibnuclear installations with regard to safetyalko co-
operates with the other NEA’s Standing Committegsvall as with key international organizations (e.g
the IAEA) on matters of common interest.
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EXECUTIVE SUMMARY

Background

The Task on the Core Exit Temperature (CET) theouple effectiveness in Accident Management (AM)
was initiated based on a discussion held by the IG8brking Group on Analysis and Management of
Accidents (WGAMA) in September 2007. The discusdimrused on results of the test 6-1 performed in
the frame of the OECD ROSA/LSTF project simulatingessel head small break loss-of-coolant accident
(SBLOCA) under an assumption of total failure of tiigh pressure injection (HPI) system. The tedttba

be terminated prematurely to avoid excessive owatiing of the core. It was noted that core uncovey
started well before CET thermocouples indicateceshgating and the temperature increase rate ioottee
was higher than shown by the CET. The results sigdethat the response of the CET thermocouples
could be inadequate to initiate the relevant AMicert. Moreover, examples of CET response in other
tests, e.g. in LOFT, PKL and LSTF seemed to conthis observation.

In order to address this issue, the CSNI approved GAMA activity in December 2007 with the
objectives to review and consolidate backgroundwitedge of CET application in AM and to provide
conclusions and recommendations for possible furtioek.

Approach
The principal mechanism for the discussion of tHeTGeliability in AM was through three technical
meetings and exchanges by e-mails which addrebeddltowing items:

e Collection and review of the design basis of CEPpliaption for AM procedures through a
survey of the CET use in the NEA member countries.

* Review of pertinent experimental results (from LORROSA/LSTF, PKL and PSB-VVER)
focusing on delay times between CET and core teabper rise. Though test results in
experimental facilities may help to understand Gfi&havior, one should be cautious when
extrapolating facility results to power reactorsislis why scaling and transposition issues were
addressed and discussed.

e Conclusions and recommendations for further work.
Main Conclusions
a) CET readings use for AM in the member countries, ad associated Technical Bases

The Task Group has conducted an international gwaeCET use for AM. The main conclusions of this
survey are as follow:

Most of the plants at the surveyed organizatiomsCET readings for AM. However, the scope and éxten
of their use is quite different from country to otry; and something that is really significantciountries
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using more than one unique technology (i.e. vends§ of CET for AM could also be quite differerdarh
plant to plant.

In general, member countries have reported a géredause of CET in EOP (preventive AM), in the
transition from EOP to SAMG, in SAMG (mitigative ANind, in some cases, in Emergency Planning.

The questions and responses to the survey werguffatiently detailed to derive the exact technioasis
for the definition of all set-point values. Criterbased on sub-cooling, saturation, onset of sepériy
and/or significant superheating, were reported logtnof the surveyed organizations. In order to iyme
this shortcoming, a discussion of the technicay¢pdal) bases for the major classes of set-poidt@ET
usage was provided in Section 2.7.

Another important topic investigated in the surwegs the relationship between CET Readings and
Maximum Cladding Temperature. A significant fraatiof the responses indicated that specific analysis
had been performed to address this issue, but sintkem felt the model validation was not fully
adequate. Consistently with that, some of the msg® expressed that either “delayed response” or
“accuracy” was a concern.

b) Review of experimental facilities results

The group has extensively reviewed information frdifferent sources and experiments where delays and
differences between CET and cladding temperatuadimgs had been observed: these include relevant
experiments performed in LOFT, PKL, PSB-VVER fd@ and thirteen ROSA/LSTF experiments. The
following conclusions have been obtained from thigew:

« Delays in CET responses compared to actual cladeéimperatures had been already identified
earlier in different experiments. Especially, LOFSsults had been carefully analyzed to gain
insights about this issue and their impact on phaféty.

e The use of the CET measurements has some limisaitnodetecting inadequate core cooling and
core uncovery: if CET reading indicates superheaitiris in all cases with a certain time delay
(ranging from 20 to several 100 s) and it is alwsigsificantly lower (up to several 100 K) than
the actual maximum cladding temperature.

«  CET performance strongly depends on the accidemasos and the flow conditions in the core.

e The main causes affecting CET delays, which weeseort in all the experimental facilities and
for most of the scenarios, are the following: radtenperature profiles (both in and above the
core), cooling effect of the unheated structurethenupper part of and above the core, poor heat
transfer from the rod surface to the surroundirgust due to low steam velocities during core
boil-off and water backflow from the hot legs dwioore heat-up due to steam condensation in
SG tubes, pressurizer water fall down or from bgtECC injection.

* Besides that, there are other relevant aspectsspagific to the facility design, like the actual
CET location or behavior that is scenario-dependé the hot steam chimney effect in RPV
Top Head breaks and the downward core flow in #se ©f RPV bottom head break.

e The number of experiments for scenarios startiommfshutdown and/or low reactor water level
conditions is limited. However, PKL and ROSA tebk@mve shown that CET delays in these
conditions can be even more pronounced than is satting from nominal power due to colder
structures in the upper part of the core.
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c) Applicability of experimental results to real plant conditions

A relevant conclusion drawn from the data in théewed experiments deals with the consequences of
CET delays for the effectiveness of the AM stragegincluded in the different EOP/SAMG packages
existing in the nuclear industry.

Qualitative application/extrapolation of the CETspense to reactor scale is possible. However, tdirec
extrapolation in quantitative terms to the reaciale should be avoided in general or done witlziape
care due to limitations of the experimental faigitin terms of geometrical details, unavoidabtattion

in the scaling of the overall geometry, and oftikat capacity of structures.

According to the results of the experiments andstifgsequent analysis, and at least for scenaadingt

at power conditions, it seems that the observeaydethould not affect severely the effectivenesnast
existing AM actions, but it must be underlined tekahcerns about CET functionality for general use i
AM are well founded. It should be realized that inorease in the CET temperature is the ultimate
indication of an inadequate core cooling and ofafready started core heat-up. No CET temperature
increase during a transient does not guaranteeuatkecgore cooling: accident scenarios cannot be
excluded, in which the CET indication of inadequedee cooling is significantly delayed, especidtly
some scenarios, such as RPV Top Head and Lower Biesdks and cases with water backflow from the
hot legs. These scenarios should deserve speiatiah.

Nevertheless, taking into account the delay andt¢hgerature difference in the CET behavior, a CET
temperature increase above saturation temperatuparticular in combination with other measuremsent
is well capable to detect a core heat up and it an important element in the context of AM
procedures.

After reviewing the different international apprbas to AM, it seems that it is not possibleatpriori
fully discard the possibility of having, in a reaiclear power plant, a similar response as theobeerved
in ROSA Project Test 6.1, provided the applicabl Action initiation rely only on CET readings, whic
is not always the case.

In this sense it is interesting to remark that nadshe AM strategies analyzed by the group, butailp
rely on a combination of CET readings and othetrimsentation indications (normally, Reactor Vessel
and/or Steam Generator water level) to define thigaiion of the different AM recovery actions. Ehi
approach, when appropriately implemented, make#&\WManore reliable because the specific draw-backs
of each individual instrumentation system do nat iasbe coincident for a particular scenario.

d) Impact on AM procedure set points

In view of the Task Group’s results with respectGBT delay, the question may be raised about the
consequences for the effectiveness of AM strategibsng on CET signals, widely used in the nuclear
industry.

In order to judge whether the effects discussethim report have an impact on AM measures and set-
points already in place, one would need to undedstezhether the definition of a given CET set-paouk

into account all relevant effects and uncertainfiée known physical reasons affecting heat tranffom

the core to CET location, instrumentation accutsieg/ etc.). Did the AM developer use computer codes
and models that were able to correctly represeasetheffects? Or maybe he did not address them
specifically, but the set-point has included manghich would more than compensate?

Obviously, to answer these questions goes welltéyioe present mandate of the Task Group and iticou
even be argued whether — due to a large numbelaat ppecific aspects — it fits to the activity anf

9
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OECD task group. However, a feasible activity witlsuch a task group could consist in developing a
“best practice” methodology as recommended below.

Recommendations for future work

Based on the previous conclusions, it is recommenidecontinue with the activities related to theTCE
effectiveness in AM, including the following:

The conclusions of the present report indicateiti@ortance of dealing appropriately with the
associated phenomena and uncertainties when pénfpramalytical studies in support of AM
strategies. Existing models used to calculate tilmkys between core temperature and CET
readings may not be fully validated — this is aésédent from the responses received to the
questionnaire. Computer codes normally used fa& tippe of analysis may not have enough
“resolution” to accurately calculate some relevaimtnomena affecting this particular issue. It is
therefore recommended to verify whether or notestdithe-art codes and their underlying
models applied in support of AM procedure developitege able to reproduce the delays and
differences between rod surface temperatures afdr&dtlings.

The above activity could take the form of an ISBdazhon one or two pertinent experiments. PKL
or ROSA/LSTF tests reviewed here could be candidatbe activity could have the following
objectives:

o Assessment of physical models to predict heat fieansodes affecting CET behavior.

o Development of a “best practice guideline” for thedalisation approach of the
uncovered core section up to the point of CET locat

0 Based on comparison with test results, assessréme possible impact of 3D effects,
not modeled in these codes.

o If the 3D effects turn out to have an important tcbation to time delay or delta-T,
development of proposals, how these effects camddeled e.g. by the help of CFD
codes.

Investigate the problem of CETs issue “scaling” ttmels of extrapolating) from experimental
facilities size, like LSTF, to commercial PWR reast The investigation could include both
experimental and analytical aspects and would fatushe influence of reflux water from hot
legs onto CETs as well as on the 3D flow behaviouhe upper part of the core. Large scale
experiments are proposed for phenomena investigatid data preparation for code validation.

Besides that, the conclusions drawn by this grdugulsl be disseminated among stakeholders on AM
(utilities, vendors, etc) in order to give them thy@portunity of reviewing the robustness of thesemng
AM packages to cope with situations like the oniesussed in this report.

10
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1. INTRODUCTION

The Core Exit Temperature (CET) thermocouple inibcais widely used for initiation of Accident
Management (including emergency operating procedamed severe accident management) in many
countries although CET set points may vary amoragtoe types and designs. However, since the CET is
important for Accident Management (AM) actions igtibn, it is important to understand the behawabr
the CET in order to assess its reliability.

As a matter of fact, the test 6-1 performed in @eCD ROSA/LSTF project simulating a vessel head
small break loss-of-coolant accident (SBLOCA) underassumption of total failure of the high pressur
injection (HPI) system, had to be terminated premehy to avoid excessive overheating of the cdare/als
noted that the test 6-1 results showed that the encovery had started significantly early beftwe CET
thermocouples indicated superheating and thatettmpérature increase rate was higher in the coreitha
the CET. The results suggested that the respontbe ET thermocouples could be inadequate tatwiti
the relevant AM actions.

In addition, 4 LOFT experiments (experiment L2-5iesthwas a large break LOCA in the cold leg with
rapid pump coastdown, experiment L8-1 that wasisch small break in the cold leg, experiment L5-1
which was an intermediate size (14 inch) cold legak with low head accumulator injection and
experiment L8-2 which was an intermediate size ifigh) cold leg break with delayed accumulator
injection) have been analyzed. They confirm thatéhmay be scenarios in which CET indications would
be inadequate to initiate the corresponding AMaasi Moreover, examples of CET response compiled
from data obtained earlier in BETHSY, LSTF, PKL aR&B-VVER facilities seem to confirm this
observation.

Possible reasons and hypothesis to explain thisreéton have been proposed; they are mainly cklate
a possible cooling of the CET thermocouples byrstganerators reflux water, persistence of liquiich fi
on the CET thermocouples surface combined with kt&am velocities, or thermodynamic non-
equilibrium between steam and water droplets.

Though test results in experimental facilities meglp to understand CET behaviour, one should be
cautious when extrapolating facility results to goweactors. For example, it is noted that the CET
thermocouples are generally installed much claséné core in the experiments than in the powaentpla

in LOFT only one inch above the core. Thereforeaty not be assumed that the CETs in the planteeha
more favourably than in the experiments. In genetfa¢ scaling and transposition issues should be
addressed and discussed.

In order to address the CET reliability and effestiess in AM, WGAMA proposed late 1997 an activity
which was approved by the CSNI with the objectiveptepare a status report covering the following
items:

e Collection and review of the design basis of CEPli@ption for AM procedures in different
countries;

 Review of pertinent experimental results focusing a@elay times between CET and core
temperature rise;

11
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» Conclusions and recommendations for further wdnkeeded.

Though some concerns about 3-D effects have beeadrawhich would require detailed analytical
evaluations, they are considered outside the sgamature of the present activity, and may be adeks
later if needed. Also thermocouple design issuesacluded, as these are too plant specific tobered

in an international context and within a short tiaoivity.

Co-operation with ROSA and PKL Projects is encoadags it would be beneficial in order to draw
relevant conclusions and recommendations for plesgibther work on this issue.

The activity started during the first quarter oD80with a call for nominations. Nominations wereeaieed
from AREVA-France, AREVA-Germany, Belgium (TRACTEBE Hungary (KFKI AEKI, PAKS NPP),
Italy (University of Pisa), Japan (JAEA), Korea NS), Slovenia (Slovenian Nuclear safety
Administration), Spain (CSN) and Switzerland (PSThough Sweden did not nominate any expert,
important input came from O. Sandervag (SMS). Thavides the adequate number of participants for a
Task Group which includes utilities, designersi@asgdresearch institutes, technical support orgeioas
and regulators.

The Task Group, lead by I. Téth (KFKI AEKI), alsoG¥MMA Chairman, met three times in order to
address CET issues:

- First meeting on April 23-24, 2008 in Budapestidg which the Task Group discussed the
presentations on the different countries’ statu€HT use for AM, the available experimental data
for confirmation of CET use in AM including the eéft of CET thermocouple location. The Group
could also prepare a Questionnaire which was biged to WGAMA members.

- Second meeting held on September 22, 2008 irs Rardiscuss the answers to the Questionnaire
received from 17 organizations and the availablpedrmental investigations relevant to CET
effectiveness in AM. A detailed plan for the pregiamn of the draft report, including its outlineasv
also discussed and agreed.

- Third meeting held on April 17, 2009 in Parisdiscuss the available chapters of the report aad th
preliminary conclusions and to define the work gilaeomplete the activity.

The report presents the outcome of the Task Groeptimgs and the results of its review of the
background knowledge of CET application in AM, widome recommendations for further work,
according to the following outline:

- Chapter 1: Introduction, including backgroundiué activity, scope and issues, and report outline;

- Chapter 2 which addresses design basis of CETicappn for AM procedures in different NEA
member countries;

- Chapter 3 which reviews pertinent experimentadults from BETHSY, LOFT, PKL and
ROSA/LSTF. RELAPS simulation of PSB-VVER SBLOCA teis also presented in order to
evaluate the code performance in terms of CET nioglelFinally, a synthesis of relevant
experimental results is proposed,;

- Chapters 4 and 5 summarize the conclusions ammaendations proposed by the Task Group.

12
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2. DESIGN BASIS OF CET APPLCATION FOR AM PROCEDURES IN DIFFERENT
COUNTRIES

2.1 INTRODUCTION

The WGAMA Task Group on CET is entrusted to preastatus report covering collection and review of
the design basis of CET application for Accidentnlglgement procedures in different countries. To
evaluate this, a questionnaire was prepared amdbdied to WGAMA members. The questions asked in
this survey were the following:

1- Is CET used for accident management in your country?

2- If yes, for what purposes?

(Please, identify in your response, and briefly describe, the most relevant AM procedures which rely on
CET readings).

3- If you have set points for CET use, please provide the values and describe the basis.

4- How do you account of the fact that the CET is not the cladding temperature?

5- In case you perform supporting calculations, please describe the way you model the CET readings.
Have you made comparison with experiments to support the approach?

6- Do you have any specific concerns associated with the use of CET in accident management?

This section of the report presents the respomstetsurvey.

It should be noted that the scope of the Workingpoupr includes use of core exit temperature
instrumentation during response to an accidentnordént, in the context of plant stabilisation and
recovery (management of and accident situation)ndiudes both “preventive” accident management
(normally, the response to an event in which camabe has not occurred), and ‘mitigative accident
management (response to ‘severe accidents’ — thageich core/fuel damage has occurred).

The scope of the investigation does NOT includeube of core exit temperature instrumentation @durin
normal operation, or its use to support the implaaigon of an off-site emergency plan (though mamti
may be made of such applications if relevant).

13
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2.2 PARTICIPATION IN THE SURVEY
221 Summary of Participation in the Survey

Participation in the survey is summarised in tdble

A good overall and general spectrum of response wasived, with a wide range of countries and
organisations participating, including utilitieegulators, TSOs and vendors.

Table 1 — Summary of Participation in the WGAMA CET Survey

Country Organisation | Type of
Org CET GAMA - Response to Questionnaire
Belgium Tractebel U
(TSO)
Finland RNSA R
France EDF U
IRSN R(TSO)
Germany AREVA \%
Hungary NPP Paks U
Japan MHI \%
Korea KINS R(TSO)
Netherlandg KCB/EPZ U

VROM/KFD R

Slovenia SNSA R
Spain ANAV U
CNAT U
CSN R
Sweden SKI R
R : Regulatory bodies
Switzerland| HSK R U : Utilities
V : Vendors
USA NRC R

14



CET GAMA - Response to Questionnaire

)
U

B Regulatory bodies
B Utilities

H Vendors
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2.3 GENERAL USE OF CORE EXIT TEMPERATURE IN SURVEYE D COUNTRIES

231 Introduction

The first two questions in the survey were desigteddentify the function in the members’ accident
management programs which rely on the core exitibeouples. These questions were:

1- Is CET used for accident management in your country?

and

2- If yes, for what purposes?

(Please, identify in your response, and briefly describe, the most relevant AM procedures which rely on
CET readings).

The responses to these questions are presentediblyyc 13 countries were represented.
2.3.2 Identified Uses and Results of Survey
Considering all the responses, the following arebsise of CET within accident management were

identified by the participants:

 The CET are useaithin Emergency Operating Procedures (EOPs) (i.e. withé preventive
accident management regime, before core damagecoased). All 13 responses indicated that
this is the case in their country.

The CET are used as the primary indication todtétithe transition from EOPs to Severe Accident
Management Guidance (SAMG) (i.e. the transitionmfrpreventive to mitigative accident
management). 12 of the 13 countries representpdmdsd that this is the case in their country.

The CET are used within SAMG (i.e. within the miive accident management regime, after
core damage has occurred) in order to cue certsnoks and/or actions. This is the case in 9 of
the 13 countries. (Finland, France, Germany an@rJapdicated that this isot done in their
countries).

The CET are used as one of the inputs to categarisemergency (assign an Emergency Action
Level or EAL) by emergency planning staff. This whe case for 4 participants (Hungary, US,
Slovenia and The Netherlands), but this was voknet information and so it is not possible to
conclude that this isot done in the other nine participating countries.oAlas has been noted
above, use of CET in Emergency Planning (i.e. tla@rpng of off-site actions to protect the
public) is not within the scope of this working gp and so this application is not discussed in
detail in subsequent report sections.

» The CET are used as one of the inputs used torpedioCore Damage Assessment or CDA by
Emergency Planning staff. (This is an evaluatiorthef degree of core damage which may be
used as an input to the source term used to igleappipropriate off-site protective actions (PAS).
This was the case for 2 participants (US and Slayghut this was volunteered information and
so it is not possible to conclude that thigds done in the other ten participating countries. Also
as has been noted above, use of CET in EmergeaoyniRy (i.e. the planning of off-site actions
to protect the public) is not within the scope listworking group, and so this application is not
discussed in detail in subsequent report sections.

The summarized response to these questions is shaable 2.
16
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Table 2 — Use of CET by Participating Countries

Question 1- Is CET used for accident managemeyxtin country?
Question 2- If yes, for what purposes?

(Please, identify in your response, and brieflycdbg, the most relevant AM procedures which raty o
CET readings).

Country Organisation / type Q1 - Q2 - Purposes
CET
used?
EOP | EOP-SAMG | within EP -|EP -
SAMG EAL | CDA
Belgium Tractebel U(TSO) Yes Yes| Yes Yes
Finland RNSA R Yes Yes| Yes No
France EDF U Yes Yes| Yes No
IRSN R(TSO)| Yes Yes| Yes No
Germany AREVA \% Yes Yes| Yes No
(planned)
Hungary NPP Paks U Yes Yes Yes Yes Yes Np
Japan MHI \Y Yes Yes| No No
Korea KINS R(TSO)| Yes Yes| Yes Yes
Netherlands | KCB/EPZ U Yes Yes Yes Yes Yes N¢
VROM/KFD | R Yes Yes | Yes Yes Yes| No
Slovenia SNSA R Yes Yes| Yes Yes Yes  Y4s
Spain ANAV U Yes Yes | Yes Yes
CNAT U Yes Yes | No No
CSN R Yes Yes | Yes Yes
Sweden SKI R Yes Yes| Yes Yes

17
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Switzerland

USA

HSK

NRC

R Yes Yes Yes

R Yes Yes Yes

Yes

Yes

Ye

Ye

14
10

ONPROOON

CET GAMA - Use of CET by Country

13 13 45
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24 DETAILED USE, SET-POINT VALUES AND BASIS

24.1 Introduction

The third question of the survey deals with the embetailed usage of CETs and requests information o
the basis and values of set-points used:

3- If you have set-points for CET use, please provide the values and describe the basis.

From the responses received, a summary of the fladOPs and SAMGs in the different countries was
made, and also of the detailed uses of the CETs& hee presented in this section. Where possibia fr
the responses, the values of set-points used eteled, but this was not possible for all responses

24.2 Identified Detailed Uses and Results of Surye

The basis for EOP and SAMG packages in use inqgiating countries fell into two main classes:
* A plant or design specific basis

* A package based on a vendor or owners group geappmach which has been adapted to the
specific plant

Detailed uses of the CET within these EOP and SAdA€Gkages identified by the responding participants
were classed as follows:

» Quantifying subcooling margin (number of degreeswhyjch a given measurement is below the
saturation temperature at the prevailing pressure)

» Detecting loss of subcooling margin (or, onsetattigation conditions)

» Detecting onset of superheated conditions (temperatising above saturation temperature at
prevailing pressure)

» Quantifying amount of superheat (or, detecting thgterheat has exceeded a certain value)

» Determining that core has been successfully rereov&eflooded) and cooled following an event
in which core damage has occurred

The summarized response to this question is showable 3.

2.4.3 Discussion

The questions and responses to the questionnaieensé sufficiently detailed to derive the exactieical
basis for the calculation of all set-point valuel®wever, in spite of this, section 2.7 has beempamed

which provides a discussion of the technical (ptsi3i bases for the major classes of set-point and
thermocouple usage.
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Table 3 — Detailed CET Use and Set-point Bases
Question 3:If you have set points for CET use, please prothéevalues and describe the basis

Country | Organisation /| AM Basis Q3 - Set-points basis
Type
EOP EOP-SAMG | within EP -| EP | subcooling | loss of| onset | significant | core
SAMG EAL | - margin subcooling | of superheat | reflooded/cooled
CD super in SAM
A heat
Belgium | Tractebel Adapted Adapted Adapted Yes Yes Yes Yes
(TSO) | WOG WOG WOG
37CC FR-| 650°C from| 37C°C for
C.2 FR-C.1, FR-| core
c1 ' y
700°C in SPI-| 355°C in
N2 SPI-N1/2
Finland RNSA R PI specific | Pl specific Yes Yes Yes
Typ.:10C | 450°C (Lov)
subcooling 650°C for
margin .
(Lov) depressurisat

on (OL3)

6(0T02)4/INSDO/VAN
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France

EDF

IRSN

(TSO)

Adapted
EDF/Areva

PI specific
1100C  for
existing

plant,

650°C
forEPR

No

Yes

Yes

Yes

No

Germany

AREVA

Pl specific

400°C  for
feed and
bleed

~600C
(planned)

Yes

Yes

Yes

Hungary

NPP Paks

Adapted
WOG

37°C FR-
C2

550C FR-
Ci1

Adapted
WOG

1100C from

FR-C.1 and

FR-S.1

800°C from
ECA-0.0

Adapted
WOG

370C°C for
core
cooling
recovery

Yes

No

Yes

Yes

Yes

Yes

Yes

Japan

MHI

350C for
degraded
core
cooling
(onset  of
superheat)

Yes

6(0T02)4/INSD/VAN
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Korea

KINS

(TSO)

Adapted
WOG

cooldown
rate in
EOPs

370C FR-
C.2

650C FR-
Ci1

(inferred)

Adapted
WOG

650°C from
FR-C.1, FR-
S.1 and ECA-
0.0

Adapted WOG

37C°C for core
cooling recovery

(inferred)

Yes

Yes

Yes

Yes

Yes

6(0T02)Y/INSD/VAN
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Country Organisation | AM Basis Q3 - Set-points basis
/ Type
EOP EOP- within EP -| EP -| subcooling| loss of | onset of| significant | core
SAMG SAMG EAL | CDA | margin subcooling | superheat| superheat | reflooded/cooled
in SAM
Netherlandg KCB/EPZ Adapted Adapted | Adapted | Yes Yes Yes Yes Yes Yes
VROM/ WOG WOG WOG
KFD subcooling | 650°C 370°C for
margin from FR-| core
370C FR- C.1, FR-| cooling
C.2 S.1 and recovery
' ECA-0.0
650C FR-
C1
Slovenia SNSA Adapted | Adapted | Adapted | Yes | Yes | Yes Yes Yes Yes Yes
WOG WOG WOG
rST:JEE)rCCi)r?Img 65°C | 354C for
9 from FR-| core
354C FR-| C.1, FR-| cooling
C.2 S.1 and recovery
650°C FR-| ECA00
C1

6(0T02)4/INSDO/VAN
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Spain ANAV Adapted Adapted | Adapted Yes Yes Yes Yes Yes
WOG WOG WOG
rST:Jalljrcci)r?lmg 650C | 380°C for
9 from FR-| core
38¢°C FR-| C.1, FR-| cooling
C.2 S.1 and recovery
650C FR-| ECA-00
C1
CNAT PI specific / Trend Trend
Areva
340C -
adequate
core
cooling
Trending
CSN
see utility responses above
Sweden SKI Adapted | Adapted | Adapted Yes Yes Yes Yes Yes
WOG WOG WOG
i:‘abrc‘i’r?“”g 65°C | 37C°C for
9 from FR-| core
370°C FR-| C.1, FR-| cooling
C.2 S.1 and recovery
650C FR-| ECA-00

Ci

6(0T02)4/INSD/VAN
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Switzerland

HSK

R Adapted
WOG
(KKB)

Adapted
WOG
(KKB)

620°C
(KKG)
650°C
(KKB)

Adapted
WOG
(KKB)

Yes

Yes

Yes

Yes

Yes

6(0T0Z)Y/INSD/VAN
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Country | Organisation | AM Basis Q3 - Set-points basis
[ Type
EOP EOP- within EP -| EP -| subcooling| loss of| onset of| significant | core
SAMG SAMG EAL | CDA | margin subcooling| superheat superheat | reflooded/cooled
in SAM
USA NRC R | Adapted | Adapted Adapted OG| Yes' | Yes | Yes Yes Yes Yes Yes
oG oG approaches
approacheg approaches (eg 870C
(eq, for certain
650C in| cros
WOG SAM SAM)
10°C
superheat
in CEOG

SAM)

6(0T02)Y/INSD/VAN
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In this table, a blank field indicates that infotioa was not available or provided in the questairmresponse.

Note 1: Example EAL set-points include:
« 655 K (382 °C) — potential loss of fuel clad barredc.
« 922 K (650 °C) — loss of fuel clad barrier, etc.
« 366K (93 °C) and 5 °C increase — shutdown systegradation
Note 2: Westinghouse CDAGSs require plant-specdtepmints, but generic values are recommendedjdiral:
« 922 K (650 °C) - cladding damage while depressdrize
« 1033 K (760 °C) - cladding damage
« 1366 K (1090 °C) - potential for significant fissiproduct release

6(0T02)Y/INSD/VAN
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2.5 RELATION BETWEEN CORE EXIT TEMPERATURE AND PEAK CLADDING
TEMPERATURE AND ITS MODELLING

251 Introduction

Questions 4 and 5 deal with the use of core fluidnnel exit temperature to indicate actual
temperature of the fuel rods in the core. Whilis igenerally accepted that the CET do not provide a
direct measurement of the parameter of interest lfighest cladding temperature, since this affects
geometry, coolability and oxidation/hydrogen getieraconcerns), it is also generally the case that
the CET provide the ‘most direct’ measurement @l temperature status. Of interest is how (or if)
the relation between actual cladding temperatudecane fluid channel exit temperature is addressed
in the accident management procedures, and intbésés investigated via analyses (simulations)
how this is done and to what extent the models asedalidated.

Survey questions 4 and 5 were:
4- How do you account of the fact that the CET is not the cladding temperature?

5- In case you perform supporting calculations, please describe the way you model the CET readings.
Have you made comparison with experimentsto support the approach?

2.5.2 Addressing the Relationship between CET and &imum Cladding Temperature —
Results of Survey

Question 4 dealt with how the participants had esisked the fact that the core exit temperaturetis no
a direct measurement of fuel/clad temperatures. rékelts are shown in table 4, and fall into the
following categories:

“Total responses”:

Some responses/organisations quoted more thanfdhe oategories listed below. Where this is the
case, the responses were treated independentlye Tdre therefore considered to be 14 total
responses to question 4.

“Known from calculations and models™:

This response indicates that the participant befidhat it is important to know the relation betwee
core exit temperature and maximum cladding tempegabut also that they felt that existing models
and analyses allow this relation to be adequateintified. 5 participants responded in this manner.

“Only detect loss of cooling”.

These participants recognised the issues undeusdign, but felt that knowing the relationship

between core exit temperature and peak claddingegature is not very important if the only purpose
of using the measurement is to determine a sewseedf core cooling. 3 participants responded in
this manner.

“Appropriate set-point choice:

This response indicates that the participantdiielt the relationship under discussion is important
can adequately be accounted for by selecting apstaty (downwards normally) appropriate set-
point values. Certain responses indicated that imgsnare included in the procedures/guidelines to
alert users to the fact that CET do not measuectlijrfuel temperatures. 3 participants responded i
this manner.
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“Alternative instrumentation”:

This response implies that the ‘uncertainties’ esged with the use of CET to infer fuel/clad
temperature can be (and, presumably have beengsaddl by using a backup, diverse instrument.
This was usually reactor vessel level. 2 partidipaesponded in this manner.

“Not addressed”:

No specific measures are taken to address this. doparticipant responded in this manner.

Question 5 (see table 4) asked whether participaadsperformed specific analyses to address this
issue, and in particular to define the choice dfpsents. It also asked whether the users of the
associated models felt that those models were atidgwalidated for this type of application.

Of the 12 responses, 6 do perform analyses, butifeemodel validation is not adequate, 4 do not
perform such calculations, and 2 perform the calomhs and also feel the models are adequately
validated.

2.5.3 Discussion

The responses to question 4 revealed a wide rahgpproaches. At one end, using a thoroughly
validated model to calculate set-points, or appysnitably conservatively estimated margins to the
nominal set-point value appear to be the techniguesh address the CET issue the most in current
AM approaches. At the other, some approaches deorider specifically the performance of the

CET, or provide simple warnings within the guidan@gere it is noted that warnings included in the

procedures/guidelines to alert users may not béodisé practice if it simply puts the burden of set-

point uncertainty on the operator.)

Some approaches do not attempt to identify anyomarange of core conditions, but simply try to
detect a ‘gross’ loss of core cooling. The respoosly detect loss of cooling’ would seem to imply
that action to be taken based on this informatsondt urgent — or at least may be adequately taken
over a wide range of degraded conditions.

From the answers to question 5, it is evident thatCET issue is of importance, since a significant
fraction of respondents indicated that calculatiaresperformed. However, it is also notable thdy on
two organisations felt that the associated modelsevadequately validated. Results of calculations
presented at working group meetings clearly indithé sensitivity of the results, and particulahg
timing, to the modelling assumptions.
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Table 4 - Relationship between CET and Maximum Clading Temperature

Question 4:
How do you account of the fact that the CET isthetcladding temperature?
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Question 5:

In case you perform supporting calculations, pledescribe the way you model the CET readings.
Have you made comparison with experiments to supgperapproach?
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2.6 SPECIFIC ISSUES WITH USING CET IN ACCIDENT MANA GEMENT
2.6.1 Introduction
Question 6 of the survey asked participants if dherere any aspects of using CET in accident

management procedures which raised any specitiessand what these were:

6 - Do you have any specific concerns associated with the use of CET in accident management?
2.6.2 Specific Issues with Use of CET — Results ®firvey

Responses to this question are summarised in%able
“Total responses”.

Some responses/organisations quoted more thanfdhe oategories listed below. Where this is the
case, the responses were treated independentlye Tdre therefore considered to be 23 total
responses to question 6.

Concerns fell into the following categories:
“No concern™

The organisation has no specific concern with the of CET in AM, or a concern exists but was
resolved by use of appropriate guidance (for exampbt using CET above temperature at which
their survivability/reliability is doubtful). Thererere 8 such responses.

“Survivability”™:

CET are used, but there is a concern over theabiity of the thermocouples in a severe accident
environment. 4 responses identified this as a conce

“Accuracy”

The accuracy of thermocouples is known to decreaséemperature increases, and within harsh
environments. These respondents felt that moreldhmiunderstood about this aspect. 4 responses
identified this as a concern.

“Delayed response / representativeness”:

The concern is that either the thermocouples respath a certain delay compared with the heatup
rate in the core during a severe accident, potgntieading to late diagnosis or decision to take

actions, and/or, that the thermocouple readingsadaepresent adequately the conditions in the core
which are required to be known. 4 responses idedtthis as a concern.

“Reliability, availability, power supply”:

Responses essentially related to concerns oveauhagability of the instrumentation are grouped
under this heading. 3 responses identified this @@ncern.
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2.6.3 Discussion

* The idea behind this question was whether the cesnbelieve, there is a “delay-type”
concern for their plants. The diversity of respanseems to indicate that the question was
interpreted in a much wider context and the detayé might have been overshadowed by
that. However, it is notable that six responsesmad either “delayed response” or
“accuracy” as concerns, indicating that this issugf significant concern.

It should be noted that treating “concerns” as jredelent, regardless of the number identified
by a given respondent, may lead to a misleadingeésgion, tending to suggest a greater
concern than may actually exist. (A response ‘naceon’ is treated as a single response. A
response ‘yes: survivability, accuracy, availayilits treated as three responses). When
considered by country, the results for this questiaicate that out of thirteen countries
responding, six indicated “no concern” (see insétble 5).

» “Qualification” of CET instrumentation was not memted in responses, though survivability
is clearly an issue for some. This may be becaus® nesponses concern existing plants
where (in general) no equipment is qualified forese accident conditions.

Table 5 — Specific Concerns Related to Use of CEil AM

Question 6:

Do you have any specific concerns associated with use of CET in accident management?

Specific Issues on Use of CET (by issue)

Specific Issues on Use on CET (by Country)

15 +

10

H Concerns

- e
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2.7 DISCUSSION OF TECHNICAL BASIS FOR CET SET-POINTS
2.7.1 Introduction

This section discusses the technical basis for sgpes of CET set-point used in AM. Examples are
provided; however, it should be noted that theseexamples only — they are not intended to be
exhaustive.

Detailed uses of the CET within EOP and SAMG paekaghich were identified by the responding
participants were discussed in section 2.4 ancepted in table 3. They were classed as follows:

* Quantifying subcooling margin (number of degreesabjch a given measurement is below
the saturation temperature at the prevailing pre3su

Detecting loss of subcooling margin (or, onsetatfigation conditions)

Detecting onset of superheated conditions (temperaising above saturation temperature at
prevailing pressure)

Quantifying amount of superheat (or, detecting thaterheat has exceeded a certain value)

« Determining that core has been successfully rereavéeflooded) and cooled following an
event in which core damage has occurred

In this section, each of these is treated in tArshort discussion is provided, together with extsp

of the technical basis used to calculate the siet-p@lues. Many set-point technical bases are
developed by the reactor vendor as part of a geddi package. The plant specific values of the set-
points are then adapted for the specific plantieabn during an AM implementation phase. (An
additional conservatism is sometimes added duligypghase as a utility checks uncertainties in its
specific parameters/instrumentation against thelees generic values but usually does not change
the vendor's values).

Information available to the working group from dens on this topic was limited.
2.7.2 Quantification of Subcooling Margin and Detetton of Loss of Subcooling Margin

The instruction will check that reactor system sdding > x°C. The subcooling is a function of
pressure and temperature. Generally pressure traticand CET are used (though some PWRs may
use hot leg temperature instruments), and genettadise is a direct display of subcooling margin
within the control room.

This check ensures that the primary system is slédo the pressure and temperature are
independently controlled and there is margin tarsdion conditions. This in turn ensures that the
primary system is single (liquid) phase, and therao steam formation / accumulation within the
vessel or primary system. Cooling of the fuel eletaas by initially subcooled water and there is no
bulk boiling in the core region.

X may be zero + instrumentation errors (detectiblogs of subcooling). The addition of ilnstrument
errors is normally made such that the indicatedievadx® ensures that the true value is >0°. While
CET accuracy is generally good, the accuracy ofptlessure indication may impose relatively large
values of ‘x’ in order to be sure that subcooliag-0. This is particularly an issue at low presstioe
some designs.

There are situations where a certain positive soibapmargin is required, in which case x may be >
0 + instrument errors. This is often the case wdreaction is foreseen which will cause a redudtion
subcooling. In such a case, a preceding step utdnoinstruct operators to establish a certain
subcooling margin (if it is not already presentfdoe taking the foreseen action. An example is
tripping/terminating safety injection during a smaDCA or SGTR which will cause a reduction in
subcooling, but which is necessary to re-estabimmal pressure and inventory control during the
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recovery phase. Such a step would normally be gestéy an instruction to increase subcooling
(normally by reducing temperature using SGs) taensubcooling is not lost when the Sl is reduced.

Absence of subcooling margin does not imply comaalge or even core uncovery, but does indicate a
deviation from the preferred core cooling regimendgative response to the check on subcooling
described in 2.6.2 will generally lead to the needake immediate action to restore subcooling

margin. (For example, restarting a tripped safejigation pump).

All EOPs for PWRs use this type of set-point. Ttyige of usage is only found within Emergency
Operating Procedures. This type of set-point istrested in detail here as its use is unlikely ¢o b
impacted by the delay phenomenon which is the pyiroancern of this report.

2.7.3 Detection of Onset of Superheated Conditions

There is no means that superheated steam cond@@mnsxist within a PWR primary system unless
there is direct heating of steam by fuel elemerntkimvthe core. Thus detecting onset of superheat a
the core exit is, in principle, a direct indicatitbrat core uncovery has occurred.

The detection of superheated conditions will alswrmally be performed within emergency
procedures, although it may be associated withrectiransition to or initiation of severe accident
management guidance. This depends on the scopsranture of the EOP and SAMG package.

Also, depending on the approach, the intention begither to detect the onset of superheat as soon
as possible after it occurs, or, a set-point mayged which bounds a range of conditions, all of
which indicate that core uncover has occurred atestime before the check. An example of each of
these is described below.

In the Combustion Engineering Owners Group (CEO@)reach to SAMG, the criterion >10°C

superheat is used as an indication of core uncoeeny if it occurs, SAMG are initiated. However, in
this approach, EOP use continues in parallel, ahdrcset-points are used for initiating specific
actions within the SAMG (examples: implementing didate high level action to depressurize the
reactor coolant system, CET > 870°C; implementiagdidate high level action to flood the reactor
cavity, CET > 870°C).

The approach recognises that core uncovery doesesn core damage, but that core damage may be
imminent. Using a relatively low entry value to S&Ms acceptable since EOP use is continued in
parallel.

In the Westinghouse Owners Group (WOG) EOPs, CETused as one of the main methods to
monitor the core cooling safety function. In pautér, the generic value of >370°C is used to ingica
degraded core cooling, and initiate a specific dote aimed at rapidly restoring cooling. (Notat th
this is NOT the transition criteria to SAMG in tM§OG approach — this is based on a higher
temperature, described below).

The 370°C set-point is a temperature, not a supértlizepending on the prevailing pressure, the
actual superheat at this condition may vary comalig. However, in all cases, this condition
indicates “core uncovered”. The use of a singlepenature is deliberate in order to improve ease of
use of the procedures. It means that a specifiofdaermo-hydraulic conditions are not searched fo
rather a general degradation, applicable to a rahgenditions.

The basis for this set-point value is that the terafure is above saturation at the highest possible
pressure in the system (taken as the design pedsduris guarantees that superheat is present and
that the core has been uncovered. Some plants yrglidjhtly the value such that it is exactly, gt

the plant specific design pressure
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2.7.4 Quantification of Amount of Superheat

Most of the criteria for transition between EOP &8WMG fall into this category. However, it is
unusual for a specific amount of superheat to kesl.uRather a condition indicating “significantly
superheated conditions” is used. The choice of#igoint basis varies widely between approaches
(see figure 2-1), and there are numerous factoishwéxplain this variation, mainly in terms of the
scope of the actions contained within the EOP aAdMG. (A more detailed discussion and
comparison of these transition criteria is providedefs [1, 2]).

Section 2.6.4 has mentioned the CEOG'’s use of tasfssuperheat’ as a condition for entry to SAM.
Two further examples (spanning the full range diiga used in different approaches) are provided
below.

The WOG EOP use a value of CET>650°C (generic P\@Rey sometimes adapted for specific
applications) as an indication of ‘Inadequate Gooeling’. This diagnosis is performed within EOP,
but if the condition occurs, it signals entry te tlast ‘utlimate’ procedure, which contains a small
number of measures to attempt rapid restorationooé cooling, and which, if these measures are
unsuccessful, instructs a transition to SAMG. WQAGndt allow simultaneous EOP and SAMG use,
and so once the transition takes place, actionsefmvery are as defined in SAMG and EOP are no
longer used. (This impacts on the choice of coterfor transition, since it is important not to
transition too early).

The basis for the selection of the value is anedytiAnalysis of specific BDBA events, including
sensitivity studies on recovery of safety injectiwas performed, which showed that for generic W
plant, around 10 minutes were available after riegcthis temperature, before recovery of injection
could not be guaranteed effective. The analysisvshihat at 650C, the core is deeply uncovered
(~75%) but value depends on sequence (in partictiigg is a function of pressure). However, as
described above, in the WOG approach, a singlesvialahosen for all sequences.
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Figure 2-1
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Some plant specific studies have led to modificatibthis set-point (e.g. some VVER-440 at 550C).

In the EDF GIAG (the SAM for existing French planfeef [3]), the entry condition criterion is takeis
CET>1100°C. This is one of the highest values useény approach for EOP-SAMG transition. It is
intended to indicate that release from the fuekixéias begun (fuel damage is already occurringg, that
cladding temperatures have reached around 13500°C5EOPs deal with appropriate actions before thi
point is reached, and so once again, the scop®Bf &d SAMG actions is important in choosing the se
points. This set-point is also not trying to “detex specific set of T/H or fuel conditions, ratherindicate
that loss of cooling AND onset of fuel damage haweurred.

The AREVA-SAS severe accident management concephéoEPR (‘OSSA’, described in ref [4] and [5])
uses an entry criterion based ogfTas a function of pressure corresponding to a gived temperature.
(Note that this is a concept approach — individtlaR reactors will review and possibly modify themtry
conditions). The resulting curve is developed franalysis and the chosen clad temperature is a value
above which reflood cannot be shown conclusivelyestore cooling, taking into account recent refloo
experimental data.

Of interest with respect to this example (and atsme others) is the use of a temperature set-fi@his a
function of pressure. The “true” concern when depilg the entry condition is the cladding tempergtu
but the core exit temperature must be used as tis¢ direct available means to infer this tempegatlihe
CET reading at a given peak cladding temperatuaesisong function of system pressure, for twooeas

» the amount of superheat (at a given temperatugejuaction of pressure (saturation curve effect);

» the temperature difference between the clad andulte(the heat transfer effectiveness) is also a
function of the pressure.

Available models can be (and are) used to calculeterelation for a given plant and a set of défer
conditions. However, the SAM guidance developefaised with the choice between using a single
temperature value, or using a temperature whiehfisiction of pressure. The former has the advanthg
simplicity and ease of use, but the disadvantage tiie chosen value must encompass and cover a
relatively wide range of conditions. The latter naguably be more complex to use, but will ensheg t

the core conditions at the transition criterion &gy close, regardless of the sequence or systessyre.
Both approaches are used. EOP-SAMG Transition Setgpwhich are a function of Pressure include
CEOG (accounts for saturation curve function ofspuee), and B&W, and AREVA-OSSA (which both
account for the saturation effect and for the i@abetween J.q and Teey).

Of importance in this discussion is that none @& #pproaches described explicitly allows for a &im

delay” in response of CETSs, although most appraaahe include “margin” to allow for unspecified

uncertainties. In addition, numerous approacheg oal analyses, which contain models (of varying
sophistication) of the response of the CETSs.

2.7.5 Determination that Core has been SuccessfulRe-covered (reflooded) and Cooled

The results of the survey reported in earlier sestiindicate that there is no real consensus ondeeof
CET after entry to SAMG. Amongst the respondents, only thogh WOG SAMG declare this as a use
for CETs. This nonetheless represents a largeidraof respondents. Within the WOG approach to SAM,
there is an ‘exit criterion’ which allows discontition of the SAMG once conditions have been Stull
and releases terminated or minimised. Four plargrpeters must be within certain limits, and cotgahl

to meet this criterion. One of the parameters ig exit temperature, which must have been reduekxvb
370°C (generic PWR value). The basis for this védube same as described in section 2.6.4, Istipitild

be remembered that for entry to the WOG SAMG, CHiBinhave exceeded 650°C; thus a value of 370°C
(and stable or decreasing), although indicating tha core may be still uncovered, is considered
appropriate to indicate that core cooling has Ivestored and core temperature is controlled.
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Most other approaches do not use GiH& the entry to SAMG because the instrumentatioxeeted to
fail at some (uncertain) point during a severe t¢watup. (WOG addresses this by providing guidamce
use of other parameters in case failure of CEapp@rent).

2.8 IDEAL DEVELOPMENT OF AM PROCEDURE SET-POINTS

In order to assure that the AM measure selectethéogiven situation be successful the developsrtha
select a method to define an appropriate set-goininitiating the action as explained and illusddiin
Section 2.7. If the cladding temperature was diyeneasurable, it would be relatively easy to sedeset-
point, such that the time taken to initiate thdéaacplus the time taken for the action to have desired
effect, are allowed for (i.e. to avoid exceedingegrees, this action must be taken before cladasatyre
exceeds (x-y) degrees.). An example is primaryesysiepressurisation, where the time allowance would
be based on (a) the time needed to perform theraiiopen the pressuriser valves, plus (b) the taken

for the system to depressurise to a particularspresallowing primary injection to occur, plus tog time
required for the injection to be effective in atieg the clad temperature increase. This total time
allowance would then be combined with an expectedding heatup rate to obtain the temperature
margin, y.

However, since the cladding temperature is not kndirectly, and must be inferred from CET readings,
this introduces a further “allowance” into the petat - so it should be reduced further (x-y-z rdeg) to
account for all the known contributors to the diffiece between indicated CET and true clad tempesatu

One of the contributors to ”’z” will be due to tiiect that core exit fluid temperature will always less
than highest clad temperature — for physical re;soecause of the delta-T driving the heat trarfsfen

the clad to the fluid and from the fluid to the ime@couple measuring the CET (and possibly two-phase
non-equilibrium effects). These physical phenomane described in detail in Section 3.5.1. This
contributing factor (z1) is caused by physical oessthat are understood and can in principle beeitet

— so the AM developer should take it into account.

There may be instrumentation accuracy/bias concdrasperhaps there are mechanisms that woulsecau
a CET to under- or over-read even in a steady testyne environment (regardless of any transieraydel
effect). These need to be considered too (z2).

And finally, there are apparently some mechanisnimsclw lead to a delayed response and, if the
temperature is increasing, we obtain an under-ptiedi (at any given time) due to a delayed response
Presumably, the size of the under-prediction dep@mdthe actual rate of temperature increase which
influenced by several physical processes pointednddL5.1. This contribution is z3.

So, ideally, the AM developer should calculatedgspoint of (x —y — z1 — z2 — z3).

In order to better understand the nature of thewahce “z” experimental results focusing on the
differences between core cladding temperaturesC&idsignals will be investigated in the next chapte
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3. REVIEW OF CET PERFORMANCE IN EXPERIMENTS

3.1 BACKGROUND AND HISTORY

The idea of using core exit thermocouples for aatigtnanagement emerged after the TMI-2 accider. Th
TMI-2 reactor had been equipped with core exit terafures but the instrumentation was not used or
tested for assisting in managing the accident. Haisident triggered a number of actions from the
regulatory side. NRC developed an action plan tplément the lessons learned [1]. A very detailed
regulatory guide was developed to define the requénts on the inadequate core cooling conditiohs [2
This regulatory guide contains a detailed listngtiumentation required that in fact became a si@hfibr

and a basis for backfitting existing plants.

Prior to this regulatory guide the NRC “determindtéht an instrumentation system for detection of
inadequate core cooling consisting of upgraded @by margin monitors, core-exit thermocouples] an
a reactor coolant inventory tracking system is ieglifor the operation of pressurized water reactor
facilities [3].”

The core exit temperatures play an important roferfitiating the accident management measuredfand
safety concern is that such measures could belagedethat recovery actions would be less effective
this Chapter a review is made of pertinent expenialeresults focusing on discrepancies between CET
readings and core temperature measurements duanditions that can be addressed by accident
management. Beyond the collection of experimerdtd dhowing significant core superheat from diffiere
integral-type test facilities the focus was alscstpply physical explanation for the CET behavibyr
reviewing the physical phenomena playing an impuartale. Obviously, location of CET measurements
may be very different in test facilities as comgiare plants and the scaling ratio of the facilitieay lead

to distortions: these effects have to be assessela

After screening the availability of experimentaltalat was decided to review results of the follogvin
facilities:

» It was an experiment performed at the LOFT (Loss$lofd Test) facility that first raised the
guestion of the reliability of measured core egihperatures as an indicator of inadequate core
cooling. During the L2-5 experiment it was noteatth although substantial core uncovery
occurred — the CETs did not indicate temperatuss®id saturation. LOFT experiments with
significant core uncovery have been reviewed.

* One of the tests performed within the OECD/NEA ROBfject, Test 6-1, a vessel head
SBLOCA indicated significant discrepancy betweenTGid the hottest core temperatures that
called for a reinvestigation of the issue. Resniltisvelve relevant LSTF tests have been analyzed
with the aim to improve understanding of CET perfance during various transients.

* Logically, tests performed at the German PKL facil a rig that serves as basis of another
OECD/NEA project — were also included in the revieadthough the number of tests with
substantial core overheating is limited.
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* The Russian test facility PSB has just concludetest campaign in the framework of an
OECD/NEA project and it was proposed to be incluidetthe review.

» There was a proposal in the task group to gatliernration from the BETHSY facility as well.
CEA Grenoble was contacted and a short note olCEE issue in BETHSY was received [4].
From the note it can be derived that it was noth@ scope of BETHSY to represent CET
measurement locations as they can be found ingl&hiid temperatures were measured at core
outlet and in the upper plenum, but core outletpematures showed strongly heterogeneous
values in cases with core heat-up. This can beagqd by the specific design of the upper core
support plate not representing any NPP-typical ggom Although fluid temperatures did
indicate some superheat, when cladding temperataeehed higher values, they were strongly
influenced by water coming from the upper plenund airected by the core support plate
towards the middle of the core. There is littleoimhation about fluid temperatures above the fuel
bundle in the test reports and they are never cosdpaith corresponding cladding temperatures.
Due to the non-typical fluid measurements for NBRditions and the fact that a comparison of
CET with cladding temperatures would have beeniplessnly by the analysis of the archived
experimental data, no further steps were undertbitghe group for BETHSY.

References
[1] NUREG-0737, “Clarification of TMI Action Plan Reqeiments.”

[2] Regulatory Guide 1.97. Instrumentation for lightteracooled nuclear power plants to assess
plant and environs conditions during and followargaccident, Revision 3, May 1983

[3] Generic letter no. 82-28. Inadequate core coolistrimentation system

[4] P. Bazin: Informations relatives a la températomties ceeur dans BETHSY
3.2 THE LOFT EXPERIMENTS
3.2.1 The LOFT facility

The LOFT test facility simulated a typical 4-loopVR ([1] and [2]). It had a nuclear core with a thei
power of 55 MW, a primary coolant system and emaegecore cooling systems (ECCS). It included a
secondary coolant heat removal system and a blowdopwpression system. The reactor core consisted of
nine fuel assemblies, each containing 15 x 15¢dire of standard dimensions except that the fuelHazéf
length and the four corner assemblies were trudctdetriangular shape. The reactor design allowed
removal and insertion of the centre fuel module.

The primary circuit contained two loops referredasothe intact loop and the broken loop. The iritaa
contained a pressurizer and a steam generatorctiidd remove the generated heat. The broken loop
contained normally the simulated break and had pamgb steam generators simulators to provide the
appropriate hydraulic resistance.

The ECCS had a high pressure injection system (KRS accumulator system and a low pressure
injection system (LPIS). The ECCS water could bhedied into the cold leg, hot leg downcomer and the
lower plenum. Simulated pipe breaks could occuh liothe broken loop and the intact loop.

The facility was extensively instrumented with mshentation that in part was specially developedtie
facility. Of particular interest for the presentidy is the monitoring of cladding temperatures 8o
temperatures. For most of the experiments thetlesitnocouples were located just 1 inch above tpeto
the fuel rods. This arrangement is expected toorabpuicker to core uncovery than CETs for typical
commercial PWRs which may be installed longer ddwasn of the core or, for instance, inside thimble
tubes.
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3.2.2 The LOFT test program

In the beginning of the test program the Large Big@CA was considered to be the major hazard aed th
program was focused on such transients. A numbdarge break nonnuclear tests were carried out
between 1976 and 1978. The first two nuclear l&mgaks were carried out in December 1978 and May
1979. These tests showed much earlier rewet andh hower clad temperatures than had been expected.
Although some of these differences could have lwaeised by atypicalities as compared to a commercial
plant, it was concluded that the results demoreddréte significant conservatisms in the licensinigs.
This was later further confirmed by another twgé&break tests.

After the accident in TMI-2 the program was rediegcto investigate accidents in which the time escal
was large enough for operator intervention to bengyortant factor. The goal of the testing was dtso
investigate methods and systems to help recovetyaminimize the consequences of an accident.

From May 1979 until end of 1982 a total of 26 nacleests were performed. In addition to one lamgak
LOCA, seven test were carried out on small brealkCA®in response to the TMI-2 accident. A total 8f 1
tests were carried out addressing anticipated ignarss The tests were rather mild but the probgbdf
occurrence was so high that some of the transientisl be expected to occur within the lifetime giflant.
Five tests were carried out on anticipated tramsiemh multiple failures that potentially could beore
severe that the design basis accidents. The cabiedfOFT project was about $ 1M per week and the
ACRS recommended to decommission the facility i83L9

It was clear that the LOFT project was of interoadil interest and an OECD project was formed and
carried out at a slower budgetary pace with adiygport from international participants. Under @€CD
project two large break LOCAs which were expecteddmplement each other with respect to emergency
core cooling assumptions were conducted. One erpeti addressed loss of feedwater and three tests
were devoted to small break LOCAs. The project teasinated by two experiments with fission product
release. The last experiment was carried out gn3]ul985 and fuel temperatures of more than 2186rK
several minutes were achieved in the center moduile. project provided a significant addition to the
international database of large scale experimelata on reactor safety.

3.2.3 Selection of experiments from the experimentsponsored by NRC for CET functional
assessment study

Since the objective is to address the function BT € under conditions that are typical for an aauide
management situation, the experiments selectechadl a significant core uncovery. An excellent
compilation and analysis of the CET functionalitythe experimental series supported by NRC was done
by Adams and McCreery, references [3] and [4]. ®hservations and conclusions in this Section from
these experiments are taken from their work.

The following four experiments were selected falgament in [3]:

*  Experiment L2-5 which was a large break LOCA in tiodd leg with rapid pump coastdown.
After the first refill the core was allowed to unes a second time. It was the second uncovery
that was analyzed with respect to CET functionality

*  Experiment L8-1 that was a 4 inch small break i tbld leg with a rapid core uncovery and
reflood initiated after experiment L3-6.

* Experiment L5-1 which was an intermediate size {i¢h) cold leg break with low head
accumulator injection.

 Experiment L8-2 which was an intermediate size {ddh) cold leg break with delayed
accumulator injection.
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3.24 Results from the series of experiments spomed by NRC [3]
3.2.4.1 Large cold leg break (L2-5)

This was the experiment that first raised the doegf the reliability of measured core exit tengtares
as an indicator of inadequate core cooling. Dutiregexperiment a second heat up occurred. Thepseita
level in the core was about half the core heightmvthe heat up began at 190 s into the transiéetcore
guenching was initiated at 380 s into the transient

As an example a typical core exit temperature acldétemperature at low elevation are shown iui€ig
3.2.1. Although the core was in dryout conditiaiie CETs did not show temperatures beyond satuaratio

during the core uncovery period. The CETs stareshbw superheat at about the same time as thelyuen
began.
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Figure 3.2.1 Cladding temperature at low elevaitioiine core and
tvpical core exit temperature durina experimen-5. Reproduced fror[3]

The difference between the maximum core temperadnce the CET was 425 K. The corresponding
difference between the uppermost clad temperat@@&sorement and the CET was 65 K. The fact that
CET readings showed saturation during the whole ¢@atup was explained by a possible water film
deposited at the surfaces in the upper plenum wdvekred the thermocouples until the film had drdin

The delay could also have been caused by very silaitities in the upper plenum until the ECCS wate
started to vaporize in the hot core.

3.2.4.2 Small cold leg break L8-1

The experiment was conducted to measure the effgmimp operation on primary coolant response and
the pumps were operated during the whole blowdolase. When the pumps were running the core was
cooled. When the pumps were turned off at 237@atjfication occurred uncovering the entire core.

Comparisons of core temperatures at two elevatzb typical core exit temperatures are depicted in
Figure 3.2.2. The maximum clad temperatures ocduatestart of core quench at 2466 s. The time delay
between initiation of core uncovery and core exihperature response was 35 s. The difference betwee
the maximum core temperature and the CET was 123he€. corresponding difference between the

uppermost clad temperature measurement and thew@BTL5 K. The experiment demonstrated that CET

respond more to saturated conditions or claddingpézatures near the core exit rather than the diotte
temperatures in the core.
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Figure 3.2.2 Cladding temperature at intermediateragh elevations in the
core and typical core exit temperature during eirpemt L8-1. Reproduced from [3].

3.2.4.3 Intermediate cold leg break L5-1
The experiment was performed to investigate opmrati ECCS for an intermediate break. Saturation of
the primary system was quickly reached. The punmgrewirned off shortly after scram.

Comparisons of core temperatures at two elevatioms core exit temperatures are depicted in Figure
3.2.3.
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Figure 3.2.3 Cladding temperature at intermediatéhigh elevations in the
core and typical core exit temperature during erpemt L5-1. Reproduced from [3].

Core uncovery occurred at 108 s and continued @d#dl s. The time delay between initiation of core
uncovery and core exit temperature response was. ZBhe difference between the maximum core
temperature and the CET was 135 K. The correspgndifference between the uppermost clad
temperature measurement and the CET was 95 K.
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3.2.4.4 Intermediate cold leg break L8-2

This experiment was quite similar to L5-1. The mdiiiference was that the ECCS was delayed so lileat t
core uncovery lasted 95 s longer. The time delayhef CET and the difference to uppermost clad
temperature was similar to results of experimentL5

Comparisons between clad temperatures and typocal exit temperatures are presented in Figure.3.2.4
The difference between the CET and the maximum tdadperature was 340 K. These experiments
demonstrated that CET responded more to saturateditions or cladding temperatures near the coite ex
rather than the hottest temperatures in the core.
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Figure 3.2.4 Cladding temperature at intermediate high elevations in the core and
typical core exit temperature during experimentd.&eproduced from [3].

3.25 Discussion of results of first LOFT test segs [3]

It was hypothesized that the differences in delathe CET to show superheat could be attributeth¢o
depressurization rate during core uncovery. Thidcchave the effect that the water on the thermplasu
would evaporate faster with higher depressurizatibe.

The general conclusion was that the core exit theouples had limitations in detecting core uncovery
There was a significant delay between the actua gocovery and the response of the thermocouples.

Another limitation was that the measured core ésthperatures were several hundred K below the
maximum cladding temperatures in the core. This exgsdained as the vapour superheat was limited by
saturation temperatures or the cladding tempemtnear the outlet which were much lower than the
maximum clad temperatures.

The general conclusion of [3] in is that any pragedthat relies on the response of the core exit
temperatures to monitor core uncovery should tdlesd two limitations into account. There may be
accident scenarios in which these thermocoupleddmoot detect inadequate core cooling that precede
core damage.
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3.2.6 The OECD LOFT Experiments [1] and [2]

Conclusions and compilations of the CET functiayailh the OECD LOFT experiments were based on
review of references [1], [2] and [5] through [9].

Two tests of particular interest from the OECD LQbdject were selected.

e The LP-SB-3 which was a small break in the coldvgttpout high pressure safety injection. The
test was characterized as a slow boil off of thee @aaventory and corresponding clad temperature
increase

e The first part of the fission product release ekpent LP-FP-2. The experiment was a
simulation of a break in the low pressure injectisystem outside the containment with
simultaneous failure to isolate the system.

« All equipment not needed for the conduct of theeeipent, such as pump and steam generator
simulators in the broken loop, had been deleted.

A candidate was also the first fission product expent LP-FP-1. The experiment was a simulatioarof
accident with fuel failure which led to fission pitect release into the coolant. The temperaturewdd
typically be terminated by ECCS injection. The expent simulated a Large Break LOCA with delayed
ECC injection. There was an unplanned early inpectof water into the upper plenum and these partly
compromised conclusions with respect to CET fumetiiby. The very first experiment in the OECD LOFT
experiments was a loss feedwater with high pressafiety injection to tests the feed and bleed mhoee
through the PORVs. No core uncovery occurred is tiéét.

3.2.6.1 Small cold leg break LP-SB-3

The experiment simulated a cold leg break with igh Ipressure injection available. The experimers wa
designed mainly for investigation of plant recoveffectiveness using secondary feed and bleed glurin
core uncovery. One objective was also to investigia¢ heat transfer characteristics when core wmgov
occurs during slow boil-off conditions with presswver the accumulator setpoint.

The reactor scrammed on low pressure at aboutft@rsimitiation of the break. The pumps were rumgnin
until 1 600 s. After pump trip stratification oceeid and the depressurization rate increased beaduse
uncovery of the break location. Core heat up begga® 800 s. The maximum cladding temperature was
988 K. The core dryout was terminated by accumulizmiection at 5588 s and the core was quenched at
5800 s.

Superheated vapour was detected by coolant theupteonear the core exit. Temperatures measured in
the so called upper end box showed both metal temhpes and fluid temperatures. Typical fluid
temperatures measured above the various sectiotbeotore are shown in Figure 3.2.5. The local
differences were rather large and showed that lomadiitions could have a significant importancetfor
behaviour. It was noted that the temperatures medsabove fuel assembly 4 was slightly lower than
those for other bundles. This was attributed tofdloe that bundle 4 was closer to the hot leg &edefore

was more subject to condensate runback.
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Figure 1. Figure 3.2.5 Typical temperatures niearnipper end of the test
fuel assembly from experiment LP-SB-3. Reproducethf[5].

3.2.6.2 Fission product release experiment LP-FP-2

Experiment LP-FP-2 was the eighth and final expernitrto be conducted in LOFT. Experiment LP-FP-2
was designed to simulate the system thermal-hyidramid core uncovery conditions from rupture of a
low-pressure injection system (LPIS) pipe. The jpmynobjective of the experiment was to collect daia

fission product behaviour. The experiment simulaadaccident in which the fuel continued to ovethea

after cladding failure so that fission products evegleased both from the gap between fuel and icigdd
and from the fuel matrix itself.

The conduct of the experiment was rather complitai¢h repeated openings of two blowdown lines. The
timeline for the experiment was thus not very repreative of a real accident. The reactor was soein

24 s into the transient. The peripheral core hgastarted at 662 s and the centre fuel moduleestart
overheating at 689 s. Measured cladding tempesaexeeeded 2100 K at 1504 s and the transient was
terminated by injection of ECCS water at 1783 s Témperatures were in excess of 2100 K for several
minutes and the peak temperatures were probablgraleliundred degrees higher that that. Material

examinations showed material formations consistétfit temperatures in the range of 2800 K and imlloc
areas over 3000 K.
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Figure 32.6 Measured clad temperatures during experime-FF-2. Reproduced fror[2]
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Some cladding temperatures during core heat uptemen in Figure 3.2.6. Fluid temperatures in

the upper end box of the central fuel module apatied in Figure 3.2.7. It is difficult to estimatee flow
conditions in the upper plenum since the only mesments are the thermocouples. These measurements,
indicating both metal and fluid temperatures, réweasignificant spread. Some thermocouples show
departure from saturation at about the same tintleeafirst core dryout occurs. The heatup raténeffluid
temperatures is much slower that in the fuel amdestemperatures reach a maximum of about 1000 K for
a short moment at about 1470 s. At this time typioge clad temperatures were in the order of 1600
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Figure 3.2.7 Measured fluid temperatures in thepeup plenum during experiment
LP-FP-2. Reproduced from [9].

When the core temperatures started runaway at 4b00t s (see Figure 3.6) and quickly exceeded K100
with a fission product release, the fluid tempemregun the upper plenum measured over the cendle fu
module (Figure 3.7) actually started to decreabe. fEmperature was typically 700 K when quenching o
the core occurred. For the peripheral bundles ¢hgpératures were typically around 600 K when core
guench began. A fluid temperature measured rigbtvelthe central fuel module during core quench are
depicted in Figure 3.2.8.The core quench causedge lexcursion in the fluid temperature measuresnent

For a few seconds temperatures near 2000 K werenwss followed by indication of saturation
temperature.
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Figure 3.2.8. Upper plenum temperatures during qoaexnch. Reproduced from [2]

49



NEA/CSNI/R(2010)9

There was no evidence in the test that the CETcatidin was very much delayed. It can be concluded
though that the core exit temperatures were muaferidhan typical core temperatures. During thedapi
oxidation phase the CET appeared essentially talibeonnected from core temperatures. Although
relocation of the fuel changed the flow paths, disvjudged that there was always a free flow patiutih

the bundle and no complete blockage. The temperattoursion at core quench is probably explained by
violent flow up through the bundle that heatedhgthermocouples.

3.2.7 Summary

Findings from the experiments in the LOFT facilitglicate that the concerns for the functionalityt o
core exit thermocouples (CETs) in accident managénsduations are well-founded. For accident
management it is important to identify occurrenéecare uncovery and inadequate core cooling. For
typical conditions that are important for acciderdnagement, for instance a propagating core ungover
the LOFT results have indicated both a late respofishe CETs and a slower heat up rate as compared
core temperatures. In LOFT the CET readings maynbee indicative of saturation conditions or fuel
temperatures near the exit. For extreme core teahpes the difference between the CETs and core
temperatures may be several hundred K.

For core runaway conditions with rapid fuel oxidati LOFT results indicated that the CETs essentiall
were disconnected from the core temperatures. i$hisrhaps a lesser problem since such conditians ¢
not be well addressed by accident management nesaslihe temperatures excursion at reflood of an
overheated core could be an indication that thansteelocity through the bundle may be a significant
parameter when assessing CET performance.
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3.3 PKL TEST RESULTS CONCERNING CET EFFECTIVENESS
3.31 The PKL 11l test facility

3.3.1.1 General remarks

The large-scale test facility PKL (see Figure 3&nil refs. [1-2]) is a scaled-down model of a pressd
water (PWR) reactor of KWU design of the 1300 MVdsd. Reference plant is Philippsburg 2 nuclear
power plant. The PKL test facility models the emtirimary side and essential parts of the secorsidey
(without turbine and condenser) of the refereneatplAll elevations are scaled 1:1, volumes, poaret
mass flows are modeled by the scaling factor 1:I#&. test rig is equipped — like the reference PWR
with 4 loops on the primary side (comprising a teacoolant pump (RCP) and a steam generator (SG)
each) symmetrically arranged around the reactosspre vessel (RPV). The maximum pressure on the
primary side is 45 bar.

@

Figure 3.3.1 PKL Il test facility

The PKL test facility was designed, built and cossioned by Siemens/KWU (now AREVA NP) in the
seventies. At that time reactor safety researchagasered above all on the theoretical and experiahe
analysis of large-break (LB) loss of coolant acnidgLOCAS), focussing on verifying the effectivesef
the emergency core cooling system (ECCS) requioedcontrolling these accidents. In line with this
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original objective and considering topical issygke first PKL tests were carried out in the yefaosn
1977 to 1986 in the course of the projects PKLd &KL Il which were sponsored by the German
Ministry for Education, Science, Research and Teldgy (BMBF).

The PKL Il project, which was started subsequerithd the main goal of investigating experimenttiky
thermal-hydraulic processes on the primary ands#eondary side of a PWR during various accident
scenarios with and without loss of coolant. Withlee scope of this project tests concerning the
investigations of transients were performed fron86l% 1999 with additional support of the German
Utilities operating PWRs. One focus of these atiisiwas on the effectiveness of accident managemen
measures being initiated manually by the operatfies beyond design basis accidents [3].

Since 2001, the PKL project has been continuedhéncourse of an international project initiatedthg
OECD. The major topics covered by the experimeptsounow were boron dilution events following SB-
LOCA and loss of residual heat removal under slowtrdconditions.

3.3.1.2 PKL Ill relevant measuring instrumentation

In the PKL test facility the reactor core is modelkey a bundle of 314 electrically heated rods aéd 2
control rod guide thimbles. The core geometryikg the SG geometry, constructed as an ,actuaiosegt
that is, the individual heated rods and U-tubeshte actual geometry, but the number of heatesl irod
the core and the number of U-tubes in the SG ahecesl by the scaling factor 1:145, (volume and powe
scaling) as compared to the original plant. Thaltobre power of 2.5 MW corresponds to 10 % of the
rated thermal power.

The heater rods are arranged in
three concentric zones (see
Figure 3.3.2) which can be outerzone (133 heater rods) Spacer 8 without vane H
heated independenﬂy of another Intermediate zone (118 heater rods) Unheated
to enable radially variable power \'“”e”"”e (63 heater rods) Length
z 3 4
I

Spacer
K] 4105

LU 250

Spacer

profiles across the test bundle to Spac

be simulated.

8

Spacer
2960

The core simulator used in the¢
experiments described below} —
was designed with a uniform s
axial power distribution.

The PKL Il test facility features
a detailed set of thermocoupIesLM:
(TC) used to acquire temperature}, |
signals from different locations 7 —
within the RPV. Amongst =
others, the most significant 3
measuring positions used for the v 0000000000
determination and evaluation of @ Heaterrodswithtempe;'ature measurement Unheated
the core exit temperature (CET) O Model of control rad guide thimble Length |_|
performance are: @ Thermocouples (TC) in subchannels along height

\T//

Spacer
2388

Spacer
1816

3900

Spacer
1244

Spacer
672

Spacer
100

LU 100
i

> Heater rod wall
temperatures: Sixteen

. . Figure 3.3.2 PKL Il core simulator
rods are equipped with

The accident at TMI-2 (USA, 1979) made scenaridh wall breaks and multiple failures the subjéechany
investigations.
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chromel-alumel-sheated TCs. The six TCs per rodeaeed into slots distributed over the heater
rod length at different elevations (ME 1 - ME 7edeigure 3.3.3). The thermocouples have an
outside diameter of 0.5 mm.

Sub-channel fluid temperatures: In the core
between heater rods, the fluid temperature is
measured at elevations in-plane with the
corresponding cladding temperatures (ME 1 -
ME 7). Additional fluid temperatures are

installed above (ME 7.1 below the upper ed Level inm
of heated length and ME 7.2 just below tl

upper core plate in the unheated region of |  ~TyTTTTUIT T
core). The exact position in the core i
indicated by core coordinate grid and tl T
elevation (see Figures 3.3.2-3.3.4). The T
for the fluid temperature measurements he 93
an outside diameter of 1.0 mm. B
a7

Core exit temperature: The fluid temperatwi
which is in the following defined as CET, | 82 | o me c
measured directly above the upper core pl 250 N N L 2
(15 mm above the upper core plate) and clc T[T A e g
to the center position (TF O10/P11, ME 8, s A | MEMm 2
Figure 3.3.4). Several other TCs are availal - = ...
at the same elevation (ME8, see FigL Bonom'edg;' T
3.3.11), due to their peripheral positions tl g1z |core plate cmﬁ wEs
maximum temperatures measured are low e B R = METS
The upper core plate in PKL represents t heated length™™ {77777 b
fuel assembly top nozzle in the PWR plant ( s Id WES
PWRs the CET measurements are typica ~  ~ [ '__-:-lﬂ

. . 4.8 MES
also installed above this fuel assembly t == e — v
nozzle, however in a slightly larger distance ~ g
the plate and in some cases inserted in e It = 5
called finger tubes).In order to get informatic s;z | Ly MES §
about the radial temperature distribution abo -

. 202 ME 2

the upper core plate, additional temperatt i I
measurements are available in other rac =
positions in PKL. 2 k= | 2 M
Temperatures in the upper plenum: Fluid a hg;vgd |engf:?ge T o
wall temperatures are measured by TCs in £
upper plenum below and above the hot | &5
nozzles in different elevations and radi Canection Down comer 5
positions (e.g. TF UP ME 9.1: 530 mm abo! E

the upper core plate).

Figure 3.3.3 PKL Il rod bundle vessel
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T

=1
4

ME 8 (+45)

A

ik
l\

\
o~
—

6.12 m from
RPV bottom

End of heated len

-

Figure 3.3.4 PKL lll tempeature measurements e sgmulator (heights given in mm)

3.3.2 Objective
The present summary provides an overview on thatsesf selected PKL Il tests comprising phases of
core uncovery which evolved from different backgrdscenarios:

The main objective is the investigation of the perfance of the CET during periods of core uncovery
until recovery of core cooling and to provide ansteethe question whether it reflects the situaiiothe
core within acceptable margins.

3.3.3 Reference PKL lll tests
The below-mentioned conclusions on the significaoicthe CET-fluid temperature for the determination
of the situation in the core were drawn from théfeing PKL Il tests:

> PKL Il C5.2: Loss of feed water transients, e gcansequence of station blackout (SBO)

> PKL Il D1.2: SB-LOCA transient with additional 9gsn failures (no HPSI, no automatically
initiated secondary side cool down, hot leg ACClypiate secondary side depressurization

> PKL Il G1.1: Parameter study on heat transferoiwlhg loss of RHRS transients, i.e. with coolant
inventory displacement from RPV (e.g. due to COr5G-inlet chamber)

All tests feature phases of core uncovery and hpads a result of different background scenariak an
under impact of different boundary conditions ia teactor cooling system (RCS):

- Different pressure levels
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- Steady state conditions (constant pressure) angli¢rats (depressurization)
- Heat transfer

0 Reflux condensation

0 Blowdown via pressurizer relief and safety valvesia break

- With and without ECC injection into the hot legs
3.34 Station black out (SBO) test
3.3.4.1 Background

Test PKLIII C5.2 [3] simulated a station
blackout transient and demonstrated them ‘g’g‘;—‘;iﬁ'my

effectiveness of countermeasures (primary-,121 Criteria for
secondary side bleed-and-feed) to control the ‘Secondaw Side Bleed and Feed
accident. The risk potential for core damage ‘Early’ ‘Late’
arising from station blackout transients is
characterized by the loss of the secondary side® Controlling of

feed-water supply, eventually followed by the primary pressure

complete boil-off of the SG secondary sides | Primary pressure

which results in the loss of the main heat sink!®]

The loss of heat removal from the core resultﬁzgw
in a pressure and temperature rise on the Secondary pressure
primary side. The pressure rises up to®
~ 176 bar until the pressurizer (PRZ) safety
valve controls the pressure by discharge of
primary inventory into the containment.
Consecutively, the heat removal from the core0
is attended with a constant loss of primaryﬁC
inventory at constant high pressure. Withouts0

=)

[ —
—
[E—
| —

Core outlet temperature

any countermeasures, this would eventually f
result in a high-pressure core meltdown300]

scenario. Accident management (AM) Core uncovery
measures (primary-, secondary side bleed-and-

feed) manually initiated can be deployed to 4; Water inventory RPV

control the transient, and to prevent high,,
pressure core meltdown.

Top of core

In the case of total loss of feed water (e.g. ®
station blackout conditions), the secondary
side bleed-and-feed (B+F), initiated by the ‘ 7 h
depressurization of the steam generator Time

secondaries is the preferred measure in o

the core cooling. It is foreseen to initiate the without AM-Procedures (schematically)
secondary side B+F when the RCS is still almoktdilWwith water (e.g. pressurizer level high), before
core uncovery occurs. In the following this procedis designated “early” secondary side bleed-aed-f
(see Figure 3.3.5).

If the secondary side bleed and feed is seriouslstygd or not possible due to whatever reasonsapyim
side bleed and feed is initiated as an ultimategutare to prevent high pressure core melt downasicen

55



NEA/CSNI/R(2010)9

Primary side B+F can be realized when the wategl levthe RPV (indicated by the liquid level proibe
the upper part of the RPV as shown in Figure 3.8r6ps below the hot leg nozzles. As an ultimate
procedure primary side B+F must be performed atatest when the core exit temperature exceedsz00°
(50K superheating).

Primary side bleed, i.e. depressurization is adudw opening the pressurizer relief and safetyeslin

the event of a station blackout only the accumua(dCCs) are available for primary side feed. Due
the limited amount of water being available frone (hCCs, core heat up is only delayed for a certain
period of time. However, this time period can bediso complete the initially started secondary side
emergency procedure.

3.3.4.2 Test Procedure
Probe head:

calibration
resistors

guide tube inner Diameter, 81 mm
Test PKL 1l C5.2 was
performed to demonstrate th
effectiveness of a lately
deployed secondary sids
bleed-and-feed following a
primary side bleed-and-feel
which was already initiated a
50K of CET superhealt.
According to test objective it
was postulated that the
secondary side bleed-and-fee
was significantly delayed so i
was specified to follow the
primary side bleed-and-feed
Consequently, the C5.2 tes
procedure featured a ‘“late’
secondary side bleed-and-fee
deployed at already preser sensor = heated + unheated resistance
extensive superheat at core
outlet (see Figure 3.3.7).

RPY-Closure head

probe tube, 51 mm

Sensor ~d _‘

{. 7 holes

3

Pressure H g upper
equalizing po:ls<: 0 Gid

=

/G\.ndew b=

Sensor |~ Frobe timbie

Feactor
Codlant
Line

collapsed
level in the
¢, Quide tube

Pressure
equalizing
ports \:

|l ] Gridplate
1

3 level sensors in each probe

Figure 3.3.6 AREVA PWR - level probe: configuratiwith heated
and non-heated resistances
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Core cross section (PKL)
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Figure 3.3.7 PKL SBO - Experiment

Due to the pressure limitation of the PKL Il tdatility, control of primary pressure by dischargke
primary inventory and primary side bleed procedueee actuated at 43 bar.

The phase relevant for CET performance started thighonset of insufficient core cooling as the $wel
level drops below the upper edge of the heatedheingthe core and start of the core heat up (aszeof
rod wall temperature).

In principle the segment in the C5.2 transientuaté for the performance of the CET may be divioked
four separate phases (see Figure 3.3.8):

Phase A: Loss of inventory at constant high primanpressure

Supposing, secondary side depressurization wapassible, the primary side pressure limitation ltesiu
in discharge of coolant inventory via PRZ valvdistaat constant high primary pressure.

Phase A is characterized by heat removal from tine ¢ia evaporation of ambient coolant and disaharg
of saturated steam via PRZ safety valve. The psirnaolant inventory constantly decreases. As thellsw
level in the core drops below the upper edge ohtegted length the upper ends of the heater redaar
longer sufficiently cooled and the steam startsuperheat as it passes by. The resulting supeohéag
steam is also recorded by the CET with a delayofia100 s (see Figure 3.3.8, up to t = 10400 s).
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- Phase A > Phase B - PhaseC - Phase C
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Figure 3.3.8 PKL SBO - Experiment

Phase B: Primary side depressurization

The primary side depressurization was performeghagtimate action when the core exit temperatuas w
superheated to more than 50K above saturatiortirgtdrom the depressurization, the PRZ safety eslv
and the relief valve are kept open permanentlys Téd to a rapid pressure decrease on the prindey s
After conduction of the depressurization, the terapge in the core continued to rise, but a smaller

increase rate could be observed for both, the tesnperature and the CET (see Figure 3.3.8, t =640
11000 s).

Phase C: Actuation of ACC injections

At a primary pressure of 26 bar, the 4 hot leg A@@ssively injected water into the primary systém.
one side the ACC injection led to condensationt@&m in the hot legs, on the other side a certaiouat

of the injected water evaporated on the hot strasturhe rest of the water reached the core viapper
plenum, contributed to core cooling and partiallienched the tube cladding, leading to additioredrst
production. Because the evaporation effect was ”amticompared to the condensation effect, the ACC
water finally caused a deceleration of the primgide pressure drop gradient. The feed-rate of BEA
which is determined by the primary side pressuaglignt, was therefore relatively small in this Ehésee
Figure 3.3.8,t=11000 — 11700 s).
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The cooling effect of the ACC water in the corefeliéd radially. In the peripheral regions, below tiot

leg nozzles, the tube claddings were quenchedHigeee 3.3.8, TW M 20 ME 7). In the central regimin

the core, the ACC water caused a retardation irtehmgerature rise of the tube claddings. However, a
further temperature rise could not be prevented ksgure 3.3.8, TW M 9 ME 7). The CET follows weh
certain delay the max. core temperature in theeceagions.

Phase D: Secondary Side Bleed and Feed

The depressurization of the secondary side of atedm generators by means of main steam relieésal
(MSRVs) was carried out after a maximum claddinggerature of 550°C had been reached (about 25
minutes after starting primary-side depressurizatio

By opening the MSRVs, the secondary pressure i stéam generators decreased rapidly and redo@ed t
saturation pressure of the hottest point of thel f@ater system. Subsequent evaporation insideetb@ f
water line led to a displacement of water towards $team generator secondary side, followed by
condensation in the primary-side steam generattrbds. This resulted in an increased pressure amop
the primary side, subsequently leading to incre#ge@ feed. A short while after the passive injectaf
water from the feed water system, a secondaryysidssure of 14 bar was reached and active injection
with a mobile pump to two steam generators wasatei. Consequently, the condensation effect on the
primary side and the rate of ACC feed were furih&nsified. The ACC water injected into the haj le
flowed into the upper plenum and into the corediteg to complete core flooding and thereby quenghin
of the core. Around 100 s after initiation of sedary-side depressurization, all fluid and cladding
temperatures reached saturation levels. Due toather high ACC flow rates the time delay betwe&TC
(indicating saturation) and rewetting of the coreswelatively small (in the order of 50 s).

3.3.4.3 Heat removal in relevant test phases

Phase A Situation in the core after onset of core uncgwerthe upper core regions (rising of rod cladding
temperature at ME 7, t = 9800 s after SOT, seer€ig18.8) is characterized as follows:

> Residual heat removal from core via evaporatioarobient coolant, steam flow from core via
hot leg into PRZ (return to saturation conditions)

> Blow-down of (saturated) steam via PRZ relief aafety valves (cycling) at quasi-constant
primary pressure () ~ 43 bar (maximum pressure of PKL)

> No ECC injection

> No water back flow from the hot legs into the RR\indo the core

> Continuously decreasing coolant inventory and sigg#l in the core.

> Rise of the cladding temperatures in the upper Eg®n (e.g. M9, see Figure 3.3.8)
Phase B Situation in the core after primary side deprégation (t > 10400 s after SOT)

> Residual heat removal from core via evaporatioarobient coolant, steam flow from core via
hot leg into PRZ (return to saturation conditions)

> Rapidly decreasing primary pressure, continuougiglown of (saturated) steam via PRZ safety
valve and relief valves (fully opened)

> Flashing of the core inventory due to rapid pressi@crease (temporal cooling effect on the rod
claddings, visible in the decrease of the gradiéthe cladding temperatures)

> No ECC injection
> No water back flow from the hot legs into the RR\indo the core
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> Continuously decreasing coolant inventory and swelkl in the core (Figures 3.3.15 and
3.3.16)

> Continue of rising of rod cladding temperatures
Phase C Situation in the core following the actuationtlé ACC injection(t > 11000 s after SOT)

> Residual heat removal from core via evaporatiomrabient coolant, partly by evaporation of
injected ECC into the hot legs, steam flow fromecwia hot leg into PRZ (return to saturation
conditions)

> Blow-down of (saturated) steam via PRZ safety ahiéfrvalves

> Only low ECC flow from hot leg ACC due to presswsapporting effect resulting from
evaporation of ECC at hot structures (see Figi8e3middle)

> Partial re-establishment of cooling (wetting of rddddings) in peripheral core regions due to
low ECC back flow (Figure 3.3.8, bottom; Figure.23 top)

> Continue of rising of rod cladding temperaturethia central core region
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Figure 3.3.9 PKL SBO- Experiment
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Figure 3.3.10 PKL SBO- Experiment
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Figure 3.3.11 PKL SBO- Experiment
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Figure 3.3.12 PKL SBO- Experiment
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Figure 3.3.13 PKL SBO- Experiment
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3.3.4.4 Results on significance of the CET

The point in time of the rise of the cladding temateres (e.g. M9, ME7, see Figure 3.3.8) were rudtly

the CET. The CET starts to rise with a delay oftdld®0 s, but later-on the delay-time varies betw4@0

and 800 s. When the CET indicates insufficient @ar@ing, the maximum cladding temperature measured
was about 50 K above CET. The delay between maxirladding and fluid temperature in the adjacent
sub-channel at the same elevation is even highare(than 200 s, see Figure 3.3.12, top), whiclaised

by the deteriorating heat transfer.

During the following rise of the core temperatuteil the initiation of the primary bleed proceduhs
temperature differential between CET and maximum@dding temperature increases slightly up to
~ 100 K. Apart from the now constant temperaturifedintial between max cladding temperature and
CET (~ 75K) the evolution of the max. cladding parature (rod M9, ME7) after primary
depressurization (t > 10400 s after SOT), staA®C injections (t > 11000 s) and the following me®
supporting effect (evaporation of ECC from ACC & dnd core structures) is reflected correctly m th
CET.

Throughout the transient, the temperature diffesembeasured between CET and maximum cladding
temperatures never exceeded 100 K. The complete goenching following the secondary side
depressurization (restoration of secondary sidé $iek, significant rise of hot leg ACC injectioates) is
reliably indicated by the CET (with only a shortadeof the max. cladding temperature, see Figused3.

top).

Cooling effects in the peripheral core regions cetlby injected ECC (from ACCs) were visible in the
appropriate fluid temperature measuring signalhéncore sub-channels (ME 6 and ME 7; P6/Q7, H3/l14
ME7, see Figure 3.3.9, bottom). This pronounceerogeneous radial temperature distribution is also
observed above the upper core plate (see Figurgd3.®p). While the temperatures in the outeraegi
decrease to saturation values due to the even IG@ Ajection rates, the temperatures in the center
regions remain on high levels (more than 250 K suwgrding) and with still increasing tendency. The
radial temperature differences occur in the phagdsut water back flow from the hot legs due te th
radial power profile and are still more pronounadter the onset of water back flow from the ACC
injection. The delay in time for the indication @ferheat by the TCs increases along the flow patheo
steam from the core (CET, ME 8, see Figure 3.30¥ &) the upper plenum (ME 9 see Figure 3.3.11) and
the hot legs (ME 10, 11, not depicted in Figur&gpat is mainly a consequence of the heat storaogcis

of the structures.

Concerning the significance of the CET, the mamilifngs from the PKL test C5.2 can be summarized as
follows:

. Steam leaving the heated part of the core hasndfisant lower temperature as the max. cladding
temperature due to the rather poor heat transben the heater rod surface to the steam (rather low
steam velocities in the order of 0.2 m/s)

. Another important effect is the heat storage capadithe structures (unheated lengths of the heate
rods, upper core plate, upper plenum internalsselewalls) which are heated up by the steam
leading to energy removal from the steam.

. Radial heterogeneity below and above the upper gate is observed also in phases with no water
back flow (due to radial power distribution). Theffect is obviously more pronounced in phases
with water backflow from the hot legs (ACC or reflirom SGs)
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3.3.5 SB-LOCA transient
3.3.5.1 Background

The most important procedures which are autométigatiated in German PWRs in case of SB-LOCAs
are the 100 K/h secondary cooldown and compensafiimventory losses by the high pressure injection
system (HPIS). Failure of one or both of these @doces necessitate operator initiated AM-procediares
prevent core melt. The scenario under investigatiothe PKL test D1.2 was a 40 theakage at total
failure both of the HPIS and of the 100 K/h cooldowhe AM-measure consisted of depressurization of
the four secondaries assuming only one main stedwe ¥o be available. The SG-secondaries werdalfille
with water and feed water was available. A furthestem failure was postulated by the non-availghilf

4 out of 8 ACCs. l.e. only hot leg feed was possi].

3.3.5.2 Test Procedure

Transient entrance in PKL was at an already redycedary inventory at primary pressure of 40 bar.
Calculations based on the mentioned leakage semigbed this pressure for equilibrium between lgaka
mass flow (pure steam) and the steam rate duestcethdual heat. At this point of operation heahsfer

to the secondary side was no longer existent astteted secondary side remained at 50 bar, lgadia

low but permanent loss of inventory until beginnibigcore uncovery at about a quarter of the nominal
primary inventory (see Figure 3.3.17). At a supatimg of approx. 100 K at core outlet at 1610 graft
SOT (approx. 2200 s after occurrence of the breathé PWR) the initiated AM-measure consisted of
depressurization of the four secondaries assumihgane main steam valve to be available (secondary
side B+F). The re-established secondary side helatcaused the secondary pressure to drop from over
50 bar to below 40 bar, the value of the primamspure. From then on (1710 s after SOT) the SGanbeg
to work in reflux condenser mode of operation. Aiigh the swell level in core further decreased, the
reflux of condensate effectuated a slightly impbveeat removal from the structures in the upper and
peripheral core sections visible from the slighdgcreased gradients in the TC readings from CET and
upper cladding regions of central rods (M9 ME & Begure 3.3.17) and from the dropping of periphera
fluid and wall temperatures (see Figure 3.3.17¢ckabnel F15/G16, rod M20). The primary pressure was
dragged down by the secondary side but more cesttadthannel temperatures and the CET were still
rising. The superheating at the core outlet readdwde 250 K at 1970 s after SOT before the ACC
injections quenched the entire heated length astdned core cooling (see Figure 3.3.18).
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Figure 3.3.17 PKL SB-LOCA Experiment
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3.3.5.3 Heat removal in relevant test phases
The situation in the core after core uncovery mupper regions (rising of cladding temperatureodfM9
at ME 7, see Figure 3.3.17) is characterized dgvisl

> Residual heat removal from core via evaporatiomarabient coolant, blow-down of steam via
the break

> Continuously decreasing coolant inventory and s¥esdél in the core, continuation of rise of
core cladding temperatures following secondary defgessurization.

> Quench of entire heated length by ECC flow from ACGr t > 2000 s after SOT and a
maximum rod cladding temperature of ~ 560 °G,@ 225 °C). CET dropped earlier (from
max. 477 °C for t > 1984 s) and more sharply.

3.3.5.4 Results on significance of the CET

Practically, the same conclusions apply as listedHe above mentioned test:

> The CET rises with a considerable delay of appd®B0 s and the delay-time increases as
temperatures escalate to about 250 s.

> The evolution of the maximum cladding temperatigamet with a temperature differential
between max cladding temperature and CET not gréeta 100 K.

> Final rewetting of the core (cladding temperatugerdase to saturation) occurs more than 2 min
after the indication of saturation conditions byTC{ee Figure 3.3.17, bottom). The reason for
the more pronounced delay is the lower ACC injectate compared to the SBO experiment.

3.3.6 Loss of RHR test

3.3.6.1 Background

Test PKL Il G1.1 was performed as a parameterystutich focused on the dependence of different heat
transfer mechanisms from primary to secondary sid¢he primary inventory in presence of nitrogen in
the SG U-tubes; heat transfer mechanisms whichkatg to occur in the course of a failure of tlesidual
heat removal system (RHRS) during %-loop operdgoimary circuit still closed) [5].

3.3.6.2 Test procedure

Designed as a parameter study for the investigaifomeat transfer mechanisms emerging from loss of
RHRS scenarios the following general boundary damth applied:

> Single-loop operation, remaining 3 loops blockedolank flanges in cold and hot legs close to
RPV, dedicated SG initially filled with water onetlsecondary side, PRZ not in use (see Figure
3.3.19)

> Simulation of cold shut-down conditions (i.e. primmanventory at ¥s-loop level, Nabove,
CET ~ 60 °C, p=1 bar)

> Core power set to 220 kW corresponding to 0,7 %caled full load core power after approx.
24 h after shut down of reactor, plus compensdtoheat losses

> Prior to SOT: Removal of decay power via RHRS
> Temperature at core outlet approx. 60 °C
> Shut-down of RHRS at start of test
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Multiple changes of primary coolant inventory (retion/replenishment) with phases of steady-state
operation returned a sequence of steady statesst@lele heat flux from primary to secondary ablsta
primary pressure) with intermediate changes optimaary coolant inventory.

Inventory was drained and replenished via lowenynbe drain valve and a modified volume control
system injecting into lower sections of downcom#ess, respectively.

At start of test (SOT) the RHRS was shut down amnvetory heat-up started. Prior to steam formation,
inventory was drained from the RCS according td $pecification. After steam formation started lie t
core (~ 500 s after SOT) the heat removal was taken by the SG. Thereby, the removal of the entire
220 kW core power resulted in a steam flow velothitgt effectuated CCFL in the SG-inlet chamber and
U-tubes. Primary coolant inventory was successidiplaced from RPV to the SG and accumulated in
the U-tubes.

The effective reduction of core coolant inventogused core uncovery and heat up in the upper core
regions (at the upper end of the heated lengthy.eat up of the upper parts (ME 7) of the roddilzgs

was recorded by appropriate TC (fluid temperatunesentral core axis and wall temperatures at rod
claddings, see Figure 3.3.20) at 2000 s after S@Wil 2190 s after SOT, the core heat up reached
downwards as far as ME 6.

A stepwise reduction of core power down to ~ 150 {&férting t = 2100 s after SOT, see Figure 3.3.20)
then caused the successive re-displacement of ntomevards the RPV. The swell level then slowly

proceeded upwards again, the rod cladding tempergied M9) at elevation ME 6 indicated re-

establishment of cooling at 2580 s after SOT. A0B4 after SOT the fluid and wall temperatures
indicated a slow improvement of cooling along thére heated length.
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Core cross section (PKL)
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Figure 3.3.20 PKL Test on loss of RHRS

3.3.6.3 Heat removal in relevant test phases

The situation in the core after core uncovery mupper regions (rising of rod cladding temperatir®lE
7, see Figure 3.3.20) is characterized as follows:

> Residual power removed from the core by evaporaifambient coolant, steam flow from the
core to the SG U-tubes, RC-operation in the U-tubesor reduced reflux of coolant towards
the RPV due to CCFL in the SG- inlet chambers

> No ECC injection
> Continuously decreasing swell level in the RPV atasi-constant low primary pressure
(Pany ~ 2 bar.
3.3.6.4 Results on significance of the CET

Due to the rapid evolution of core uncovery fronidcshut-down conditions (approx. 2000 s after SOT)
the initially cold structures (e.g. unheated lesgb rods, upper core plate) significantly conttézlito a
delayed rise of the CET and to a significant terapge difference between CET and maximum cladding
temperature measured. DelayAdf~ 500 s withAT ~160 K (~160 k superheat at heater rod claddigg e
rod M9, ME 7, see Figure 3.3.20).

The evolutions of the fluid temperatures measurettvéen the heater rods in the sub-channels (e.g. TF
K10/L11, ME7, delay in heat up approx. 150 s) iatkca turnaround for t> 2880 s after SOT. The
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evolving large temperature difference between radase and appropriate fluid temperature at theesam
elevation for t > 2880 s indicates water entrainimerthe sub-channels (see Figure 3.3.20, TF K10/L1
ME7). Although saturated coolant was indicated g Bt elevation ME 7, it did not reach the rod acef
the cladding temperature continued to rise unt#380 s after SOT and the rewetting process, was onl
completed 4440 s after SOT.

In contrast to the temperatures in the sub-chartheldgelay of CET concerning the indication of cheat

up is higher (about 500 s), however the rewettihthe core heater rods is well reflected by CETe Th
maximum difference between CET and measured clgdthmperature was 160 K. The differences
between measured temperatures in the sub-chamm&l€ET are mainly due to the heat transfer to and
from the structures in the upper part of the ceggan (unheated lengths of the rods, upper core)pdend
due to water entrainment in the sub-channels.

3.3.7 Conclusions and applicability to PWR configuation

Differences between CET and maximum cladding teatpes were observed in several PKL experiments
mainly dealing with beyond-design-basis accidents the employment of adequate AM measures. Three
experiments representing relevant accident scenhewe been selected to analyze the differencesbpt
CET and maximum cladding temperature and to prowifmation on physical phenomena responsible
for the CET performance.

The three tests are characterized by a signifipaimary inventory loss leading to a pronounced core
uncovery for a longer period of time. As the exigtboundary conditions (e.g. upward steam flowewat
back-flow) are of high significance for the CET foemance, the experiments or individual test phases
within the experiments have been categorized &sifs!

« Phases with navater back-flow from the top
0 With decreasing coolant inventory in the core atstant primary pressure
0 With decreasing coolant inventory in the core aegrdssurization in parallel (flashing)
* Phases witlwater backflow from the top, e.qg.
0 From the hotleg ACC
0 From the SGs due to reflux condensation
The results from the described PKL tests concer@iag performance can be summarized as follows:

« Significant temperature differentials between CHE# anaximum cladding temperature (delay in
start of superheating and difference in maximum suezd temperature) were observed even in
situations withoutvater backflow.

The following main reasons for this have beentified:

0 Rather poor heat transfer from the rod claddinghto ambient steam due to low steam
flow velocities, to some extent a possible entr@nmof water (made evident by
comparison of wall and fluid temperatures in theecat the same elevations).

0 Impact of heat exchange with colder structures atibe upper end of the heated lengths.
Cold structures (e.g. unheated lengths of rodsgiuppre plate, core barrel) located in the
steam flow path from the heated lengths towards @e&surement positions influence
the maximum temperature differential measured bat@ET and maximum cladding
temperatures.
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« Higher differences occurred between the fluid terapges in the upper plenum (or RPV outlet)
and the maximum cladding temperature in the cocause of the additional cooling effects of the
structures in the upper plenum.

* Aradial temperature profile (fluid and wall) inetizore and above the core (CET) was observed in
all the tests due to the radial power profile sppsed by the effects of the core barrel and of the
heat losses.

« Tests at low primary pressures (shut down condi)iafso revealed pronounced differences/delay
between CET and maximum cladding temperaturesnéetecy is visible in the test results: The
faster the evolution of the transient towards agreovery, and the colder the structures in the UP
the largemTeiag,max.cet.

« Despite the delay and the difference in the medstemperatures, the time evolution of the CET
signal readings in the center section seem toateftee change of the cooling conditions in the
core and thus the tendency of the maximum claddingperatures quite well.

The PKL test results and the identified phenometevant for the CET performance can be qualitativel
extrapolated to the PWR. The thermal hydraulic @k present in the different phases of the testier
investigation are typical for the relevant PWR deait scenarios.

The geometry of the core (i.e. rods, sub-channefd)eated lengths of rods) corresponds to the
configuration of the reference PWR. The upper quege in PKL (representing the fuel assembly top
nozzle) was also adapted to the PWR design (theskndiameter of flow channels, distance to end of
heated lengths of the rods).

However, because of the diversity of influence peaters and the test facility design features @vgrall
geometry, heat structures, uniform axial power ifgofocation of CET) the PKL test results cannet b
directly extrapolated to PWR in quantitative terms.

Furthermore, the CET performance (i.e. the diffeeebetween CET and maximum cladding temperature)
strongly depends on the accident scenario and ltve d¢onditions in the core and around the CET
measurements and may also vary between differerR Bypes (due to different design). E.g. in some
PWR plants the CET is measured above the fuel ddg¢ap nozzle and below the PWR upper core plate
(as in PKL), partly installed in so-called fingeies (not realized in PKL) which provide protection
against water backflow or entrainment but which ldalso lead to a further delay of the CET (additio
heat transfer resistance).

Nevertheless, the clear boundary conditions prdsemifferent quasi-stationary heat transfer statethe

PKL tests, in particular for the SBO experimentggds of pool boiling without and with depressurizat

in parallel, no coolant backflow) contribute to etter understanding of the T/H phenomena associated
with the issue in general on one hand and represgobd data base for the validation of codes avdkis

on the other hand.

In Germany, the difference between CET and maxinsladding temperature is considered in the AM
strategy: An early initiation of AM procedures oasis of other diverse criteria and initiated intaation
when the core cooling is still assured, is the garefl method to deal with corresponding accident
scenarios. The CET is employed only as an ultirogterion in case of a failure of previously contke:
AM measures.
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Abbreviations and acronyms

ACC Accumulator

AM Accident Management

CCFL Counter Current Flow Limitation
CET Core Exit Temperature

ECCS Emergency core cooling system
HPSI High pressure safety injection
LB Large Break

LOCA Loss of coolant accident

LPSI Low pressure safety injection
ME Elevation of measurement
MSRV Main steam relief valve

MST Measurement point

NC Natural circulation

OECD Organization for Economic Cooperation and Diwaent
PKL Test facility, (German acronym for “Primérkndeisf”, primary circuit)
PRZ Pressurizer

PWR Pressurized water reactor

RC Reflux-condenser

RCL Reactor coolant line

RCP Reactor coolant pump

RCS Reactor cooling system

RHRS Residual heat removal system)
RPV Reactor pressure vessel
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34 THE ROSA/LSTF EXPERIMENTS
3.4.1 Introduction

Test 6-1 [1, 2] of the OECD/NEA ROSA Project usthg LSTF [3], shown in Figure 3.4.1, simulated a
vessel head small break loss-of-coolant acciddBL(ECA) with a break size equivalent to 1.9% cold le
break under an assumption of total failure of tigd lpressure injection (HPI) system. A large terapae
time delay of about 230 s for the CET readingsetich 623 K (criterion to start an accident managéme
AM- operator action) was observed in the test. Hiigation appeared under no reflux water fall-back
conditions. A large temperature difference from mh@ximum core temperature was observed too in the
test.

As a member of the WGAMA CET task group that wasugebased on the Test 6-1 results and historical
discussions since LOFT tests [6, 7], JAEA decidegrovide twelve other LSTF tests [4] to thoroughly
study CET performances in the LSTF experiments. additional tests include ten SBLOCA tests with or
without AM actions and two abnormal transients eath extremely high or low pressure conditions by
considering some diversity and similarity of thstteesults. The ten SBLOCA tests were conducted avit
break at five different locations (see Figure 32).-and break sizes ranging from 0.1 to 10% eqeivaio
cold leg break (CLB). Two abnormal transient tesisulate station blackout scenario and loss ofitesi
heat removal (RHR) system under mid-loop operafiovo tests among these twelve tests showed no CET
heat-up because of significant water fall-back,le/sieven tests showed CET heat-up under limitdd fal
back water effects. Two abnormal transient testgested alternative criterion for the CET superheat
detection during their specific boil-off conditionsider significantly high or low primary pressures.
Through the data analyses for the in-total thirté&TF experiments, reasons of the time delay and
temperature discrepancy from the core heat-up wiamfied by considering especially on the average
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Figure 3.4.1-1 ROSA/LSTF Figure 3.4.1-2 Break locations for PWR
facility SBLOCA tests
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steam velocity at the core exit and cooling effeaftstructural materials such as the upper coréepla
(UCP) and core barrel on hot steam uprising flamrfithe heat-up core [5].

This section summarizes the findings based on ROSHF experiments; Section 3.3.2: the description of
the LSTF and CETs with test conditions. Section33.the CET performance in Test 6-1 [1, 2], Section
3.3.4: results of additional 12 tests [4, 5], SwttB.3.5: summary of general CET performances [5],
Section 3.3.6: brief discussion on applicabilitytloé LSTF results to PWR.

3.4.2 FACILITY DESCRIPTION AND TEST CONDITIONS
3.4.2.1 ROSA/LSTF facility and CETs
The LSTF shown in Figure 3.4.1-1 is a full-heightdafull-pressure PWR simulator referring a

Westinghouse- type 4-loop 3423 MWt PWR, Tsurugatdnof the Japan Atomic Power Company
(JAPC), with a 1/48-volumetric scaling in two-lospstem as shown in Table 3.4.2-1.

Table 3.4.2-1 Major design characteristics of L&hE 4-loop

PWR

Iltems Unit LSTF PWR Ratio
Pressure MPa 16 16 1/1
HL Temperature K 598 598 1/1
Maximum Core Power MWt 10 3423 1/342
Primary Fluid Volume m® 8.1 347 1/43
Number of Fuel Rods - 1008 50952 1/50.5
Number of Fuel Rod Bundles - 24 193 1/8.0
Rod Array in Bundle - <7 17x17 -
Number of CRGTs - g+ 53 1/6.6
Number of CETs - 20 50 1/25
HL Inner Diameter (d) m 0.207 0.7369 |1/3.6
UP Inner Diameter (D) m 0.514 3.759 1/7.3
HL Height above UCP Top m 1.355 0.8255 |1/0.61
(h)
UP Aspect Ratio (D/h) - 0.379 4.554 1/12
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(EL8.096 m)

(EL6.170_m)

.................. Yu

(EL’5.606 'm)

kL v (EL4oddm)
I U coe AMHET 'T't;r; ofActive Core Ml Pv
i (EL366 m) )
PV uce Fuel Bundle
Nozzle
4-loop PWR LSTE

Figure 3.4.2-1 Comparison of upper PV configurabetween
LSTF and 4-loop PWR
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(Unitin mm) Core barrel
(Top section)
= Upper core plate Down comer

Figure 3.4.2-1 compares upper PV configuration
between LSTF and the reference PWR. The %Lageg =640
LSTF is furnished with PV internal structures
such as the core with 1008 electric heater rods 2 Bellows
(77 rod array in one bundle), 8 slender control ™
rod guide tubes (CRGTs), UCP and surrounding “‘—1 i” ” ” "" ] Endbox
core barrel, which neatly simulate multi flow CEL+3884 5 Q[ Ground wire
paths in the core and core exit region. The LSTF g
upper plenum (UP) configuration is atypical of = 3
the reference PWR with respect to the UP Spacer liner
diameter (D) and the hot leg height (h) above the 13 __
UCP. The LSTF UP aspect ratio (D/h) is 1/12 of PV wall
that in the reference PWR (Table 3.4.2-1), which = I
should be taken into account in the discussion on 3 o
influences of reflux fall-back water on the CET r: R 53 61
temperature responses. HURE

eLaseo/ [l [
Fi . No.9 Spacer 7€ - z

igure 3.4.2-2 shows detail of structures at the Instrumented \ Heater rod

LSTF core exit region above the core heating heaterrod ~ T/Cguiderog ~ Core barrel (Mid section)
elevation (EL 3660 mm). There are complicated
flow paths around non-heating parts such as the
top portion of electric heater rods, No.9 spacer,
end box (upper nozzle) and UCP within the core
barrel. Most of these structures are made of
stainless steel, which become heat sink to hot
steam flow.

Figure 3.4.2-2 Detail of structures and core
assembly in core exit region of LSTF

305Aa

The LSTF core assembly consists of 16 square
bundles with 7x7 rod array and 8 peripheral
bundles. Eight high power bundles (bundle
numbers B13 through B20) have a radial cocschecce
peaking factor of 1.51, four middle power [ SEE
bundles (B21 through B24) have that of 1.0 art}®
twelve low power bundles (BO1 through B12) :
have that of 0.66, respectively. The outer
diameter, pitch and arrangement of the heater
rods are the same as those in the reference PWR.
Since the shake-down of LSTF in 1985, the core
assembly has been replaced three times.

- 35A4

Figures 3.4.2-3 (a) and (b) show horizontal
cross- section of the current fourth core

assembly with 1008 heater rods including six  Figyre 3.4.2-3 (a) Horizontal crossetion of LSTI
instrumented rods, which was used for three fourth core assembly
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Heater Rods

0° (North) O Non Instrumented (BN type) 947 Rods
©  Non Instrumented (Non-BN tyoe) 55 Rods

. @ with Cladding temp. TCs (type A) 3 Rods
20 @® with Cladding temp. TCs (type B) 3 Rods
2150 ) (22 | Hotleg B Non-Heating Rods
35° with Fluid Temp. TCs (type A) 5 Rods
with Fluid Temp. Tics (type B) 5 Rods
with Cladding temp. TCs (type A) 3 Rods
with Cladding temp. TCs (type B) 4 Rods

T/C Guide rod 6 Rods
Tie rod 73 Rods

Dummy rod 40 Rods
Cold leg A

@ (1.1) Rod number is expressed as (Y,X)
X: Horizontal — X
Y: Vertical — Y

(ees e

DP Element (unavailable)

Figure 3.4.2-3 (b) Arrangement of 7x7 rod bundied imstrumented rods in LSTF fourth core

SBLOCA tests of SB-PV-03 [11], SB-PV-07 and SB-P&-Uhe first core assembly with

surface temperature measurements for 53 heater
rods was used until Aug. 1988 for five SBLOCA tesft&\T-SB-03 [8], SB-CL-01,

SB-CL-09 [9], SB-PV-01 [8] and SB-PV-02 [8], andeoabnormal transient test TR-LF-03. The second
core assembly was used between Dec. 1988 and 398 With 1008 heater rods including 54

instrumented rods for two SBLOCA tests of SB-CL{28] and SB-HL-05, and one abnormal transient
test of TR-RH-06. Table 3.4.2-2 summarizes majorddmns of 13 LSTF experiments dealt with in this

chapter.

There are 20 CETs in LSTF and their locations hosve by Figure 3.4.2-4 (a) along with the 24 floattp
holes of the UCP, 8 CRGTs and 10 support columhs. GRGTs and flow path holes are located above
the rod bundles. Each CET is located at 13 mm altfowéJCP top surface. Four CETs shown in Figure
3.4.2-4 (b) are installed outside of the CRGT-bam@mabove the rod bundles of B10, B12, B22 and B24
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Table 3.4.2-2 Major test conditions for OECD ROBwject Test 6-1 and additional 12 tests
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Test ID Type of| Break Size | Operator/AM | Start of | Set Init. P. | Test
Test Location | (%)** | Action Action | Point (MPa) | Year
Test 6-1[1] | SBLOCA | PV Top 1.9 SGRV CET-T| 623K 15 2005
SB-PV-07 | SBLOCA | PV Top 1.0 HPI CET-T| 623K 15 2005
SB-PV-02 |SBLOCA | PV Top 0.5 HPI HL-T 10K | 15 1987
SB-PV-08 | SBLOCA | PV Top 0.1 SGRV CET-T| 623K 15 2005
SB-CL-09 SBLOCA | Cold Leg | 10.0 | - - - 15 1986
SB-CL-01 SBLOCA | Cold Leg | 2.5 HPI Time 1200 s 15 1985
SB-CL-24 SBLOCA | Cold Leg | 0.5 SGRV/PORVY Time 600 s 15 1990
SB-HL-05 SBLOCA | Hot Leg 0.5 PORV HL-T F5K |15 1989
SB-PV-01 |SBLOCA | PV 0.5 HPI HL-T Ts+10K | 15 1986
Bottom
SB-PV-03 |SBLOCA | PV 0.2 SGRV/PORV| Time SI+6005 15 2002
Bottom
AT-SB-03 SBLOCA | TMI-type | 0.45 | HPI Time 6600 s 15 1985
TR-LF-03 TMLB’ Transient - - - 15 1988
TR-RH-06 | Mid-loop / Loss-of-RHR AFW Supply| Core-T| 523 K 0.11 | 1993

*1 Break size equivalent to 1/48-scaled colddegn at the reference PWR
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Control
Sixteen other CETs are installed at the Rod
top edge (exit side) of UCP flow path 25l « 674"
holes as shown in Figure 3.4.2-4 (c). TIC
Eighteen Thermocouples are placed at 81— T’C\ '
the bottom edge (inlet side) of UCP Support Support X
flow path holes in pair with CETs. g 4775 " A
Figure 3.4.2-5 shows nine axial power B0 A i
steps of all heater rods with nine |+_s5.5w__ <P
thermocouple locations (P.1 through <661 —— i
P.9). Thermocouples of 0.5 mm (Unit in (Flow Path) (Flow
diameter are imbedded in the heater rod  Figure 3.4.24 (b) Detail o Figure 3.4.2-4 (c) Btail of
sheath to measure surface temperature CET at CRG CET at flow
while those for the fluid temperature ’ o
measurements are installed outside of Cold Leg B

non-heating rods at the same elevations
as the rod temperature measurements
(Figure 3.4.2-6).

Hot Leg B

3.4.2.2 Test conditions

Table 3.4.2-2compares test conditions
of all the thirteen LSTF experiments -
including Test 6-1 of the OECD/NEA Support
ROSA Project. Initial test conditions
and control logics for the scram, Control Rod Guide

Tube (x8)
Upper Core Plate

: ~ scra 5
primary pump coast-down, SG isolation, owneomer

SG pressure regulation are common for cold (egA
all of the SBLOCA tests. Initial primary

pressure of all the tests was about 15 Figure 3.4.2-4 (a) Locam of core exit thermocoupl

MPa except for TR-RH-06 test at 0.11 (CETs) and arrangement of internal struct
MPa. Several test conditions peculiar to on UCP of LSTF

each experiment are presented below

especially for break conditions, operator 14945

actions and selected indicator for 14071, 1.4071 Power Ratio at
operator or AM actions during core 117361 736 Axial Step
heat-up. AN
08135 08135
(1) Break conditions 03633 03633
Divided Steps

Break__locations are i) PV upper h_t_eac/ 9 8 7 6 I 5 l 4 3 2 1
(UH), ii) PV bottom (lower plenum), |||)50 — ) O B P T PR S5~ 50
P1L

cold leg (CL), iv) hot leg (HL) and v Pg psl 7l lpsl les| lpal lea] Ip2
pressurizer top (TMI-type break wit-
stuck-open power- operated relief val

(PORV)). The break size ranges frc 409 | 406 | 406 | 406 | 406 | 406 | 406 | 406 | 409

—
)

10% (31.9 mm inner diameter (ID)) 1 3660 (Heated Zone)
0.1% (3.2 mm ID) of the scaled cold lefg +3660 mm EL 0
area.

Figure 3.4.2-BAxial power steps of heater rods w
thermocouple locations of LSTF
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Thin-edged break orifice in a branch pipe was tfeed 19

most of SBLOCA tests except for SB-HL-05 and SB- y > °

CL-24 that used an orifice mounted flush with the . — =
horizontal leg inner surface. Two abnormal transien & \ . 75—*

tests simulated coolant discharge through a vaieno R )

opening; a pressurizer safety valve (SV) under high

pressure conditions for TR-LF-03, and a manhole TC direction
simulated with 58.4 mm ID orifice at the pressuritce TC-1

TR-RH-06 that simulated a loss-of-RHR during mid- 305°  IC5 1c-q 305 qc-1

c-9

loop operation under atmospheric pressure condition 165

(2) Core power decay curves

Three types of core power decay curves were applied Type A Type B
for Test 6-1 and 11 tests [4] while a constant pogfe Figure 3.4.28 Location o
0.38 MW was applied to TR-RH-06 test. The JAERI- thermocouples  for  flul

power curve which simulates 1/48-scaled PWR decay

power after the scram with a conservative delayed

fission power and fuel rod stored heat release was

applied to six tests (SB-CL-01, SB-CL-09, SB-CL-38-PV-01, SB-PV-02 & SB-HL-05) within a power
limit of 10 MW that corresponds to 14% of the 1&t&led PWR rated power. On the other hand, the new
power curve which simulates a 1/48-scaled heasteanmate at the reference PWR core in a rangéof 1
MW based on a best estimate analysis of SBLOCA itiond, was applied to five tests (Test 6-1, SB-PV-
07, SB-PV-08, SB-PV-03 & TR-LF-03). A core powemeel for AT-SB-03 test was specific for TMI-type
LOCA simulation.

(3) AM action starting conditions

Table 3.4.2-2includes conditions to start simulation of AM acts. The CET temperature (designated as
CET-T) of 623 K was employed in SB-PV-07 and SB-88/as in Test 6-1 while the steam superheat in
HL (designated as HL-T) was used in SB-PV-02, SBER¥Nnd SB-HL-05. For three tests of SB-CL-01,
SB-CL-24 and SB-PV-03, a delay time of 10-20 miautem the break or safety injection (SI) signakwa
applied. In SB-CL-09, operator action was not pxhibecause of the fast primary depressurization and
early AIS actuation. In SB-CL-24 and SB-PV-03, terond or third AM actions were conducted to
promote primary system cooling by opening PORVsmwitiee primary pressure turned to increase under
loss of secondary coolant (SB-CL-24) or when thmary depressurization was significantly degraded b
non-condensable gas inflow from the AIS tanks (SBEB). In AT-SB-03 as TMI-type, HPI was
manually initiated 6600s after the break. In TR-B&liest, auxiliary feedwater (AFW) was manually
started after a significant core heat-up (Core-T).

3.4.3 CET performance in OECD/NEA ROSA project tesb-1
CET performance in ROSA project test 6-1 (SB-PVHOIAEA) [1, 2] is summarized first. A CRGT-

focused steam flow was observed in this test intiaddto cooling effects of cold structures arowute
exit.
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3.4.3.1 CET performance to detect
core heat-up under no reflux fall-

back water 16 T T T T l T SB;PV-OQ
(1) Primary and secondary pressure L R e b oo S M
responses with major events — 1 ‘ 1 : 1 : 1
The primary pressure rapidly g 12r | 700s, o
decreased after the break as shownin 2 | % = Semrge ]
Figure 3.4.3-land became lower than § i 3 3 iatbreak ; ,ﬂifgrt :
the SG secondary pressure at about 3 ‘ ‘ ; i
700s when steam discharge started at = 08 TR - |1300s,
the break. This resulted in the E i i i i NN
A . . S 06t preenee Beeeeoees R NN\ B
termination of reflux condensation in z :_ ; ; ; ! \ !
the SG U-tubes during the core boil-off 04 e ggcmoirgasr';’géf(’)se& 77777777 - X L
and AM action at 1074 s. The AM ' —A— Secondary-side (SG-B) | ‘ ! ' B
action was to initiate AIS via rapid 02 , ; i ; ; ; ; ;
depressurization of the SG secondary 200 0 200 400 600 800 1000 1200 1400 1600
sides, but was ineffective because of Time (s)
the lower primary pressure than therigure 3.4.3-1 Primary and secondary pressurei PV top
secondary pressures. The core coolant break test (Test 6-1)
mass started to recover after 1400 s
due to the AIS coolant injection after
about 1300 s. 12 T . , . , T T SBPYV-09
1 R R e R R —

(2) Core heat-up behaviors

The core heat-up started at 840 s
because of typical boil-off as shown in
Figure 3.4.3-2 that indicates collapsed
water levels in core, UP and

Core Boilé—of‘f Period

840s | 3 ' 1550s

Normalized Level [-]
(o]
L
i

downcomer (DC). Typical heater rod ! 650s,
surface temperatures are shown in F N N UPLevell N T

Decrease

Figure 3.4.3-3 with the primary
saturation temperature {)Tfor a heater 2
rod in a high-power bundle (B17) at
elevations of P.9 (Top), P.7, P.5 0 ‘ : ‘ i : TGy,
(middle) and P.3. The maximum rod 200 0 200 400 600 800 1000 1200 1400 1600
temperature at P.7 reached the limit to Time (s)

start an automatic core power decrease  Figure 3.4.3-2 Collapsed water level in vesseléstTs-1

at 1204s to protect core from

overheating. The core power was

stepwise decreased to 50% at 1215 s and 10% atsliZ&ilting in the gradual core temperature deetea
Most of the core was quenched by 1400 s excephéocore top region that was finally quenched by015
s. No core power reduction could have resultedlighty higher primary pressure, in AIS actuation
postponed beyond 1300 s, in smaller AIS injectars and in later core level recovery. The maximoen
temperature may have exceeded 1200 K as suggestetrioken line in Figure 3.4.3-3 in case of ncecor
protection procedure.
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(3) CET  temperature
during core heat-up

responses

All the CET temperatures during the core
heat-up period are shown in Figures
3.4.3-4 (1) and (2). The maximum value
appeared at the central region above the
middle-power bundle B21 with large
fluctuations probably because of unstable
steam flows at different temperatures.
The low steam temperatures appeared at
peripheral regions in the core suggesting
inflow of low-temperature steam from
low-power bundles and cold structures
such as the core barrel and non-heating
rods.

The CET detected earliest superheating
at 910 s more than an uncertainty range
of temperature measurement. The AM
action was initiated at 1074 s when two
CET temperatures reached the criterion
of 623 K. The CET temperatures at the
exit of high power bundles with no

CRGT (B14, B15, B18 & B19) showed

intermediate values between those in the
central bundles and peripheral bundles.

Figure 3.4.3-5 shows maximum, average
and minimum superheating of all the

CETs. Temperature range between the
max. and min. values may be due to the
radial power profile, three-dimensional

(3D) steam flows in the upper core and
core exit regions under cooling

effects of colder structures such

as the UCP. All of the CETs were
guenched by 1576 s.

(4) Relation between average
superheating at CETs and core top
region

The peak rod temperature and its
location in the core changes with the
core water level, and it is difficult to

NEA/CSNI/R(2010)9

12 ; : : : ! : SBl PV-09
1215s,
" Core power T
limit to 50% ) '
: : . : W .- | Possible heat-up
10F--- [ R RRRRREE eeeeendeeee o in case of no core-

power limitation

©
1

Normalized Temperature [-]

i 1 s
1300 1400 1500

1160 1200
Time (s)
Figure 3.4.3-3 Typical high power rod temperatures
(B17) during core heat-up in Test 6-1

1000

1 i
700 800 900 1600

SBI- PV-09

T T T T T
149 TE-EX040-B09-UCP :

1 150 TE-EX040-B11-UCP

161 TE-EX040-BO1-UCP ' :
TE 152 TE-EX040-BO3-UCP-----1------mrimmmomoee Fonrreneeeneees -1

N
w

N
[

5 TE-EX040-B23-UCP -~~~
TE 157 TE-EX040-B02-UCP
2158 TE-EX040-B06-UCP

—_
PN

N
o

Normalized Temperature (-)

o
©

08 1 1 I I I 1 I 1
700 800 900 1000 1100 1200 1300 1400 1500
Time (s)

(1) Central and peripheral regions (TE149-TE158)
SB-PV-09

1600

1.4

T T T
159 TE-EX040-B14-UCP
i 160 TE-EX040-B15-UCP
£ 161 TE-EX040-B18-UCP
£ 162 TE-EX040-B19-UCP
i 163 TE-EX040-B10-UCP
i 164 TE-EX040-B12-UCP
£ 165 TE-EX040-B04-UCP : !
i 166 TE-EX040-B08-UCP -~~~ TR fiv
i 167 TE-EX040-B22-UCP : J
£ 168 TE-EX040-B24-UCP

—_
w

—_
N

Normalized Temperature (-)

L S S S S

10

09

0.8 i I 1 | i i 1 1

700 800 900 1000 1100 1200 1300 1400 1500 1600
Time (s)

(2) Central and other regions (TE159-TE168)

Figure 3.4.3-4 CET responses during core heat-Uggt 6-

1
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SB-PV-09
identify the peak rod temperature and 06 o UCPOWltDTMAX | L i &

its location by using the CET osL—E—UcPouletoTMN ]
temperature. On the other hand, the [ 79— UCP Outlet DTAVE g,}gspowe,g T

top portion of the core generally =, | = o Jlmittoso%:
shows the earliest superheat than the ¢ S § Ve o max
other core regions and they are nearest & g3L = ©d07as, MMV g
to the CETs. Thus, a relation between 3 CETALM GsZthl | N :

the average superheats (DT=F{K]) Y] SR S Y pverage )L
of CET temperatures [DJe (UCP T 910s, ‘ ‘ ‘

Outlet)] and core top region € o1 CET

temperatures [D&e (P9)] shown in = Yo ; N 1 : 1
Figure 3.4.3-6 is obtained for the core 0oe—e—= MR e
heat-up time period of 800-1300 s. A S

good relation is suggested to exist 75 5o a0 Tom 7100 1200 1300 1400 1500 7600 1700
between DLe (UCP Outlet) and Time (s)

DTae (P9). A linear correlation; Figure 3.4.3-5 CET superheats (Max, Ave, Min) esil6-1
DTAVE (P9)2275XD-EVE(UCP

Outlet), is indicated too except for 03 ; . ; SB-PV-09
initial  heat-up  period.  Similar 1 : 1 :
correlation is derived for other tests
and discussed in the following
Sections 3.3.4 and 3.3.5.

DTAVE(PY) = 2.75X DTAVE(UCP Outlet)

o
[

(5) Time delay from core heat-up
compared with other SBLOCA
tests

Normalized DTAVE(UCP Outlet)

A time delay of CETs to detect the
criterion temperature was about 230 s 0la ; i ;
after the start of core heat-up (840 s), 0.0 0.1 02 03 0.4 05
which consists of an initial time delay Normalized DTAVE(P9)

of about 70 s until the CET heat- upFlgure 3.4.3-6 Average superheats at core topmegs. CETs
start, and about 160 s up to the

criterion temperature of 623 K. The initial timelalewas compared with that in the 20 former LSTSide
[7] in Figure 3.4.3-7that indicates a relation between the initiationinig of inadequate core cooling
(ICC) (tcc) and the earliest ICC detection timing by CETs+jt All the data are well correlated by the
relation; fcc=ax(ier) b where a=0.7603 and b=1.027. The result of Tes(iB-=840 s andd1=910 s) is
shown by a thick cross mark, indicating a good espondence to the former LSTF test results. This
means that it generally takes a certain time diglafCETs to detect early stage of core heat-up8FF
SBLOCA tests irrespective of the location and sizbéreak (5.0-0.5% CLB equivalent). It is confirmed
that the initial time delay of 70 s in Test 6-leigquivalent to those of the 20 former LSTF SBLOCA
experiments. The second time delay of 160 s wdgeinfed by a break condition specific to the PV top
break as shown below.

86



NEA/CSNI/R(2010)9

_ 1ot T T s's
) HH
- BREAK LOCATIONS s &g/
IS) B H m’n-/'s _
o o:Pressurizer <3 s g
+ +:PV Top SH? ;
4:Hot Leg S ga/ S
° . 5 3R
° 0:Cold Leg 9 c2
© x:PV Bottom s 4,5' s ¢
= H o ¥ s|C
-t 8 / pClF.
o 103} ERP 5 4
= 1 C
E 1
b o
=
9 - 7
e Test 6-1
by Best Fit
i
5 Data within + 11X
[&]
=
102 1 1 1
102 103 104

ICC Detection Time by CET teET (s)

Figure 3.4.3-7 Comparison of times at core hgaistal
and its detection by CETs between Tedt 6-
and 20 other LSTF LOCA tests (Ref.7)
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4'5 T T T T T T T T
4.0
3.4.3.2 Steam flow chimney T 45
effect through control o
rod guide tubes S 30
g
T 25
Figure 3.4.3-8 compares steam 3
N 20
superheat measured at 7 E
elevations in the core along two 5 15
simulated fuel rods in high-power =
bundles with CRGT (B20, rod 10 ; : ‘ :
No.=(6,6)) and without CRGT . Yoo i3 Frme BlBwl CRGT(TE)
(B15, rod No.=(2,6)) on top of ' 0.0 0.2 04 0.6 08
them [2]; B20(6,6) close to Normalized Super-heat AT=T-Ts

Figure 3.4.3-8 Evolution of steam and rod surfageesheat
profiles in two high power bundles with and
without CRGT in Test 6-1

middle-power bundle (B21) and
B15(2,6) close to low-power
bundle (B03). Steam superheats
measured at the inlet and outlet
(CET) of the UCP above the B15 bundle are also eweth The superheat in rod surface temperature of
high-power rod B17(4,4) at 1200s is added for campa. Due to the limited number of temperature
measurements in the fourth core assembly usedefsir6-1, the steam and rod surface temperatures are
different rods with the same linear heat rate.

The steam temperatures in the upper core regi@aiid P.9) of B15 bundle were always far lower than
those in B20 bundle. At 1200 s, the steam temperatiiference at P.9 was about 180 K. On the other
hand, the steam temperature at P.9 in B20 bundéeawdtle higher than the rod surface temperaiuire
B17 bundle suggesting that the uprising steam igeexlily cooled once heated by the high-tempegatur
rod surface in lower elevation (e.g. rod temperatat P.7). On the other hand, the distorted steam
temperature profile in B15 bundle may be ascrilmethé outflow of high temperature steam to adjacent
bundles with CRGT and inflow of colder steam frosripheral bundles. The highest steam temperature
was detected at P.9 in B20 bundle and thus thissteatm should have entered the CRGT above B20
bundle. The CET above B15 bundle detected thedomperature steam. Such a chimney effect that a larg
portion of steam enters CRGTs without CETSs insitlé goes towards the PV top break prevailed in Test
6-1, causing the long time delay for the CETs tteckehigh-temperature steam. It should be notetthiea
difference of upper core steam temperatures arB20¢6,6) and B15(2,6) rods also includes effect3df
steam flow from the adjacent bundles at lower poeeel, though the extent of influence may depend o
the location of rod with the temperature measurénreeach bundle. This point is discussed furtimer i
Section 3.4.4(2) for 2.5% CLB LOCA test resultswhan Figure 3.4.4-12.

In addition, an average steam velocity at the UBR paths was estimated as 0.30-0.19 m/s for T-4st 6
by using an average coolant mass decreasing rdke iRV lower regions during each 50 s in the time
period of 800-1200 s ([1], see Table 3.4.5-1). hmb#er steam flow in the high power bundles mayehav
focused into the CRGTs at higher steam velocity ttheés average value, and cooler steam flow in the
peripheral low power bundles would have lower steastocity than this average value. As a general
response, the core barrel temperature was signilfjcibower than steam temperatures in the periphera
low power bundles. The core barrel wall was theadgally heated up by both the relatively high-
temperature steam and thermal radiation from tlaifnge rods. The other cold structures in the corhs

as dummy rods at the core periphery were also tidagehot steam. These structures should have a
significant cooling effect especially in the pergpal region during the boil-off process.
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3.4.4 Typical CET performance in additional 12 test

The CET performance in additional twelve ROSA/LSS¥periments [4] is summarized including their
diversity and similarity. Some tests include inflaes of fall-back water with a limited or signifitaeffect
on CET performance.

3.4.4.1 CET performance in PV top break LOCA tests

The CET responses in three PV top break LOCA te#ts break sizes of 1.0% (SB-PV-07), 0.5% (SB-
PV-02, [8]) and 0.1% (SB-PV-08) are compared wht#ttin 1.9% break (Test 6-1, [1,2]). As the breiak s
decreased, the time duration of cycle opening ofr8l{ef valve increased, though the basic trendavé
uncovery because of core boil-off was unchangedl. &Sponse relative to the core temperature during
the core boil-off was similar among the four caseduding the steam flow chimney effect into CRGit's
the top part of core. However, the effectivenesghefchimney effect became weak as the break size i
decreased and negligible in the case of 0.1% biteatead, the reflux fall-back water becomes sigaift

to the local CET responses and core cooling wheaksize becomes small; especially less than 1%.
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(1) 1.0% PV top break tests
without reflux fall-back water

The smaller break size of 1% in SB-

PV-07 than 1.9% in Test 6-1 caused
a later boil-off start at 1610 s than

840 s in Test 6-1 as shown in

Figures 3.4.4-1 and 3.4.4-2. In the

1% top break case, the primary

pressure became lower than SG
secondary pressure at about 1800 s
and reflux cooling remained till

about 1850 s. The influence of the
reflux fall-back water on CETs was
insignificant as shown in Figure
3.4.4-3. The liquid level in the core
dropped to the lower region until a
little after the HPI actuation at 1926
S.

Typical core heat-up behavior at
three elevations (P.9, P.7 & P.5) is
shown in Figure 3.4.4-1 and CET
temperatures in the center and
peripheral regions during core heat-
up period are shown in Figure 3.4.4-
3. The core and CET heat-up
behaviors are compared in Figure
3.4.4-4 in a form of superheat
(DT=T-Ts [K]) distribution between

DTuax and DTyn. The core

(P.9), and Dfiax at P.8 and P.7
with an envelope of the maximum
core temperature. Operator action to
start HPI was done at 1926 s by
detecting two CET temperatures
exceeded 623 K (see Figure 3.4.4-
3). Temperature difference between
the hottest core (789 K) and CET
(623 K) at 1926 s was 166 K. The
peak cladding temperature (PCT)
was detected as 880.5 K at 2080 s at
P.7 of high-power rod B17 (4,4).

4
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o _ _ 200 N __SB-PV-07
Similar  discrepancy in steam — 6 UCP DTMAX ; o ]
superheats between two high power g X UCPDTMIN T N
rods of B20 with CRGT and B15 o R e i N A
without CRGT appeared in the 1%  + o X .
top break test (not shown) as in the e e
1.9% break case shown in Figure o poDTVA
3.4.3-8 suggesting a similar 3D core 300" —— p.9DTMIN
steam flow with the chimney effect ED GRS
into CRGTs. Temperature difference £ 20015 p.7 DTmMAX
at P.9 between B20 and B15 rods & [ = 4
was 122.5 K at 2000 s and 152.7 K+ 100
at 2100 s, and was lower than about [l
180 K in the 1.9% break case 0 : ; ‘ 1 : | ‘ ‘
probably because of lower core 500 W00 00 Zi0 B0 250
power. Time(s)

Figure 3.4.4-4 Distribution of superheats at CEd apper
core region during boil-off in 1% PV top break
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(2) 0.5 and 0.1% PV top break

SB-PV-02
; ) 9.0 . ; . . 300
tests with reflux fall-back broseure in PR e FLA Top denshy
water —>X— Pressure in SGA —2A— HLA Middle density
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opening of relief valves in one of = TSG’_A >
two SGs (SG-A). The reflux water £ 75 fRrv open =i : 5 1150 =
which contributed to local core 3 : ; § : gtﬁsﬁsﬂom ‘ g
cooling in the HL-A side increased & 7.0 i Mypiert oo A N N 100 A
when SGRV opened as suggested by |
fluid density increase at HL-A 6.5 W g b 50
bottom in Figure 3.4.4-5. i ol
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Time (s)
1Figure 3.4.4-5 Pressures and hot leg fluid dessitféected by
SG pressure regulation in 0.5% PV top break test

SB—lPV—OZ

Figure 3.4.4-6 shows distribution of
superheat at the CETs and that o
upper core at P.9 and P.8 in the

0.5% PV top break case, similar to 50

Figure  3.4.4-4.  The CET o 5l % UoP DTMIN.

temperatures did not reach 623 K -

due to early HPI actuation at 3930 s. | (=R
Earlier and higher CET superheat 25 T R R R i
(DTuax) appeared in the HL-B side ' ! ! ' 1 1 { !
after 3704 s while no superheat g T TR
(DTuin=0 K) appeared at CETs and sl g PoDtave L
core rods at HL-A side, suggesting < ; ; 1 § 3 | | 1
the local cooling effects of fall-back @ 50

water. The steam flow chimney - b me—e—
effect into CRGTs was suggested to

occur by steam superheat difference 0 ‘ :

between high power bundles with or 25 i i ; i j i ; j
without CRGT, but was far less than 3500 3600 37$?me © 3800 3900

Figure 3.4.4-6 Superheats at CETs and upper cgienre
0.5% PV top break test with limited fall-back water
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those in 1.0% break test shown above [2].

Figure 3.4.4-7 shows distribution of superheatEBT€and upper core

L e SBPV-08
—©— UCP DTMAX | 3 | ‘
g 50L—%— UCPDTMIN g
P —©— UCP DTAVE
-~ : ‘
= 0
i i i i i i i
200 T J T ' T ! T
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e —#&— P.8DTMAX ! 1 1 :
¥ 100[--—&— P.7DTMAX -
(7] : : :
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K 50f
0

i i i .‘ ; i s
38000 38400 38800 39200 39600 40000 40400 40800 41200
Time(s)

Figure 3.4.4-7 Superheats at CETs and upper egrerrin
0.1% PV top break test with limited fall-back water
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region in the 0.1% PV top break case (SB-PV-08)il&r to the 0.5% break case, the primary pressure
was controlled by the cycle opening of relief vahad SG-A and reflux water temporarily came down to
UCP and core. The reflux water cooled the coreponbt the CETs in the 0.1% break case during thg lo
term transient. The CETs were significantly infloed by the fall-back water, showing later and senall

heat-up. The steam flow chimney effect into CRGihigh power rod superheat was not observed in this
0.1% break case.

3.4.4.2 Effects of break size on CET performance icold leg break LOCA tests

The CET responses in three cold leg break (CLB) RQ€sts with break sizes of 10% (SB-CL-09, [9]),
2.5% (SB-CL-01) and 0.5% (SB-CL-24, [10]) are sumge. Typical phenomenon in the CLB LOCA is
the two core heat-ups during loop-seal clearingg).&nd core boil-off.

(1) Fast blowdown and no CET indication for core heat-p in 10% CLB test

The 10% CLB LOCA test (SB-CL-09) [9] showed thetfpamary depressurization as shown in Figure
3.4.4-8. The core heat-up shown in Figures 3.4a4 3.4.4-9 started at 67 s at the core middleagtay
(P.5) during the LSC and the resulted high corepeature caused core power trip at 111 s; a bhfftler

the primary pressure became lower than the SG dacpside pressure at about 100 s. The PCT of 930 K
was detected at P.6 of high power rod in this téstCETs showed heat-up during the core heat-upger
as shown in Figure 3.4.4-9 because of significaltofack water from hot legs under downward cooevfl
condition during the LSC. Figure 3.4.4-10 showsidgip propagation of dryout and quench fronts of
several rods. The influences of fall-back wateresppclearly as top-down quench in the low-power
peripheral region in the core. The 10% CLB LOCA sloet need AM action based on the CET heat-up
because of the very rapid transient, but indic#ftesinfluence of remaining coolant at UCP on CET
responses.

16 ST ! ! ! ! l ! ' T
\ 3 : —©— Pressurizer (SC9)
1Yk | R P Feeeees ... —X%— SGA (SCO)------- - —
)

—<— Pressurizer (SC1
—aA— SGA

Pressure (MPa)
[}

dpe Cn SN 887s,

Power tri p¢

L 67s! 153s %\ |
—_— :

Core Heat-up(SCQ)

%0 0 100 200 300 400 50 600 700 800 900
Time(s)

Figure 3.4.4-8 Primary and secondary pressure8 in 1

and 2.5% CLB tets
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100 SB-CL-09
o —6— UCP DTMAX' ! ' '
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(2) CET responses for core heat- @ ol g G0 o o o o
up in 2.5% CLB test (SB-CL- . ; . ; i :
01) 400 T T T T T
P.9DTMAX””””””””}”” &1113‘(:0@ ,,,,,, h
The primary pressure in 2.5% CLB ; 1 Power Trip

test (SB-CL-01) shown in Figure 30

3.4.4-8 became lower than the <
secondary pressures after 440 s E
causing no reflux fall-back water +
during the core heat-up period after 100

200 e R

575 s. The LSC at 360 s had less o / O SR . S G B
influence on core heat-up except 0 X =
though there was a temporary and i s s o 760
small core level depression and rod Time(s)

temperature increase at the upper  Figure 3.4.49 Distribution of superheats in upper |
core region. During the boil-off, the core and no CET heat-up in 10% CLB test
dryout region extended to P.4 below

the core middle height. The highest 4 — T T T I i SB'C,L'OQ
cladding temperature was 923 K for | P9 (Top)

core protection at 887 s observed at
P.7 of high power rod, though the By

accumulator started at 850 s which _ | p;
finally cooled the whole core by % o6 it
1086 s. w : A oo

S 2[5 viddie) e [of B[l ]

S | ra el
Figure 3.4.4-11 compares W Dryout Quench cwifa =
distribution of superheats at CETs 1|23~ / o—eHigh-powier Rod (B15,816)
and upper core region. The CET P2 _ l PR A b <o
heat-up started at 629 s and the +—vLow-power Rod (B10)
earliest CET temperature reached — oLPAEo™, *, ! . . !
623 K at 790 s when the maximum 40 60 80 Timl(z)(zs) 120 140 160
rod temperature was 805 K showing Figure 3.4.4-10 Variety of rod heat-up and quench
_?_ht:mﬁgtr:stf[”e CdIIEf'fl?reEZZtOfplSZ a}fs. behavior in 10% CLB test

-up w
observed in the peripheral region at . SB-CL-01
about 770 s. The average superheat 1o o uce DTMAX | P P P o]
of CETs (UCP DRe) was well 5 | 5 ocoomve. o o o
related to that of core top (P.9 [ : j } 7 o ]
DTave) as shown in Section 3.4.5(3- ; ; i ; ; ; ;
3). 400
300} -

Axial steam superheats in high o
power bundles with CRGT (around 5 2%
B20(6,6) rod) or without CRGT
(around B15(2,6) rod) are compared 1007 i e T e X 7
in Figure 3.4.4-12, similar to Figure [ 7 e A i
3.4.3-7 for Test 6-1 in Section O pme— T S S SR peee .
3.4.5(2). During the core boil-off, 560 600 640 680 720 760 800 840 880

Time(s)
Figure 3.4.411 Distribution of superheats at CETs and uppes
region during core boil-off in 2.5% CLB test
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temperature difference appeared between these dgjndiit the difference was far smaller than that
observed in Test 6-1 probably because the chimifegtahrough the CRGTSs is negligible in the CLB
LOCA.

45 . . . . ! ! ! SB!-CL-Ol

Core Elevation EL(m)

: ‘ 0——1 TE around B20(6,6)rod
10 P38 - booeidieedo o hem £ TE around B15(2,6)rod A

i i
300 400

200

AT=T-Ts (K)

Figure 3.4.4-12 Comparison of steam hagatbehavior in tw
high power bundles in 2.5% CLB test

0 100
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. . — Power
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: : o | P9 R eatup o
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was detected by the CETs during 2 [28=17= [ Heatup of | Front /

. . ] P.7 N Heater Rods
each short period of time. The g |-~ \\ .
rimary loop was pressurized in later £ ,|'5s" VAN N/ !
ph y loop p 5 2FP5, Core N AN ‘\r\/\f
phase of the test due to loss of P4 Collapsed \J\\&W\
secondary coolant as shown in Figure P3_ Level
3.4.4-13. } i |
Core Heatup Plenod (5?29 to 7?755)

0
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SGs as the first AM action, and rapidFlgure 3.4.4-14 Core heat-up and quenchageor in 0.5% CLI
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second and third AM actions were 300 — 1
taken in the later phase of transient | ‘

(5000- 8000 s) as shown in Figure < 200

3.4.4-13. The core heat-up (5929- E 100

7675 s) took place because of core 0

boil-off as shown in Figure 3.4.4-14,

followed by the second and third AM 500

actions for the primary 400

depressurization. There was reflux _ 300

water fall-back on the CETs during < 200

the core heat-up period because the

SG secondary pressures were lower 100 :

than the primary pressure. The core 0 ‘ f -

power was finally limited after 7109 i s : i i . . i i
s for protection of heater rods from 5500 6000 6500 8(5)7000 7500 8000

Figure 3.4.415 Distribution of superheats at CETs and uppez
region in 0.5% CLB test
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further heat-up. The LPI was started at 7371 sdoe cooling.

A significant delay appeared in the core heat-upotth hot leg sides by the effect of reflux watdl-back

until the second AM action. The delay in the CEmperature increase happened too above the affected
core regions. On the other hand, the rapid prindepressurization by the second and third AM actains
the pressurizer caused significant steam generaiithna temporary level increase in the core. Assilt,
uprising steam flow in the core and upper plenumost stopped the fall-back water onto CETs and,core
enhancing the temperature increase in the CEThasnsin Figure 3.4.4-15. The average CET superheat
(UCP DTave) was well related to the average rod superheadrattop (P.9 DAyg) irrespective of the local
fall-back water effects on both CETs and core sge (Figure 3.4.4-21).

3.4.4.3 Significant fall-back water effects on CETduring SG depressurization action and improved
responses after PORV opening in 0.2% PV bottom brdatest

Core boil-off started after a long transient angh#icant influences of reflux fall-back water orET
responses appeared in the 0.2% PV bottom break L@SWA(SB-PV-03). The SG depressurization was
initiated at 945 s to cool the primary system aate of -55 K/h. The primary depressurization, hesve
was degraded after 7190 s as shown in Figure 38l.Because non-condensable (nitrogen) gas from
accumulator tanks accumulated in the SG U-tubes.cbine heat-up due to boil-off started at 8573d an
the core power was lowered to 10% of decay pow82@0 s to limit the further heat-up as also shawn
Figure 3.4.4-16. Whole core was quenched until 2689 the LPI actuated at 9280 s. The dryout fadnt
heater rods in high-power bundles (B13 and B17wshim Figure 3.4.4-17 indicates the earliest hgat-u
straightly corresponding to the core mixture lavahsient while that of other rods in peripheraV{power
bundles (B0O3 and B0O8 located below the hot leg lesshowed significantly delayed heat-up indigatin
the influences of reflux fall-back water. It shoubd noted that such locally-cooled rods generated
saturated steam that rose up contributing to mairgeam in saturated condition at the CETs. Adl th
heater rods started heat-up after the third AMoacto fully open the PORV at 9060 s, which waslIpart
related to the CET response.

Figure 3.44-18 shows all CET temperatures during the coré-inggeriod. The CET temperature started
to rise after upward superheated steam flow waabksihed by the PORV full-open. Thus, the CET
performance to detect core heat-up was signifigditiited by the reflux fall-back water during tI8G
depressurization action, and was clearly improvweduxlden increase in the uprising steam flow induce
by the PORV open action as the third AM action.
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Figure 3.4.4-18 shows all CET

temperatures during the core heat-
up period. The CET temperature
started to rise after upward
superheated steam flow was
established by the PORYV full-open.
Thus, the CET performance to
detect core heat-up was
significantly limited by the reflux

fall-back water during the SG

depressurization action, and was
clearly improved by sudden
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increase in the uprising steam flowFigure 3.4.416 Degraded primary depressurization under Al¢

induced by the PORV open action
as the third AM action.

3.4.4.4 Break location effects on
CET performance

Three LOCA tests with different
break locations but with the same
break sizes of 05% CLB
equivalent are compared; hot leg
break (SB-HL-05, SH5), PV
bottom break (SB-PV-01, SP1) and
TMI-type (AT-SB-03, SB3). These
three tests cover both highest and
lowest break locations in the
primary system as extreme
boundary conditions, considering
that the break location controls

inflow and rod temperatures in 0.2% PV bottom break
test
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primary coolant discharge rate and igure 3.4.4-17 Local core cooling by falkck water in 0.2% P

thus depressurization rate in
SBLOCASs under gravity control.

Figure 3.4.4-19 compares the
primary pressures of three tests
with major event timing. The
earliest core heat-up in SB-PV-01
started at 1498 s due to large mass
discharge rate mostly by subcooled
water from the lower plenum until
about 2000 s. The last heat-up
occurred at 5517 s in AT-SB-03
because steam apt to

Fluid Temperature (K)

bottom break test
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Figure 3.4.4-18 No CET heat-up by fall-back watetil(PORV

open in 0.2% PV bottom break test
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Figure 3.4.4-19 Primary pressures in 0.5% HLB, ®Ydm

break and TMI-type LOCA tests
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Figure 3.4.4-20 Average superheats at CETs andtopre
region in 0.5% HLB, PV bottom break and TMI-
type tests
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O Rod-P9 vs CET
T T

. . . 100 T T T
be discharged, leaving coolant in . TMI-type LOCA (SB3)
the primary loop. The core heat-up 50 A - (5500-67005)
in SB-HL-05 occurred at 2000 s as o ; DTave(P9) = 1.42 DTave(CET)+23.6K
an intermediate case where water 100

T T
0.5% HLB (SH5):

discharge turned into sSteam | (1900-28005)

discharge at about 1500 s. An
operator action to fully open the
PORV was initiated at 2162 s in
SB-HL-05 by using the hot leg
superheat (§ + 5 K) as an

indicator. The primary pressure

DTave(P9) = 2.08 XDTave(CET)
1 1 1

oo

0.5% PV Bot. Break (SP1)
(1450-1770s)

(S

DTave(P9) = 2.05X DTave(CET)
1 1 1

DTAVE(CET) [K]

rapidly —decreased  afterwards. 1001555 Coid Leg Break ' !

Though the core heat-up timing is 501 (590090005) ‘ | 1
different in these three tests as : : T ave(CET) 40K
above, the core heat-up occurred at 07 50 100 150 200 250 300
similar primary coolant mass _ DTAVE(P9) [K]

inventories [8]. Figure 3.4.4-21 Comparison of relations betweemege

super- heat at CET and core top rod in 0.5%
HLB, CLB, PV bottom break and TMI-type
The CETs in each test detected
superheat during each core heat-up
period as shown in Figure 3.4.4-20 20 T , , , ,
that compares average superheats at 1 3 : 3 1
CETs (DTave(CET)) and core top

'Il'R-LF-O3

region (DTawe(P9)) in three tests. e, o S L ,,,,,,, 1093005?,,,_
The core heat-up in each test was ! T 43045, A
limited by terminating or limiting g L119s, | PzrR-sv : "
core power and the core was cooled < LgGSVt g . Operated

. O 10k perated ... i A 4
afterwards by HPI or AIS. Figure 2 : :
3.4.4-21 shows relations between g

o

the average superheat at CETs and
core top region for these three tests

]

in comparison with that in 0.5% —o— ggAsi 5 | . Core ncovery
—X— eam Dome : : ;
CLB test (SB-CL-24). These — o SGB Steam Dome

showed that CETs successfully 0 i i i . i |
detected  steam  superheating, 2000 0 2000 4000 6000 8000 10000 12000

though with a certain time delay Time(s)
and CETs temperature difference Figure 3.4.4-22 Primary and secondary pressures

under limited influences of reflux in station blackout scenario transient test

fall-back water. Similar CET

responses were derived irrespective of their biteadétions. In the 0.5% PV bottom break test (SP1),
however, the CET temperature difference from thating-up core increased at high-temperature region
when steam generation became almost zero becattse whole core uncovery.

3.4.4.5 CET performance in two transient tests undeextremely high or low pressure conditions

(1) Station blackout (TMLB’) scenario test (TR-LF-03)

The primary system was initially cooled by cycleenpng of SG safety valve (SV) but started
pressurization at about 3600 s as shown in Fig4rd-22 when the SG secondary coolant was almstt lo
The cycle opening of pressurizer (PZR) SV after4439caused gradual loss of primary coolant mass,
leading to core heat-up at 9657 s due to boilTifie CETs detected superheat at 9780 s with a tetey d
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of 123 s after core heat-up start with a tempeeadistribution as shown in Figure 3.4.4-23. Theisdion
temperature (= 626 K) is higher than 623 K at such high presstliree average superheating of CETs
was well related to that of core top region in tt@st too, as shown in Figure 3.4.5-1, and a diffee
between these two superheats in this test is #st BEmong the compared eleven LSTF tests. The CET
superheat (DT=T-J) should thus be useful for core heat-up detection.

(2) Loss-of-RHR during mid-loop operation(TR-RH-06)

This test was started at primary pressure of 0.FaMwater level at HL middle height, HL coolant
temperature at about 333 K and constant core pofv@38 MW (0.5% of 1/48-scaled PWR rated power
to simulate 1.5 day after the reactor shut-dowte Pprimary pressure started to increase at 125t a

boiling start in the core resulting in steam diggeathrough an open manhole at PZR, and finallg cor
heat-up started at 9045 s at 0.15 MP&8B4 K) as shown in Figure 3.4.4-24.

The earliest CET heat-up started at about 9800shawn in Figure 3.4.4-25, which was 755 s after th
core heat-up start, and the last one was 390rstkate the earliest one. The CET temperature iseregte
was significantly lower than that of core top regionder the extremely low saturation temperature
condition. The CET temperature did not reach titeroon of 623 K. AFW and HPI were thus respectjvel
initiated at 9830 s and 10340 s based on monitooed temperature. This result may suggest that the
superheat of CET (DT) is suitable for the core hgatletection instead of a certain constant valieh 8s
623 K. The significant delay of CET heat-up rediilthie to reflux fall-back water during the gradual
primary pressurization process (subcooled watestedi only in the HL-B bottom) and also by the
significantly higher steam velocity at the coreted shown in Table 3.4.5-1.
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3.45 General
performance
experiments

CET

in LSTF

CET performances observed in
the thirteen LSTF tests are
summarized below being related
to an average volumetric flux of

steam flow at the core exit, fall-

back water effects and delay of
time and temperature increase
from core heat-up.

(1) Rather stagnant steam
flow during core boil-off
in most of SBLOCA tests

Steam is generated below
mixture level in the core under _
influences of core decay power§
local cooling of rods by fall- T
back water above mixture level, 3
stored heat release from meta@
structures and flashing under™
depressurization. An average
steam velocity (¥ [m/s]) at the
UCP with flow area of 0.08558
m? during core boil-off of each
test was estimated in Table
3.4.5-1 considering above
factors for all the experiments to
study the uprising steam
condition except for the 10%
CLB test in which downward
flow is dominant. The obtained
results reveal that the steam
velocity was very small;
typically around 10 to 30 cm/s
and less than 0.6 m/s in most of
LSTF tests except for the case
of Loss-of-RHR (TR-RH-06)
test with the velocity more than
1.5 m/s under atmospheric
pressure.

Temperature (K)

950

850
750
650
550 ] i i i I
-2000 0 2000 4000 6000 8000
Time(s)

in TMLB' test .

. , : : . TR-LF-03
Performance of CET ; Max. Rod Temp.
to detect core heat-up ! af Core Top

10000 12000

Figure 3.4.23 CET temperature distribution and maximum «
top region temperature in station blackout scernasb
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Figure 3.4.4-24 Primary pressure and core collapsedr
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Figure 3.4.4-25 Distribution of superheats at Caiid upper
core region in loss-of-RHR transient test
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Under such low-velocity conditions, 3D steam flowuld be apt to emerge in the core and around tree co
exit even with small driving force. Several factthat may cause such 3D steam flow include (a)jtadi
power profile, (b) cooling effect by low-temperauwstructures [5] and (c) CRGT-chimney effect for PV
top break LOCA. The steam temperature distribuitiotine core and the core exit under influencesuohs
3D steam flows is clearly observed in both CLB LO@&#d PV top break LOCA tests respectively shown
typically in Figures 3.4.4-12 and 3.4.3-7.

Table 3.4.5-1 Average steam velocity at core exiirdy core boil-off in ROSA/LSTF tests

Time (s) Primary | Total Core Av. Steam| Steam
Heat-y Mpay | @ s (kgls) | Ve (mis)
EL (m)

Test 6-1(1)| 800-1200 50| 7.6-54 | 159-1.46 3.66-1.05 0.92-0.82.30-0.19 | C
SB-PV-07 | 1600-1950 | 50| 7.9-7.4| 1.37-1.28 3.68-1.61 0.74-0.48.20-0.13| C
SB-PV-02 | 3500-3900 | 1008.1 1.06-1.02| 3.66-2.81 0.73-0.6% 0.20-0.18 B
SB-PV-08 | 38000- 200| 8.0 0.55-0.54| 3.66-2.07 0.38-0.30 0.10-0.08 B

40600
SB-CL-01 | 600-900 100 6.6-4.3 157-1.46) 3.05-1.05 0.76-0.22 0.28-011 A
SB-CL-24 | 6000-7100 | 1003.8-1.5 | 0.88-0.82 3.58-1.83 0.51-0.28 0.39-0.23 /@/B
SB-HL-05 | 2000-2700 | 1008.1-4.2 1.21-1.13 3.61-1.09 0.82-0.55 0.29-022 /B/B
SB-PV-01 | 1500-1660 | 20| 8.2-8.1 | 1.30-1.27 3.05-0.p0 0.72-0.p3.22-0.01 | B
SB-PV-03 | 8600-9200 | 2001.3 0.80-0.79| 2.89-0.81 0.35-0.24 0.62-0.44 B
AT-SB-03 | 5500-6700 | 4008.0-6.6 | 0.94-0.23 3.66-1.05 0.61-0.06 0.17-0.02 A/B
TR-LF-03 [9500-11000| 50017.2-17.3/0.95-0.92| 3.66-0.80 0.87-0.14 0.08-0.01 A
TR-RH-06 | 9000-10500 50?0.14 0.38 3.66-1.98 0.16-0.11 2.35-1.59 A
*1 Average steam velocity at upper core plate ffmth (A=0.08558 1)

*2

().

Case B: Mean value of Y\and a steam flow rate determined byu@der fall-back cooling.
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Case C: W is determined by average coolant mass decreaatedm core, lower plenum and
downcomer during a time period af (s) in case of fast depressurization conditions.

Case A/B/C uses three cases corresponding totieaelperiod in one test.

(2) Effects of fall-back water on CET performance dring core heat-up

Table 3.4.5-2 summarizes conditions of fall-backewndor all the tests. No or almost no fall-backieva
condition designates “No” for three tests; Test, @B-PV-07 and TR-LF-03. Significant fall-back wate
condition designates “Yes” for two tests; SB-CL-@8ring LSC process and SB-PV-03 under SG
depressurization. The SB-PV-03 test, however, sieswperheat detection by CETs when uprising steam
flow was induced after the PORV was opened as a&natqr action. Limited effects of reflux fall-back
water designate “Ltd”". In the “Ltd” cases, reflusatant from hot leg(s) was effective only in a ghone
during core heat-up process or in a local domaitUGP or core allowing the superheat detection by
remaining CETs. The CET superheat detection behagiated to the core top heat-up presented inr€igu
3.4.5-1 is summarized for the cases of “No” andifitéd (Ltd)".

Table 3.4.5-2 Summary of CET performance on defdaine and temperature from core heat-up

in ROSA/LSTF tests

Fall- | Time of Events (s) T (K) at Time
Test ID back axB°A | C,in | Cyin c
SASPN B:CET[B -|C:CET |O7 |EAQ@) |EAD) | T,0? |Trar?
Core Heat- A at 623 in Core |- Tcer
Heat- |up K
up
Test 6-1[1]| No | 840 910 70 1074 0.99 278 - - 190
SB-PV-07 [ No | 1610 1722 112| 1926 0.99 1.98 28j1 789 166
SB-PV-02 | Ltd | 3532 3704 172| (4180)| 1.00 1.47 169 (858)(58)
SB-PV-08 | Ltd |38140 | 39125 | 985| 40760 1.04 196 28/9 694 71
SB-CL-09 | Yes | 67 - - - - - - (930Y | (364)
SB-CL-01 |Ltd |575 629 54 790 0.99 215 26.0 805 182
SB-CL-24 | Ltd | 5929 6280 351| 6536 1.02 1.88 40 781 158
SB-HL-05 | Ltd | 2000 2110 110| 2606 0.99 2.0% - 749 126

104



NEA/CSNI/R(2010)9

SB-PV-01 | Ltd | 1498 1586 88 1612 0.98 205 - 732 109

SB-PV-03 |Yes | 8573 | (9182)| (609) - - - (925)2 | (437)

AT-SB-03 | Ltd | 5517 5850 333| 5996 1.02 142 236 698 75

TR-LF-03 |No |9657 | 9780 | 123| - 099 | 154 - (962)| (60)

TR-RH-06 | Ltd | 9045 | 9800 | 755| - 1.06 | 3.85 120 (9%%6) (449)

*1 Fall-back water effects on CET responses arechbly Yes, No or Limited (Ltd) in time or
local domain.

*2 Tmaxin bracket is a maximum core temperature when @EHTNot reach 623 K.

(3) Similarity and diversity of CET performance during SBLOCAS and transients

(3-1) No CET heat-up under significant fall-back waer in two cases

No CET heat-up was observed in two LOCA tests saing 10% CLB (SB-CL-09) and 0.2% PV bottom
break (SB-PV-03) under SG depressurization actiothese tests, fall-back water significantly liedtthe

CET heat-up as well as local core cooling. In SB@3Y the CETs became to detect superheat at 9182 s
(609 s after the core heat-up start) after thesupgisteam flow was induced in the core due to PORV
opening at 9060 s.

(3-2) General CET responses for time delay from cerheat-up

Table 3.4.5-2 shows times of core heat-up start¢A[s]), CET heat-up start (Bgdr [S]), CET heat-up to
623 K (C) and a time delay of (B-A) for each td@ste delay time seems to depend on break size ambva
from the shortest of 54 s in the 2.5% CLB LOCA testhe longest of 985 s in 0.1% PV top break LOCA
test. These times of A and B, however, are welledated by the following equation [7] as,

tee = a X(ken)” 1)

where a=0.7603 and b=1.027, within an uncertaifity 6%, except for 10% CLB LOCA test and 0.2%
PV bottom break LOCA test (see Table 3.4.5-2 & Fegdi4.3-7).

A time delay of (C-A) in each test also shows déitgrfrom the shortest of 114 s in 0.5% PV bottamatix
LOCA test to the longest of 2620 s in 0.1% PV topalx LOCA test. It was found that the CET heat-up
rate depends not only on the break size but alsihn@mrore heat-up rate which was affected by thieewa
level decreasing rate and the time to start coat-tne (A). In the 0.5% PV bottom break LOCA tebg t
core uncovery region extended to middle elevatioly i 34 s after the core boil-off start becau§¢he
water discharge from the lower plenum.
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(3-3) General temperature discrepancy between CETand core

As shown in Section 3.4.3.1 (4), superheats ofatrerage CET temperature (RE(CET)) and average
core top region temperature (RE(P9)) are generally related in a linear relation fwost of the tests
except for the 10% CLB LOCA test and 0.2% PV bottommak LOCA test (see Figure 3.4.5-1 & Table
3.4.5-2)as,

DTave(P9) = Gx DTae(CET) + G, (2

where G varies from 1.4 to 2.8 (1.93 in average) for testd except for TR-RH-06 test with Gf 3.85
under extremely low pressure condition, andvaries from 0 to 40 K for ten tests except for RR-06

test in which G is as large as 120 K. Similar relation exists foost of the tests irrespective of
significantly different heat-up timing or time dglaf (B-A) including a few tests with limited falack
water effects. These relations indicate that tmeptrature discrepancy of the CETs from the core top
region generally increases with time, if the coeatrup region extends toward the middle of corda wit
higher linear heat rate.

A large temperature discrepancy was observed batthee maximum temperatures,£l) of CETs and
whole core as shown in Table 3.4.5-2. When the Q&FE heated up to 623 K, the maximum rod
temperature was 70-190 K higher than it for eigistd. The peak cladding temperatures (PCT) in three
tests (two tests with no CET heat-up and TR-RH&¥ tinder extremely low pressure condition) were
significantly higher by about 360-450 K than CEmperatures when PCT reached limiting temperature of
923 K for protection.

(3-4) Need of CET superheat indication for AM actia in case of extremely high or low pressure boil-
off conditions

Steam superheating in place of 50
5 . . . . .
constant CET thresholq temperature Average CET Superheat Related to
Woulq be _preferable in abnormal Average Core Top Superheat in
transient with extremely high or low
pressure boil-off. In the station

blackout test, CETs prior to heat-up __ ; : 3 !

were at a saturation temperature 100/ SBHLOR ) S AR T
higher than the AM setpoint £ : ‘ :
temperature of 623 K. On the other O OECD/NEA ROSA
hand, in the loss-of-RHR test, the o Project, Test 6-1

initial saturation temperature was far E 50 . : |

lower than 623 K and the CET
temperature increasing rate was
significantly lower than that of core
top region, resulting in no arrival of ‘ ‘
CET temperature to 623 K during the A i i i ,
test period. In these cases, CET 0 50 100 150 200 250 300 350 400
superheat indication would be helpful DTave (P9) [K]
Figure 3.4.5-1 Comparison of relations betweenayer
superheats of CETs and core top region in TesaBel10

TR-RH-06
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for operators instead of the absolute CET tempezatu

(4) Reasons for time delay and temperature discrepay from heating-up core

Following conditions are clarified that may cause €ETs time delay to detect superheat and temyperat
discrepancy from the heating-up core for the 13E8ts [2, 5].

(a) In smaller break size cases, time delay frora beat-up will be longer as the average steanctitglo
decreases with decay heat due to the later imitiaif core boil-off.

(b) Cold metal structures at the core exit (sucku@®, upper nozzles and core barrel in the perghher
region) as well as low temperature rods at the tmpedecrease steam temperature as steam rises
from heating-up core.

(c) In a special case of PV top break LOCA, hoastereferentially flows into CRGTs due to their
chimney effects, which increase a delay in CET Jupabecause of its measuring location around
CRGTs.

(d) In loss-of-RHR transient under atmospheric gues, high speed steam flow causes low steam
superheat leaving large temperature discrepaneyeleetcore top region and steam at the CETSs.

(e) The CET temperatures depend on fall-back watteditions and radial power profiles in the core.
3.4.6 Applicability of LSTF/CET performance to PWR conditions

The applicability of the LSTF test results to treference PWR is briefly discussed concerning the
following four points.

(1) Volumetrically-scaled steam generation in coras a basic factor

Thermal hydraulic factors such as the core powet BN coolant inventory in the LSTF are well
volumetrically scaled as well as the scaled brézdk t® simulate real-time transient. The steam geita
rate in the core during boil-off in the referenc@/R is thus well simulated in the LSTF experiments,
though the metal stored heat per unit fluid volumestly of pressure vessel, is relatively large parad
with that for PWR. Since the flow area of the carel UCP in the LSTF are both volumetrically scated
those of the reference PWR, average steam velatitthese regions during core boil-off should be
equivalent to that of the reference PWR.

(2) Steam cooling effect by colder structures arouhcore exit

The reference PWR is furnished with internal stieess at and above the active core region, whicludiec
the UCP, upper nozzle (End-box), No.9 spacer, ggsum region of each fuel rod and core barrel & th
core peripheral region. These structures are alsiostilated in the LSTF by the same elevation (see
Figures 3.4.2-1 and 3.4.2-2) and 1/48-scaled ftial areas. Instead of the gas plenum of each rigb|

the LSTF heater rods have non-heating part abozedp of heating region. Steam flow area in each
structure per one fuel rod is almost equivalerihtse of the reference PWR. Since there is nologpass
region (baffle structure) around the core in thélESthe scaled metal capacity around the core shrou
would be smaller than in PWR. The cooling effedtsader structures on superheated steam floweén th
LSTF would thus be qualitatively comparable to the the reference PWR.

(3) CET installation conditions at the core exit

The installation of CETs is plant-specific. Refareri6] on LOFT experiments, for example, describes
CETs are mounted in a variety of ways in commefialRs; some are housed in guide tubes, some are in
the fluid stream, some are located up to seveddles above the top of the fuel rods etc. It istetuee,
difficult to perfectly cover all of the differenbaditions in the LSTF experiments. The CET locatiothe
LSTF facility roughly simulates that in the refecerd-loop PWR. The number of CET in the reference
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PWR is 50 (about 1 CET per 4 fuel bundles with T7xdd array), while it is 20 in LSTF (almost 1 CET
per 1 bundle with 7x7 rod array). In addition, cexd structures such as the upper core plate (Udier
nozzle, No.9 spacer also roughly simulate thostnénreference PWR. These CET installation and core
exit structures in LSTF may give similar CET resgemfor core heat-up detection especially for flaxe
fall-back water cases.

(4) Applicability of LSTF/CET performance under fall-back water conditions

The aspect ratio of UP (D/h in Table 3.4.2-1) offESs 1/12 of that of the reference PWR. This dista
may influence CET responses when SG reflux (fatkbdlow exists during core boil-off. In general,
CETs under the influence of reflux coolant may @adé saturation temperature at certain area urater h
leg with SG for reflux cooling while the CETs aetkentral core region or far from such hot legs may
detect superheat due to free from coolant splasiingugh there is no systematic information ondtesa
size subject to splashing water, it is expected tifwa dry region around the core exit and on théPUC
would be far larger in the reference PWR becausbkeofarge diameter of the core.

3.4.7 Summary

CET performances were studied based on the thifR@BA/LSTF experiments [1, 2, 4, 5] including
OECD/NEA ROSA Project Test 6-1. Major results armmarized below.

(1) General CET responses (time delay and temperaii discrepancy relative to heating-up core)

The CET temperature behavior during core boil-aféras to show wide diversity because of such
conditions as radial power profile, 3D flow of gieat different temperatures around core exit, ogoliy
cold structures and fall-back water. General refsj however, were found in the CET performances in
most of the examined LSTF tests for the time delay temperature discrepancy relative to the heafing
core, even for some tests with limited fall-backevaffects.

(1-1) The relation between the time to start core heatte [s]) and the time to start CET heat-uge{t
[s]) is expressed in the following equation withim uncertainty of + 6% as,

tee = a X(ken)’, 1)

where a=0.7603 and b=1.027 (see Table 3.4.5-2 &r€i§.4.3-7).

(1-2) The relation on the temperature discrepancy isesgad by means of average temperature increase
above saturation temperature (DT=%{K]) at the CETs (D&ve(CET)) and core top region (RJ=(P9))
in the following equation as,

DTave(P9) = GXDTave(CET) + G (2

where G varies from 1.4 to 2.8 and,Grom 0 to 40 K (see Table 3.4.5-2 & Figure 3.4)54h the
extremely low primary pressure case (TR-RH-0@)a@d G indicated exceptionally large value of 3.9 and
120 K, respectively. The temperature discrepandiienmaximum temperatures between the CETs and the
core increased when the core water level dropptedtie lower region, taking a rather long time.
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(2) Steam flow conditions at core exit influentiato CET response

Average steam velocity at UCP during core boilveéfs found to be very small; typically around 1@
cm/s and less than 0.6 m/s, in most of LSTF teatsp for the extremely low pressure case (TR-RH-06
and 10% CL break LOCA test (SB-CL-09) with sigrégfit downward coolant fall-back at the core top.
The 3D steam flow may be generated in the corecamne exit even with small driving force. Several
factors that may cause such 3D steam flow inclajerddial power profile, (b) cooling effect by low-
temperature structures and (c) CRGT-chimney effacPV top break LOCA, (d) the longer delay time
with the smaller break size in small-break LOCAsgre¥n the PV top break case, because of lower core
power and slower level drop in the core during dao#-off, () high speed steam flow in a loss-d¢#R
transient under atmospheric pressure, which calm&ssteam superheat leaving large temperature
discrepancy between core top and steam at the CETSs.

(3) Exceptional but important cases

(3-1) Steam superheating (DT=Ts]K]) would be preferable in extremely high or I@ressure boil-off
such as the station blackout and loss-of-RHR dumiidrloop operation where saturation temperature is
higher/lower than the constant criterion value tartsAM action. The CET superheat indication should
then be helpful to operators to notice the cor¢-hpa

(3-2) No CET heat-up was observed in the two LOCA testailating (i) 10% CL break (SB-CL-09)
and (ii) 0.2% PV bottom break (SB-PV-03) under Spreéssurization action. Fall-back water signifibant
limited the CET heat-up as well as local core cupliin the latter case, the core temperature ekeurs
started even after the SG depressurization oparascan AM measures. The CETs then became to detect
the core superheating when the uprising steam Waw significantly enhanced in the core by openimgg t
PORYV at the pressurizer.

(4) Applicability of LSTF/CET performance to PWR conditions

The LSTF/CET responses to detect core heat-up um@l&G reflux cooling effects may be applicable to
PWR once the following conditions are taken intocamt well such as the 3D steam flows depending on
core power profile, CET location relative to the @R and effects of cool structures including fuels
around core exit. Applicability of the CET perfomt® under fall-back water conditions including the
detection/non-detection of superheated steam bgrtaghp CETs under limited fall-back water conditson
should then be carefully estimated, consideringettfiects of atypical upper plenum configurationtioé
LSTF.
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3.5 PSB - VVER 0.7% SBLOCA: RELAP5 MOD 3.3 AND CATHAREZ2 V15 POST TEST
ANALYSIS WITH SPECIAL EMPHASIS ON CET PERFORMANCE

3.5.1 Introduction

The present document provides experimental datm@®fSBLOCA experiment which has been performed
during the EC-funded project TACIS-30303 “Accidéménagement Technology in VVER 1000” 20003-
2006 [1]. The whole experimental campaign consigtsl5 experiments with relevance to accident
management. Four experiments show a significarg dfdhe level in the reactor core and heat uphef t
core simulator, and one of these experiments, Fest small break loss of coolant accident, has been
selected.
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The scope of this section is a.) to show the dekyween the temperature increase of the heater aods
the measurement of superheated vapor at the cdrederng the experiment, and b.) to show the
performance of the codes Relap5 and Cathare? digtireg the delay.

The analyst did not aim to model the above mentdqguigenomena while setting up the nodalisation. The
post test calculation tries to predict the ovepathavior of the facility. No special attention heeen placed

on the core region (modeled with one stack of vas)yrand the upper plenum thermocouples. Although it
can be expected that accuracy of the predictioth®fphenomena could be improved considerably, the
presented modeling approach might be closer tatineent best practice in safety analysis calcutetio
and gives an impression to what extend the phenatiseconsidered in the development of EOPs.

3.5.2 Description of PSB-VVER

The PSB-VVER is a full height integral test fagilisee Figure 3.5.1), power and volume are scalg@dl
The facility has four loops (each one is constiduty a hot leg, a steam generator, a loop sealaia m
circulation pump and a cold leg); a pressurizennected via the surge line to the hot leg of lopghé
ECCS is provided by an active pump, that simul&igh and low pressure injection systems, and four
hydro-accumulators. All system components are aisdl from the environment with glass wool to limit
the heat losses.

The main parts of the VVER vessel are reproducedhe facility by separate pipes: one for the
downcomer, one for the core model and upper pleramd, one for the core bypass. A horizontal pipe
connects the downcomer to the lower plenum. Andilgpass links the downcomer to the upper plenum.

The core model contains 168 Fuel Rod Simulatork witiniform power profile (axial as well as radial)
and a central unheated rod. The active bundle edeatrical type and has a hexagonal cross sediso.
the bypass section is heated over the same elevatime of the core, to simulate the heating tretemw
receives in the channels, within the reactor corevhich the coolant flows from the lower plenumthe
upper plenum, bypassing the assemblies.

The primary side of the steam generator consistshaft and a cold collector and of 34 tubes cditeti0
complete turns with 51 mm difference from inlet andlet height. The length of one tube is the sikee
the one of the reference plant. The distributofeefd water is a ring with several holes placed alibe
steam generator tubes. Figure 3.5.1 shows an isomaétw of the PSB-VVER facility, Table 3.5.1
compares main parameter of PSB-VVER and the VVER100
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Figure 3.5.1 PSB-VVER test facility

3.5.3 Location of measurements relevant for CET péormance

Of importance are thermocouples in the core regiod in the upper plenum. In the core region, see
“heated section” from elevation 1915 to elevatiddS in Figure 3.5.2, the heater rod surface tentpera

is measured. Thirty heater rods are instrumentdid aviotal of about one hundred thermocouples.rEigu
3.5.5 shows a cross section of the bundle and wieelter rods are instrumented. Figure 3.5.6 (ihaeks)
shows the elevation of the installed thermocouplég thermocouples are installed inside the heatis
and not on the surface (see Figure 3.5.3). Fluigb&zatures of the heated section are not measured.
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Table 3.5.1 Comparison of key parameters of the-WP8BR facility and the VVER

# | Name VVER-1000 PSB-VVER
1. | Scale 1 1:300

2. | Number of loops 4 4

3. | Heat losses, % 0.063 1.8

4. | Heat powerMW 3000 10

5. | Primary circuit volume, th 370 1.23

6. | Primary circuit pressur@/Pa 15.7 15.7

7. | Secondary circuit pressuféPa 6.3 6.3

8. | Coolant temperaturéC 290/320 290/320
9. | Core length, m 3.53 3.53
10 Number of fuel rods 50856 169
11] Core volume, 14.8 4.9*10
12| Upper plenum volume, 61.2 20.0*1G
13| Downcomer volume, 34.0 11.0*1G
14| Hot leg volume (4 pieces),’m 22.8 8.0*1F
15| Cold leg volume (4 pieces),’m 60.0 24.0*1G
16| Number of steam generators 4 4

17| Heat exchanging surface?m 6115 18.2
18| Water volume in SG for primary circuit,*m 21.0 6.8*10°
19{ PRZ volume, m 79 26.3*10°
20| Number of hydroaccumulators 4 4

21| Number of pumps 4 4

22| Volume of hydroaccumulators,’m 240 80*107
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23| Water volume in ACCU, th

200

66.6*1C

Two fluid temperature measurement devices are eatabns of interest: T0O4 a Pt — thermometer, at
elevation 5840 (end of heated length 5445), dowastr the upper lead grid, and T04b, a Ch-Co
thermocouple at elevation 7185 (downstream of thenection of the core bypass simulation line). For
details see Figures 3.5.3 and 3.5.4. There is fwnmation on the about the angular position of the
temperature measurements, the penetration depithéioav the devices are installed (upward, downward)

Table 3.5.2 - Fluid temperature measurements inethetor model

Measurement . .
identifier Location Elevation, mm Transducer

YC01T04 Heated section outlet 5840 Pt - thermometer
YCO01T04 b) Upward section 7185 Ch-Co thermocouple

E=

<YC01P]7’>

Hecated scction

o

[
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Figure 3.5.2: Upper plenum fluid temperature messents at 5840 (YC01T04) and 7185 (YCO01T04 b).
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1 - Cladding

2 - MgO insulator

3 - Nichrome heating element
4 - Copper conductor

5 - Proofing compound

6 - Ceramic bushing

7 - Upper conductor

8 - Inner cladding

9 - Cable thermocouple

Figure 3.5.3 Thermocouple mounting on the heatticladding
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\JF

1 —coolant feed branch pipe;

2 — fuel assembly housing;

3 — FRS bundle;

4 — upper current lead grid;

5 —instrumented fuel rod;

6 — insulating grid;

7 — air supply branch pipe to the lower
current leads cooling chamber;

8 — displacer;

9 — spacer grid;

10 — pressure tap nozzle;

11 — upper current lead.

Figure 3.5.4 Core simulator model
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Figure 3.5.6(a) Arrangement of top instrumentB&kn the 1.5 MW FRSB (top elevation)
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(3400}
3315
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Figure 3.5.6(b) Arrangement of top instrument&$&Hn the 1.5 MW FRSB (top elevation)

3.5.4 Description of the experiment — 70mm equivah break between MCP and RPV of CL4

The test simulated a SBLOCA with break area 0.7%hef CL area (7Omm equivalent diameter) with
delayed AM procedures. The break was located irofdbop #4 between MCP and DC. All high pressure
injection systems were assumed to fail, but accatatg and two trains of the low pressure injection
system were available. The pressurizer was conméatidop #4. At a cladding temperature (maximum of
all thermocouples) of 450 °C it was assumed thataperator would depressurize the secondary side by
full opening of SRV.

The test was stopped when the facility stabilized #he PS pressure was below the set point of Bi8.L
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The experiment was started by opening the breaklation valve. This led to a sharp decrease of the
primary side pressure. At 47s the primary presilrbelow 13.7 MPa and the scram signal was ge¢eéra

— core and core bypass power was reduced accoydifigé primary side pressure continued to decrease.
At 780 s a first dryout occurred, which was quernlchg loop seal clearing. The liquid level of thénpary
system dropped below the break at about 800s, wdimhed down the loss of mass from the primary.
Accumulator injection starts at 1374 s. Two accuatark inject into the upper plenum section, two thie
downcomer section. Although the accumulators becafiective only after the secondary system
depressurization (see Figure 3.5. 11), an influemethe upper plenum fluid temperature cannot be
excluded.

From dryout to detection of superheated vapor:

The loss of primary system inventory continuedjlatt2877 s a second dry out occurred in the upper

of the core. Only the top group of thermocouple8 (8 and above of the beginning of the heated®®cti
showed dryout, and a left-right asymmetry can ke gplease refer to Figure 3.5. 5 and 6: whitelesrc
with numbers are heater rods, which are not instnied at the top of the core, and therefore dshoiv
dryout. Red circle heater rod thermocouples indicatdryout, with peak temperatures above 350 °C,
orange circles heater rods with dryout but peakptatures less than 350 °C, and blue circles skeateh
rods with thermocouples at the top, which do ndidate dryout). At 3430 s, the Pt-thermometer wiisch
positioned 40cm above the end of the heated sediiawnstream the lead grid, showed temperatures
above saturation temperatures. At 3470 s the theoople located 1.5 m downstream of the end of the
heated section started to indicate superheatedr.vap® temperature measurements came back to
saturation temperature when the secondary sidesmization became effective. The time delay betwe
heater rod thermocouple temperature increase are ecat fluid thermocouple temperature increase is
therefore about 500 s. The highest cladding tentperaeading is 225 °C above the saturation tentyera
(240 °C), at the same time CET — equivalent reatengperature reading is only 30 °C above saturation
temperature.

Table 3.5.3 Main events

No | Event Exp R5 C2

1 Opening of break 0 0 0

2 Scram 52 37 46

3 First dryout 780 - 820

4 Loop seal clearing, break covered by steam 800 5 7825

5 Primary pressure lower than secondary pressure 5 81| 797 880

6 Begin of Accumulator injection 1374 1230 1304

7 | Second dryout (temperature excursion heater rods) | 2877 2465 | 3265

8 | Superheated steam at core outlet 3425 2650 | 3265

9 Begin of AM measures (secondary systeB419 3162 | 3540
depressurization by full opening of SRV)

10 | Start of LPIS injection 3674 3350 355(
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Figure 3.5.7 Primary system pressure (PSB-VVER,G&
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Figure 3.5.8 Temperature upper part of core sitourods (PSB-VVER)
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Figure 3.5.9 Temperature above the core (PSB-WER
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Figure 3.5.10 Mass inventory and accumulatorciiga (PSB-VVER)
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3.5.5 Post-test calculation results

Both nodalisations, the Relap5 and Cathare2 nedalis of the facility, are very detailed and comple
and aim to reproduce the overall system behavieithdr of the nodalisations aims for a specificpose
(i.e. LBLOCA analysis with a simplified secondaigley, both of them should be able to reproduce simo
every experiment with reasonable accuracy. Thisnsethat all components of the facility are modeled
Figure 3.5.11 shows the modeling approach for &aetor core simulator of the facility. The sectisn
modeled in both codes with one stack of volumess#lictures are modeled, as well as the rod le@d g
at the end of the heated section in both nodatisatiThe rod surface temperatures that are preshate
been taken for both nodalisations from the last twpnodes of the active structure, the fluid terapee
has been taken for the Cathare2 nodalisation frenvolume V5UP1, for the Relap5 nodalisation friwn t
volume 120-01 (bottom subvolume).

Table 3 compares the main events of the experimedtfor the two codes. Figure 3.5.7 shows that the
primary pressure trend is well predicted by botleso The loop seal clearing is, again, well predidiy
both codes.

The second dryout, see Figure 3.5.12, is, regattiemghape, well predicted by relap, but startsi8800 s
earlier than in the experiment. Cathare2, on theerohand, predicts a second dryout, which is then
guenched, and a third dryout, which matches wellsicond dryout from the experiment. The reason for
this can be found in the accumulator injection -Hevthe experiment, as well as Relap5, show a shw,
continuous injection of the accumulators, Cathgmelicts a step-wise injection (see also the stepise
Cathare2 primary side pressure, Figure 3.5.7.

From dryout to detection of superheated vapor:

Figures 3.5.13 and 3.5.14 show the relation betwfeeh rod simulator heat up, and core exit fluid
temperature, as seen by the codes. Figure 3.5.4tha@2 calculation, shows clearly that the one-
dimensional modeling approach, with flow in oneedtron, predicts a difference in heater rod anct cor
exit temperature, but not a time delay betweente Core heatup takes place when the local heat fl
exceeds the critical heat flux, which, since batdes use for CHF-prediction the Groeneveld Look-up
table method, in principle could also happen witteguilibrium quality of less than one, but thisdamot
seem to be the case at least for Cathare2. Relapleoother hand (see Figure 3.5.13), seems tacpred
core heatup prior to superheated vapor at the wlalbove the core. But looking more closely onesen
that the heatup takes place first in the secoridgamode. Since the heat structure is uniformlytdebathis
means that the continuous accumulator flow proviidgsd from above, which is able to suppress thath
up at the top node for another 200 s. Together tvig¢hop node heat-up, the vapor temperature rises.
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Figure 3.5.11 Nodalisation of the core regionth@ee2 and Relap5
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PCT experiment calculation comparison
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Figure 3.5.12 PCT comparison between PSB-VVERgp¥ and Cathare2
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Figure 3.5.13 Relap5 — comparison between catdlexl temperature and heater rod temperature
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Relap5 - heater rod and outlet fluid temperature
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Figure 3.5.14 Cathare2 — comparison betweenedtdluid and heater rod temperature
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Figure 3.5.15 PSB-VVER — comparison between egiefluid and heater rod temperature
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Fluid at core outlet vs heater rod temperature
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Figure 3.5.16 PSB-VVER, Relap5 and Cathare?2 id fis clad temperature (time evolvement from top
right to bottom left).

3.5.6 Conclusions

The PSB-VVER SBLOCA experiment reported here comdithat there is a delay between increase of the
heater rod surface temperature and increase atotieeexit temperature readings. A postulated aotide
management procedure (blow down of the SG) effelstiquenched the dry out, so that no statement on
the rate of temperature increase of heater rodseidind core outlet fluid temperatures can be made.

Post test calculations show that without speciirebf modeling the core exit thermocouples, oh¢he

two phenomena has been reproduced qualitativelye faster increase in heater rod surface temperatur
compared with the superheated vapor temperatutieeatore outlet. The second phenomena, the delay
between the beginning of heater rod surface teryrerancrease, and the appearance of superhegied va
at the node above the active structure, was naligiegl by Cathare2, and by Relap5 only due to &loe f
that there was accumulator injection from above.thikd consideration regards the uncertainty in
predicting the experimental results: experiencehwB8BLOCA analysis shows that the timing of
phenomena like dryout cannot be predicted with labsocaccuracy (the Relap5 calculation gives an
example). The order of magnitude of the experimgntdserved time delay between heater rod and core
exit temperature increase is comparable to theerdiffce between predicted and experimental dryout
occurrence.

Figure 3.5.16 summarizes the results. The transtants at the right top corner and evolves tobihitom
left corner.
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3.6 SYNTHESIS INCLUDING THE APPLICABILITY TO REACT OR SCALE

This section gives an overview of the experimeimakstigations, starting from a description of the
various physical phenomena involved in the qualtfan of the CET behavior during the performed
experiments. The specific geometric arrangementiehwlargely influence the CET behavior are also
summarized. The findings of the various experimentaestigations are listed and synthesized in comm
conclusions. Individual findings specific to thdfelient investigations are also reviewed and, ggiole,
explained on the basis of the specific characteridtthe corresponding experimental set-up. Finah
attempt is made to investigate the applicabilityetactor scale.

3.6.1 Important physical phenomena and influence dhe geometrical arrangements

As described in detail in the former sections, @€T shall be used to get reliable information alibet
thermal-hydraulic state in the reactor core. Thestmimportant information concerns the quality o th
cooling of the core. Any inadequate core coolingusth be detected as soon as possible in ordekéo ta
adequate counter-measures to re-establish a ptopeicooling in a timely manner. In case of inadgeu
core cooling, the key information concerns the terafures in the reactor core. The general overall
temperature situation in the core is important,thathottest fuel rod cladding temperature in the ¢s of
paramount interest because it mainly determinesirtting of AM actions.

The technical challenge consists therefore in dedute core temperature, which is not directly suead

in the reactor case, from the CET readings. Thansephysically spoken, some heat from the suptathea
core region has to be transported to the CET meamnt sensor, where it can be detected. This energy
transport can only (in a timely manner and for teditemperatures) be realized through the convecfio
cooling fluid from the core region to the CET meaasuent location. In the case of a superheated core
which is at least partly covered by liquid watehigh is the subject of this report) the fluid catsimainly

of steam or a mixture of steam and entrained waltéch is generated by the core decay heat. Hehee, t
overall energy transport from the fuel rod to thETCsensor has the following three main steps: heat
transfer from the rod surface to the fluid, conixexfluid transport to the CET sensor location, #echt
transfer from the surrounding fluid to the CET s@ns

The heat transfer from the fuel or heater rod serf@ the fluid depends on the flow regime which ca
vary from two-phase flow convection through theecasver quasi-stagnant water level conditions with
steam flow containing entrained water in the upgmee part, until pure steam flow conditions in thpper
part of the core at typically very low velocitiel addition, the temperature rise in the core due t
insufficient cooling is quasi starting from a siagboint and is afterwards restricted to a limitedaa
whereas the fluid is exposed to the, in particutegrmal boundary conditions along its full flowtipaDue

to the basic heat transfer principles, the fluidl mot fully reach the rod surface temperature rafftaving
passed a restricted high temperature area. Acgiydithe fluid temperature will always be lower thi@r
example the maximum cladding temperature in thetoe@ore.

An inverse situation is taking place at the CETsserocation with finally the same conclusion, tirat
principle the CET reading is somewhat below theperature of the surrounding fluid. The locatiorg(e.
distance to the upper end of the core) and the gital details of the CET installation can alsméy
influence the CET readings. The CET measuremefutr isxample degraded and delayed if the sensor is
not fully exposed to the relevant fluid flow ortife sensor is too closely connected to large strakcheat
capacities.

Along the fluid flow path from the reactor corettee CET location, depending on the thermal boundary
conditions there will be heat transfer with theaflboundaries. These boundaries comprise the reeater
region above the maximum cladding temperature,rad. parts with lower temperatures, unheated rod
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parts, fuel element upper nozzles, upper core platkeven structures in the upper plenum deperating
the CET location. These structural parts have quitgge heat capacity, especially compared tetieegy
content of steam. Therefore, they have in casegeiharal temperature rise in the core and reactsspre
vessel a big potential to cool down the passingl flund the temperature rise detected in the cotenat
be completely “delivered” to the CET measuremeat,possibly only with delay and mitigation.

The fluid from the reactor core on its way to thETOmeasurement location is also exposed to addition
thermal-hydraulic boundary conditions. These ineludhter back-flow to the core due to condensata fro
the SGs and ECCS water injections, flows inducedhigyradial power distribution in the core, mixing
effects in the core and in the upper plenum andspire change effects which can directly changéufde
flow regime. Most of these additional flow effeei® three-dimensional in their nature and thereferyg
hard to scale. The effect of these additional tladmydraulic boundary conditions results in a quasi
falsified CET reading, because the original intemtito measure the temperature of the fluid corfriog

the reactor core, is influenced or even replacedhiege additional flows. For example during certain
phases of water fall-back from the hot legs the GEEpecially in the vicinity of the hot leg nozle may
indicate saturated conditions which does not necigsrepresent the situation in the reactor core.
Nonetheless in a full scale reactor, the watebéalk may only influence the response of CET’s ledat
above peripheral assemblies in the vicinity of legtnozzles, but, depending on the liquid veloeityhe
hot leg nozzle, should not have any significantastpn CET’s located above central assemblies.

Although, the above described phenomena are rath@plicated and there are a variety of possible
combinations and interplays, the evaluation ofggéginent experimental results helped to develoegd
rules of CET behavior with respect to their useAdt purposes.

3.6.2 Common findings of the experimental investigemns

As described in the former sections, the CET beftawas estimated during simulated transients
performed in four different facilities. The fourgimental facilities have very different charastiges in
various aspects like nuclear/electrical heatindumetric scaling, pressure range and many detéiteo
geometrical simulation especially related to arside the reactor pressure vessel.

From the LOFT programs six tests have been coreddder the evaluation of the CET performance. Three
tests have been used from the PKL facility and eéd&nmostly SB-LOCA, tests from the ROSA/LSTF
facility. Finally, a single SB-LOCA test performed the PSB-VVER facility was also used for the
evaluation. These four facilities differ also withspect to the instrumentation, whereas due tereifit
reasons the most detailed measurements have bedlabdy for the tests performed in PKL and
ROSA/LSTF.

In the following, all the findings which are commtmthe evaluation of the tests in all four famkt are
summarized. For convenience, if a finding was nglieitly mentioned in the conclusions for the {s}of
a facility, it was nevertheless used if its validé obvious or if there was no evidence for thatlihg in
the corresponding test(s).

1) The use of the CET measurements has limitationdetecting inadequate core cooling and core
uncovery.

2) The CET indication displays in all cases a sigaificdelay (up to several 100 s).

3) The CET reading is always significantly lower (up deveral 100 K) than the actual maximum
cladding temperature.

4)  CET performance strongly depends on the accidemiasios and the flow conditions in the core.

5) The CET reading depends on water fall-back fromuiger plenum (due to e.g. reflux condensing
SG mode or water injection) and radial core powefiles. During significant water fall-back the
heat-up of the CET sensor could even be prevented.
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6) The colder upper part of the core and the coldcsaires above the core are contributing to the
temperature difference between the maximum temperat the core and the CET reading.

7) The steam velocity through the bundle is a sigaiftqparameter affecting CET performance.

8) Low steam velocities during core boil-off are tygi¢or SB-LOCA transients and can advance 3D
flow effects.

9) In the core as well as above (i.e. at the CET measent level) a radial temperature profile is
always measured (e.g. due to radial core powaerniltlision and additional effects of core barrel and
heat losses).

10) Also at low pressure (i.e. shut down conditiong)nmunced delays and temperature differences are
measured, which become more important with fasier ancovery and colder upper structures.

11) Despite the delay and the temperature differeneeCBT reading in the center reflects the cooling
conditions in the core.

12) Any kind of AM procedures using the CET indicatishould consider the time delay and the
temperature difference of the CET behavior.

13) In due time after adequate core cooling is re-distad in the core the CET reading corresponds to
no more than the saturation temperature.

Based on these common findings it is obvious that@ET behavior is qualitatively consistent infalir

test facilities even if the scaling effect (loos/d an important scaling effect on diameters - @afig for

the core ) has to be taken into account when tlaetoe case is addressed especially in accident
management procedures. For getting an indicatiautathe similarity or differences of the quantiati
behavior of the CET in the different test faciljesame or at least similar tests performed irewfit test
facilities have to be compared. Due to the limitednber of tests and the differences in the detailed
information about the tests from the different liies, only comparisons of tests from PKL and
ROSA/LSTF could be chosen to get some reasonabldise Also for these two test faciliies many
characteristics (like e.g. pressure range or adat power distribution) are different and themgtisiny

test which was performed in both facilities follaygi the same procedure. Nevertheless, two times two
similar tests executed in PKL as well as in ROSAJE&re chosen to compare the CET performance.

Test TR-LF-03 executed in ROSA/LSTF is a SBO tramisresulting in a core heat-up due to water boil-
off in the core at high pressure conditions. Theeoed CET behavior is characterized by a delayed
detection of superheat in the core by roughly 12Dhe maximum cladding temperature at the top ef th
core is under-estimated by the CET measuremenppsogimately 40 K. This behavior is well inside a
general relationship between the core superheattenET superheat deduced from the experimental
results of eleven tests (see below, next sectierfppned in ROSA/LSTF. Test PKL Il C5.2 simulates
also a SBO transient. Following a different procedinan used for test TR-LF-03, a core heat-upnduri
water boil-off did also take place in the latertpafrthe transient test C5.2. Although the presslungng

the core heat-up was lower in the PKL test compéwddst TR-LF-03 and was further decreased irngo th
transient, the thermal-hydraulic conditions in tbere and the RPV were quit similar as in the
corresponding ROSA/LSTF test. In the PKL test tl& ®ehavior is characterized by a delay of abo(t 10
s and an under prediction of the maximum claddémgperature at the top of the core of about 80 K.

The second comparison of the CET behavior is base®B-LOCA transients. PKL test D1.2 was
simulating a SB-LOCA transient with additional systfailures resulting in a core heat-up. In thisecthe
CET indication of the start of the superheated dmms was delayed by about 100 s. The difference
between CET and the cladding temperature duringohe heat-up part of the transient was about 100 K
The analysis of a series of SB-LOCA transients graréd in the ROSA/LSTF facility shows
guantitatively comparable results. The delay of 4@well covered by the range of delays obsenvede
ROSA/LSTF SB-LOCA tests. In addition, the deviatiohthe measured CET to the maximum cladding
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temperatures observed in the PKL test can evenrduicped by the above mentioned general relatignshi
developed for the ROSA/LSTF tests.

The two comparisons described above confirm thdttoitn, the PKL and the ROSA/LSTF, facilities the
observed CET behavior is not only qualitatively isamand consistent, but for comparable transiatgs a
guantitative consistency could be confirmed.

3.6.3 Specific findings of the individual experimetal investigations

In this section, findings which are specific ontydne experimental facility are summarized. That lba
due to the fact that a specific test is only exedum one facility, but also that a dedicated eattun of test
results is only done for a single test facility.

In the OECD/LOFT fission product test LP-FP-2, sdlexd runaway conditions have been encountered in
the core, i.e. a rapid fuel cladding oxidation tqmkce. During this fast part of the transient @ET
measurement is essentially disconnected from treetenperatures.

Regarding the tests performed in the PKL facilityere are no relevant additional conclusions to be
mentioned here.

Concerning the conclusions from the 13 tests pnedor in the ROSA/LSTF facility, some additional
information based on a more thorough quantitatiaduation are added here:

1) For the delay of the CET response for detectingénaate core cooling (ICC) the following general
relation is valid: tc = a X(t;ET)b (cf. section 3.3) except for two tests out of i3etests.

2) The general temperature discrepancy between theftdpe core and the CET can be expressed with
the following relationship based on superheats Daveraged temperatures: RE(top of core) = C1
x DTave(CET) + C2 with similar values for C1 and C2 exckpttest TR-RH-06.

3) When the CET is measuring 623 K, a large tempezatifference appears between the maximum core
temperature and the CET: 70 — 190 K in eight tésts.other three tests without CET-heat-up to 623
K, the difference was even 360 — 450 K when PCTlred 923 K.

4) The delay of the CET indication becomes larger doraller break sizes (due to the lower steam
velocity).

5) High speed steam flow causes low steam superhaabygstered in the loss of RHR transient at
atmospheric pressure).

6) Inthe test 6-1 (PV top LOCA) the CRGT steam floypass increases the CET indication delay time.

7) Accident scenarios in which the CET would not detde start of inadequate core cooling that
precedes core damage cannot be excluded in principa

For the test executed in the PSB-VVER facility squost test analysis was performed for comparing the
prediction with the experimental findings. It haslte mentioned here that standard system codey safet
analysis facility model has been used for thisysis] i.e. no special attention has been takemfateling

the CET behavior. The predictions with the codes AR5 and CATHARE reproduced qualitatively the
faster cladding temperature increase comparedet@ T measurement, but the time delay could not be
predicted. The latter should be kept in mind whgstesn code analysis is executed in relation ofGRd
behavior for the reactor case.

3.6.4 Applicability to reactor scale
In the following the result of the evaluation oktlexperimental data with respect to its application

extrapolation to the reactor scale are summari2gain, the evaluations of the different experiménta
investigations result in a quite consistent pictegarding the applicability to the reactor scale.
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1) Concerns about CET functionality for general usAlihare well founded.
2) Qualitative application/extrapolation of the CEFpense to reactor scale is possible.

3) Direct extrapolation in quantitative terms to tleactor scale is not possible in general (e.g. ot a
geometrical details are considered in the expetiahesimulations, unavoidable distortion in the
scaling of the overall geometry, and scaling digtarin the fluid-specific heat capacity of struets).

4) Based on the applied scaling principles certairapaters, like for example steam generation in the
core and steam velocity at the UCP may be undetifapdoundary conditions applicable to the
reactor scale.

5) Results from transients with a significant amounfad-back water are not generally applicabletie t
reactor scale because the upper plenum cannotriEetty scaled. In a test facility, due to the deval
scale the, water fall-back is more likely to affdet CET response than in the reactor case.

6) The CET measurement location and the installatetailds have a significant influence on the CET
behavior, but are largely plant specific. Therefohe similarity in a specific facility correspondsly
to the used reference plant. That means also thateneral similarity can be reached in a specific
facility with respect to the location and mountihgfails of the CET measurement.

7) An increase in the CET is the ultimate indicatidran inadequate core cooling and an already started
core heat-up.

8) In some specific cases (in particular with CET'feetfied by water fall back), core heat up may not be
detected by CET overheat.

3.6.5 Conclusions

The synthesis of the available experimental ingasitbns results in a consistent picture regardhey t
behavior of the CET in relation to the maximum ¢dedding temperature. The evaluation of the
experimental results have also clarified the raléydysical phenomena and improved their undersignd
related to the CET behavior.

The variety of involved phenomena and their ini@ypkdoes only allow for a qualitative general
application/extrapolation to the reactor scaleadiuition, the designs of the experimental facgitrave
always some limitations and therefore a directagpdlation to the reactor scale is in general ngsitde.
For certain cases or aspects under very specialestiictive boundary conditions quantitative apgtion

to the reactor scale may be possible, but onlgpecific parameters.

Already in the test facilities and especially aater scale the interplay of the different phenoaessults

in three-dimensional effects. The accurate preatictdf the three-dimensional behavior is extremely
challenging and actually no validated code is awdd for a reliable prediction of the behavior bfthe

CET located above the core during core heat-upt ifleans that based on the CET measurement there is
presently no way to arrive at a fully covering cdois@on on the cooling conditions in the reactorecor
Accordingly, relevant uncertainties should be taketo account for the estimation of the cooling
conditions in the reactor core. A major factor lnstevaluation will be linked to the type of acaitle
considered.

As a consequence, the available experimental seshibuld be used to validate computer codes and
models with respect to CET behavior. Definitioncofrect AM set points can only be expected by & u
of codes and models validated in this way.

Nevertheless, taking into account the delay andt¢hgperature difference in the CET behavior, a CET
increase above saturation temperature, in partidgnlacombination with other measurements, is well
capable to detect a core heat up and is therefomaEortant element in the context of AM procedures
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4. SUMMARY AND CONCLUSIONS

This section summarizes the main findings and cmiehs obtained by the WGAMA Task Group on CET
after a careful review of CET application for AMogedures in different countries and of pertinent
experimental results focusing on CET delay timed &mperature differences. Besides that, some
recommendations are proposed in the next chapter:suggested to disseminate these among potential
stakeholders.

As explained in the Introduction, the origin of ttask group was a non-expected behaviour observed i
Test 6.1 of the OECD ROSA Project. This experimg@ntulated a Reactor Pressure Vessel (RPV) Top
Head Break in a PWR plant with complete failureHigh Pressure Injection (i.e. beyond design basis).
Preliminary analysis of the test results indicateat the observed delay between rod surface temypera
and CET readings could have had a significant impadest evolution. This concern drove WGAMA to
propose to CSNI an activity which has been finallyried out by this Task Group.

4.1 SUMMARY OF THE TASK GROUP’S RESULTS

a) CET readings use for AM in the member countried, agsociated Technical Bases

The Task Group has conducted an international guwmeCET use for AM (see Chapters 2.1 to 2.6). The
main conclusions of this survey are as follow:

Most of the plants at the surveyed organizatiomsQET readings for AM. However, the scope and éxten
of their use is quite different from country to otry; and something that is really significantcountries
using more than one unique technology (i.e. venda®§ of CET for AM could also be quite differerdarh
plant to plant.

In general, member countries have reported a géredause of CET in EOP (preventive AM), in the
transition from EOP to SAMG, in SAMG (mitigative AMind, in some cases, in Emergency Planning.

The questions and responses to the survey werguffatiently detailed to derive the exact technibasis
for the definition of all set-point values. Critgrbased on sub-cooling, saturation, onset of sepéry
and/or significant superheating, were reported logtnof the surveyed organizations. In order to dyme
this shortcoming section 2.7 provides a discusefdhe technical (physical) bases for the majoss#a of
set-point and CET usage.

Another important topic investigated in the surwegs the relationship between CET Readings and
Maximum Cladding Temperature. It has been notetldhsignificant fraction of the responses indicated

that specific analysis had been performed to addtes issue, but some of them felt the model wadilich

was not fully adequate. Consistently with that, soaf the responses expressed that either “delayed
response” or “accuracy” was a concern.
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b) Review of experimental facilities results

The group has extensively reviewed information frdifferent sources and experiments (see Chapter 3)
where delays and differences between CET and clgd@imperature readings had been observed: they
included LOFT, PKL, PSB-VVER results and thirtee®@ BA/LSTF experiments. ROSA/LSTF and PKL
results proved to be especially useful due to rdeteiled instrumentation available in these faesit The
following conclusions have been obtained from thigew:

= Delays in CET responses compared to actual cladeimperatures had been already identified
earlier in different experiments. Especially, LOFSsults had been carefully analyzed to gain
insights about this issue and their impact on phafity.

= The use of the CET measurements has some limiaitiodetecting inadequate core cooling and
core uncovery: if CET reading indicates superhgaitinis in all cases with a certain time delay
(ranging from 20 to several 100 s) and it is alwsigsificantly lower (up to several 100 K) than
the actual maximum cladding temperature.

» CET performance strongly depends on the accidemizsos and the flow conditions in the core.

» The main causes affecting CET delays, which weeseot in all the experimental facilities and
for most of the scenarios, are the following: radéanperature profiles (both in and above the
core), cooling effect of the unheated structurethéupper part of and above the core, poor heat
transfer from the rod surface to the surroundirgust due to low steam velocities during core
boil-off and water backflow from the hot legs dgrinore heat-up due to steam condensation in
SG tubes, pressurizer water fall down or water frmnleg ECC injection.

» Besides that, there are other relevant aspectssgayific to the facility design, like the actual
CET location or behaviour that is scenario-depetydiwe the hot steam chimney effect in RPV
Top Head breaks and the downward core flow in tagecof RPV bottom head break. It is
interesting to point out that chimney effect, wigrasent, could also produce non-conservative
errors in some designs of reactor vessel watel #apdard instrumentation (based on “upper-to-
lower heads delta-P”), because of the additionabllHess produced by the steam when flowing
through the CRGT up to the break. The (collapsimliid level reading may remain high even
after the mixture level is formed. Then, such ataystic consideration should be taken into
account.

» Shutdown operations: There are not many experinfeots where relevant information for the
importance of this issue could be compiled. Howeseme PKL and ROSA tests have shown
that CET delays for scenarios starting from shutdawnwd/or low reactor water level conditions
can be even more pronounced than in tests staftimgy nominal conditions due to colder
structures in the upper part of the core. An irgting proposal deals with the convenience of
using superheating rather than fixed temperatuieitiate AM actions in these conditions.

C) Applicability of experimental results to real plamnditions

Detailed conclusions with respect to the applicgbdf experimental results to real plant condigdmve
already been drawn in Chapter 3.6.4. It must beetimed that the variety of involved phenomena and
their interplay allow only a qualitative extrapatat to the reactor scale. However, for certain saswel for
specific parameters quantitative application tordeetor scale may be possible.
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4.2 CONCLUSIONS

The evaluation of the experimental results allovieddraw up in a consistent picture regarding the
behaviour of the CET in relation to the maximumezoladding temperature. It also helped to clafify t
relevant physical phenomena and improved their tstaieding related to the CET behaviour.

According to the results of the experiments andstiiesequent analysis, and at least for scenaadngt
at power conditions, it seems that the observealydedhould not affect severely the effectivenesnast
existing AM actions, but it must be underlined thahcerns about CET functionality for general use i
AM are well founded. It should be realised thatirerease in the CET is the ultimate indication of a
inadequate core cooling and of an already starbeel lseat-up. No CET increase during a transiens doe
not guarantee adequate core cooling: in some $peeaes (in particular with water fall back frohethot
legs), core heat up may not be detected by CEThewagrespecially in CET positions affected by tlaen
fall back. It should be emphasized that test redoftm transients with a significant amount of fzdick
water are difficult to transpose to the reactotesbacause the upper plenum cannot be correctlgdsda
can be expected that in a test facility, due tostimaller scale, the water fall-back is more likedyaffect
the CET response than in the reactor case.

After reviewing the different international apprbas to AM, it seems that it is not possibleatpriori
fully discard the possibility of having, in a realclear power plant, a similar response as theobserved
in ROSA Project Test 6.1, provided the applicabl &ction initiation rely only on CET readings, whic
is not always the case.

In this sense it is interesting to remark that naishe AM strategies analyzed by the group, butailp

rely on a combination of CET readings and othetrimsentation indications (normally, Reactor Vessel
and/or Steam Generator water level) to define tiigaiion of the different AM recovery actions. Fhi
approach, when appropriately implemented, make#&\Meanore reliable because the specific draw-backs
of each individual instrumentation system do n@ tesbe coincident for a particular scenario. Hosveit

is worth to recognize that not all the identifieatgntial problems would be completely addresseflubly
using this type of multi-instrumentation AM apprbadiy the contrary specific validation for each
foreseeable scenario should be carried out. Fulergtanding on the response of each instrumentation
against the “expected” phenomena may form a basthé validation.

Nevertheless, taking into account the delay andi¢h®perature difference in the CET behavior, a CET
increase above saturation temperature, in partidgnlecombination with other measurements, is well
capable to detect a core heat up and is therefomraEortant element in the context of AM procedures

In view of the Task Group’s results with respectGBT delay, the question may be raised about the
consequences for the effectiveness of AM strategiéng on CET signals, widely used in the nuclear
industry.

In order to judge whether the effects discussethim report have an impact on AM measures and set-
points already in place, one would need to undedstehether the definition of a given CET set-paouk

into account all relevant effects and uncertairliggsd in section 2.8. Did the AM developer usenpater
codes and models that were able to correctly reptabese effects? Or maybe he did not address them
specifically, but the set-point has included mangiich would more than compensate?

Obviously, to answer these questions goes welltdyioe present mandate of the Task Group and tlcou
even be argued whether — due to a large numbelant ppecific aspects — it fits to the activity anf
OECD task group. Based on the responses to theq@EStionnaire it can be assumed that in most adses
AM procedure development the supporting analysdsndt go to a detail, which would have captured
correctly the complicated relationship between QB&asurements and the cooling conditions in the
reactor core. As a result, it can be expectedttieaestimation of the cooling conditions in thectea core
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includes relevant uncertainties. This calls for ¥hédation of computer codes and models with respe
CET behavior by the available experimental resubsfinition of correct AM set points can only be
expected by the use of codes and models validatesi way.
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5. RECOMMENDATIONS FOR FUTURE WORK

Based on the previous conclusions the Task Groggesis to WGAMA to continue with the activities of
this Task Group, including the following:

The conclusions of the present report indicateiti@ortance of dealing appropriately with the
associated phenomena and uncertainties when panfpramalytical studies in support of AM
strategies. Existing models used to calculate titakays between core temperature and CET
readings may not be fully validated — this is aésddent from the responses received to the
guestionnaire. Computer codes normally used fa& tiype of analysis may not have enough
“resolution” to accurately calculate some relevaimtnomena affecting this particular issue. It is
therefore recommended to verify whether or notestéithe-art codes and their underlying
models applied in support of AM procedure developirae able to reproduce the delays and
differences between rod surface temperatures affdr&€dlings.

The above activity could take the form of an ISBdabon one or two pertinent experiments. PKL
or ROSA/LSTF tests reviewed here could be candiddike activity could have the following
objectives:

0 Assessment of physical models to predict heat feansodes affecting CET behaviour.

o Development of a “best practice guideline” for thedalisation approach of the
uncovered core section up to the point of CET locat

0 Based on comparison with test results, assessrém possible impact of 3D effects,
not modelled in these codes.

o If the 3D effects turn out to have an importanttdbution to time delay or delta-T,
development of proposals, how these effects camdudelled e.g. by the help of CFD
codes.

Investigate the problem of CETs issue “scaling” tfies of extrapolating) from experimental
facilities size, like LSTF, to commercial PWR reast The investigation could include both
experimental and analytical aspects and would facushe influence of reflux water from hot
legs onto CETs as well as on the 3D flow behaviouhe upper part of the core. Large scale
experiments are proposed for phenomena investigatid data preparation for code validation.

Besides that, the conclusions drawn by this grduquisl be disseminated among stakeholders on AM
(utilities, vendors, etc) in order to allow thene thpportunity of reviewing the robustness of thistexg
AM packages to cope with situations like the onissubsed in this report.
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Appendix

Abbreviations and Acronyms used in Section 4

In text:

AM
CAPS
CET
CRGT
CSNI
ECCS
EOP
HPI
ISP
LPI
LOFT
LSTF
PKL
PS
PWR
PSB-VVER
RPV
SAMG
SBO
SG
WGAMA

Accident Management
CSNI Activity Proposal Sheets
Core Exit Thermocouples
Control Rod Guide Tubes
Committee on the Safety of Nuclear Instadteg
Emergency Core Cooling System
Emergency Operating Procedure
High Pressure Injection (ECC subsystem)
International Standard Problem
Low Pressure Injection (ECC subsystem)
Loss Of Fluid Test (Integral Test FacilitySA)
Large Scale Test Facility (ROSA Programaiép
Priméarkreislauf (experimental facility, Germya
Primary System
Pressurized Water Reactor
OECD/NEA computer codes validation pecojgrussia)
Reactor Pressure Vessel
Severe Accident Management Guideline/Guidanc
Station Black-out
Steam Generator(s)
Working Group on Analysis and Managemenfatidents

138



