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Executive Summary:
Reactor Safety Gap Evaluation of Accident ToleranComponents
and Severe Accident Analysis

The overall objective of this study was to condutechnology gap evaluation on accident
tolerant components and severe accident analyshlsoa@ogies with the goal of identifying any
data and/or knowledge gaps that may exist, giverctirent state of light water reactor (LWR)
severe accident research, and additionally augmdayténsights obtained from the Fukushima
accident. The ultimate benefit of this activisythat the results can be used to refine the
Department of Energy’s (DOE) Reactor Safety Tecbgw(RST) research and development
(R&D) program plan to address key knowledge gajseirere accident phenomena and analyses
that affect reactor safety and that are not culydrging addressed by the industry or the Nuclear
Regulatory Commission (NRC).

In the aftermath of the March 2011 accident atftlkeushima Daiichi nuclear power plant
(Fukushima; see Figure 1), the nuclear communigytiegen reassessing certain safety
assumptions about nuclear reactor plant desigmatpes and emergency actions, particularly
with respect to extreme events that might occurthatiare beyond current design bases.
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Because of our significant domestic investmemtualear reactor technology, the United
States (US) has been a major leader internatiomatlyese activities. The US nuclear industry is
pursuing a number of safety initiatives on its oamng the NRC continues to evaluate and, where
deemed appropriate, establish new requiremenenfuring adequate protection of public
health and safety considering risk significant ésext a licensed commercial nuclear facility;
e.g., extreme external events such as seismioadifig initiators. Based on these activities by
industry, NRC, and DOE, several areas have beenifigdel that may warrant additional R&D to
reduce modeling and analysis uncertainties andsstthe industry to develop mitigating
strategies to prevent significant core damage gavbayond design basis event (BDBE), and to
refine Severe Accident Management Guidelines (SAMEa can mitigate challenges to
remaining fission product boundaries that couldltes a release if core damage does occur.

In addition to this US gap evaluation effort, inigteworthy that complimentary activities
are underway internationally. In particular, aiseexpert group on SAfety REsearch
opportunities post-Fukushima (SAREF) was estahtish013 by the Committee for the Safety
of Nuclear Installations (CSNI) to establish a gs&for identifying and following up on
research opportunities for addressing safety reeegaps and advancing safety knowledge
related to the Fukushima Daiichi nuclear accidéht Prganizations from twelve countries
(including the NRC and DOE within the US) are gapting in this activity. The work scope
includes identifying research opportunities that iormation from Fukushima Daiichi, either
available now or to be obtained during decommisamrthat will provide additional safety
knowledge of common interest to the member cowntii@e group will submit a report with
prioritized recommendations for safety researclvitiets to the CSNI in 2016.

The approach taken to conduct this US gap evaluatmorporated familiar features of a
traditional Phenomena Identification and Rankinl&4PIRT) process. PIRTs are generally
structured to address the scope and level of dgtailopriate to a particular system or scenario
under consideration; e.g., evaluation of well-depeld designs or specific scenarios can be more
narrowly focused, while assessment of more gemi&sayns or scenarios can be used to evaluate
overall safety characteristics. Because the irgétttis work was to conduct a high level gap
evaluation based on insights from the Fukushimalaat, the latter approach was adopted.

The process used a panel of US experts in LWR tipesaand safety with representatives
from the DOE staff, DOE laboratories [i.e., Argoriational Laboratory (ANL), Idaho National
Laboratory (INL), Oak Ridge National Laboratory (N8B, and Sandia National Laboratories
(SNL)] and industry [the Electric Power Researcttitnte (EPRI), boiling water reactor owner’s
group (BWROG), and pressurized water reactor owsrgmoup (PWROG)] to identify and rank
knowledge gaps, and also to identify appropriatdDR&tions that may be considered to close
these gaps. Representatives from the NRC andakyoTElectric Power Company (TEPCO)
participated as observers in this process. Gksevare accident areas covered in this
evaluation included:



* In-vessel behavior

» Ex-vessel behavior

» Containment (and reactor building) response
* Emergency response equipment performance
* Instrumentation performance

* Operator actions to remove decay heat.

Panel deliberations led to the identification aftden (13) knowledge gaps on accident
tolerant components and severe accident analygtsoaethat were deemed to be important to
reactor safety and are not being currently adddegendustry, NRC, or DOE. The results are
summarized in Table 1. The recommended R&D acti@veloped by the panel to address the
gaps are also summarized in the table. The panetinthat information from the damaged
Fukushima reactors provides the potential for keyghts that could be used to address virtually
all the identified gaps (i.e., 11 out of 13). Besa of this potential the panel recommended that
an integrated Fukushima examination plan be deeelgjpom the US perspective, that identifies
the types and density of data needed from theoesatt address these gaps.

It is noteworthy that the panel identified two innfamt areas related to beyond design basis
accidents (BDBAS) in which gaps are known to eXst, it was concluded that efforts currently
underway by industry, NRC, DOE, and the internatl@ommunity could address the gaps.
Specifically, these areas are: i) Human Factorstumdan Reliability Assessment, and ii)

Severe Accident Instrumentation. For completenasskground in these two areas regarding the
known gaps as well as efforts underway to addressetgaps is provided in Appendix B. These
efforts should be monitored to ensure that exisgiags are addressed.

In broad terms, the gap results could be classifiexfive categories; i.e., i) in-vessel core
melt behavior, ii) ex-vessel core debris behavigrgcontainment — reactor building response to
degraded core conditions, iv) emergency responsi@megnt performance during core
degradation, and v) additional degraded core phenoiogy.

The first, second, and fourth-ranked gaps areraleuthe category on in-vessel core melt
behavior. In particular, the highest ranked knagke gap is associated with assembly/core-level
degradation; the second is core melt behavioreridtver head; and the fourth is lower head
failure. Recent complimentary analyses of the Bhkua reactor accidents using the MELCOR
[2] and MAAP [3] codes have been completed as qfaatjoint industry-DOE effort, along with
a supplemental DOE-sponsored study on ex-vessavimtor Unit 1 with the MELTSPREAD
and CORQUENCH codes [4] that utilized the ex-vedsgdlris pour conditions from the
MELCOR [2] and MAAP [3] calculations as input. Aart of this supplemental study [4], it was
noted that the ex-vessel debris pour conditionwéen the two codes varied dramatically, and
this led to profound differences in the predictgesessel behavior that determines thermal loads
on containment, as well as the potential for fgilkey containment structures such as the Mark |
liner. These findings prompted a follow-on joinfigonsored (industry-DOE) cross-walk



Table 1. Summary of Identified Gaps with Associat@ Importance Rankings and Recommended R&D to Addresthe Gaps.

D

Category Identified Gap lme;nrtk?r?ge Recommended R&D to Address the Gap:
Re-examine existing tests for any additional insights that aedldce modeling uncertainties
Planning to determine if scaled tests are possible
Assembly/core- a . ) ] . o
level degradation 1 MAAP/MELCOR evaluations to gain a common understandinggiimes where predictions are
In-Vessel consistent and regimes where predictions differ qualitataetyquantitatively
Behavior Develop tools to support SAMG enhancements and fortstafing
Lower head 3° Scaled tests addressing melt relocation and vessel wall innpémgéneat transfer
Vessel failure A Scaled tests addressing vessel lower head failure megtgrigecus on penetration-type failures
Ex-Vessel Wet cavity melt gab Modify existing models based on ongoing prototypic expertmand investigate the effect of water
Behavior relocation and CCI throttling rate on melt spreading and coolability in BWR contaimtsie
H, stratification 7a Analysis and possible testing of combustion in vent linesymaotypic conditions (i.e., condensation,
and combustion air ingress, hot spots, and potential DDT)
Cogtain;nent- H, /CO monitoring 10 Leverage ongoing international efforts as a basis forldeve a H-CO containment monitoring system
eactor
Building Organic seal 102 Similar to a process completed by the BWR industry, develgR Bontainment seal failure criteria unde
Response degradation BDBE conditions based on available information sources
Evaluate optimal position in containment with existing codes thdigtrgas distributions
PAR f 13 . . . . o
periormance Examine performance with fCO gas mixtures under BDBE environmental conditions
E RCIC/AFW a Plan for a facility to determine true BDBE operating envefop&CIC/AFW pumps
mergency - 3 . L .
response equipment Based on stakeholder input, construct the facility and coridedesting
equipment BWR SRVs 6 Testing to determine BDBE operating envelope (in RCIC/AFWfegity)
performance Primary PORVs 11 Testing to determine BDBE operating envelope (in RCIC/AFWfaedity)
Monitor studies underway in Japan to obtain basic insigldsphenomenology.
Raw water 8 Develop tools to analyze raw water effects; apply to pdasailaccident scenarios.
Based on outcome of these activities, formulate additional R&bDcertainties persist.
Additional Leverage existing international facilities to characterize: i) theymaaics of fission product vapor
Phenomenology  Fissjon product species at high temperatures with high partial pressuregbfird B, i) the effect of radiation ionizing
transport and pool 94 gas within the RCS, and iii) vapor interactions with aerosalssarfaces.

scrubbing

Leverage existing international facilities to address the effddi/6f,O and H/CO gas mixtures on pool

scrubbing at elevated pressures and saturated conditions.

4 Panel consensus was that Fukushima forensics offeojesttunity for insights in these areas.

®Panel consensus was that uncertainties in these areasvinatbd by uncertainties related to assembly/core-levehdation; thus, the latter should be higher priority.
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activity between the MAAP and MELCOR teams thaufed on identifying key modeling
differences between the two codes that could ledargie differences in predicted ex-vessel melt
release conditions [5]. The results indicate thatdiscrepancy begins in the early phases of in-
core melt progression; i.e., the different methosisd to model assembly blockages, the resultant
debris size, the porosity of these blockages, andthese formations influence the overall
progression of in-core melt front propagation. fdJtunately, there are currently insufficient
experiment and full-scale prototype [i.e., ThredeMsland Unit 2 (TMI-2), Fukushima] data

that can be used to assess these modeling difesserfrom a reactor safety viewpoint, this is an
important issue as the modeling differences leddrtge disparities in the accident signature; i.e.,
in-vessel hydrogen production, lower head behapi@dicted lower head failure mode, and ex-
vessel behavior.

Closely related to this topic, the fifth rankempgs under the category on ex-vessel
behavior; specifically, melt relocation from theepsure vessel and subsequent core-concrete
interaction (CCI) behavior under wet cavity corwlis. From a reactor safety viewpoint,
although containment failure by ex-vessel core idahteracting with structural concrete is
categorized as a late phase event, the potenti@logical consequences could be substantial
and warrant effective strategies to prevent orgate such a release. As one of several
strategies, severe accident management guideBAdGs) for many operating LWRs include
flooding the reactor cavity in the event of an essel core debris release. New reactor designs
also incorporate provisions for cavity floodingaamitigation feature. One of the principal
knowledge gaps in this area relates to an investighy the BWROG into an alternate flooding
strategy; i.e., gaps exist in the understandinfp@impact on throttling water addition rates to
preserve the availability of the wetwell vent paffhis is the preferred option as it provides
scrubbing of radionuclides prior to release andaand the need for an additional drywell vent
path. There is strong international intereghis area, and there is the potential for
international collaboration in assessing data flarkushima and in conducting additional large-
scale experiments on this topic.

The third highest ranked gap overall is underciiitegory on emergency response
equipment performance under beyond design bassgrn (BDBE) conditions. Specifically,
the Reactor Core Isolation Cooling (RCIC) for bagliwater reactors (BWRs) and the Turbine
Driven Auxiliary Feedwater (TDAFW) systems for pgadzed water reactors (PWRs) are the
key safety systems that are used to remove de@yrben the reactor under a wide-range of
conditions. Both systems use steam produced bgrwailing from the reactor core decay heat
to drive a steam turbine which in turn powers a puminject water back into the core (BWRS)
or steam generators (PWRs) to maintain the needéel wventory for long-term core cooling
for a wide set of operating pressures. In mangsase same turbine / pump is used in both
BWRs and PWRs.

Based on events at Fukushima [6], it is known R@tC operation was critical in delaying
core damage for days (almost three days for Fukueshinit 2) even though the turbine-pump



system ran without direct current (DC) power folveacontrol and with high water temperatures
from the BWR wetwell. The RCIC system apparenpgrated in a self-regulating mode
supplying water to the core and maintaining corelog until it eventually failed at about 72
hours. This observation indicates that there meagignificant margin in RCIC performance that
has been neither quantified nor qualified. Techllycthis is a highly important lesson-learned
from Fukushima that needs to be explored and duethfor the benefit of the US operating

fleet. Furthermore, quantifying emergency resp@atgepment performance under these
conditions could aid in providing safety margins ¢arrent license renewals, subsequent license
renewals, as well as assist internationally. Rmé#his expanded understanding could form the
technical basis for emergency mitigation stratetfies could greatly increase options for the
successful implementation of SAMG and diverse dexilile coping capability or "FLEX"

SAMG measures under extended loss of alternatingru(AC) power conditions for both

BWR and PWR reactor designs. On these basesatied acknowledged a need to determine
the true operating envelopes of both RCIC and TDAsYps under severe accident conditions.
There is also international interest in this aeedl there is the potential for conducting large-
scale experiments on this topic.

Two other gaps were identified by the panel indagory on emergency response
equipment performance under BDBE conditions, arelathese was ranked in the upper 50 %
of all identified gaps in terms of safety relevande particular, BWR safety relief valve (SRV)
performance under BDBE conditions was ranked bytreel as the"8most important gap. In
addition, PWR primary system Pilot-Operated VaR®RYV) performance was also identified as
a gap, but the ranking was lower; i.e."Ht of 13 in total. In general, SRV and PORV
performance under DBA conditions is well known. wéwer, the panel identified knowledge
gaps on the performance of these devices involextgnded cycling under high temperature
conditions expected in the process gases flowirautih the valve as well as the high
temperature and pressure conditions inside contihaiuring protracted BDBE scenarios such
as those experienced at Fukushima. For exangl®WRs radiation heat transfer from the
process gases may cause failure of the solendidstbhaed to maintain the PORV in an open
position. On these bases, the panel acknowledgee@to determine the actual operating
envelope of BWR SRVs and PWR primary side PORV<susdvere accident conditions.

Four additional gaps were identified under the gaite of containment and reactor building
response; i.e., itratification and combustion was ranké&t B,/CO monitoring was 10
organic seal degradation was rankell, #hd Passive Autocatalytic Recombiner (PAR)
performance was ranked".3

The events at Fukushima [6] clearly illustrated eéffect that combustible gas production can
have on the course of a severe accident. In p&aticdue to over-pressurization, combustible
gases were able to leak from the containments naglatie in the reactor building, and
subsequently explode leading to significant dantadgke buildings at three of the four affected
units. The panel noted that there are uncerésn characterizing random ignition sources in
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plant-level analyses. Identified data needs is #nea include: i) flame front propagation in the
containment vent line, ii) stratification in larglysical structures exemplified by containments
and reactor buildings, iii) methods for modelingntaustible gas concentration variations in
lumped parameter codes, and finally iv) auto-igmitat high temperatures.

Closely related to this topic, the ability to mmmicombustible gas levels in containment
under BDBE conditions was also identified as a gélpe challenge here is predominately
equipment related,; i.e., development of a systeahdan monitor potential flammability from,H
and CO under ELAP conditions while accounting fiagbical considerations such as non-
homogeneous gas mixtures in containment and steadeansation in the gas sample lines.
Events at Fukushima [6] illustrated the point tth@tision making related to accident
management actions (such as venting or actuatinigiconent sprays) could be better informed
if the operators had knowledge of the time-depehdas composition in containment.

Organic seal degradation under BDBE conditions alss identified as a gap. Typical
containments include hundreds of penetrationsifung, instrument and power cabling. Often
these seals are made using organic materials.odgtihseal performance under design basis
accident (DBA) conditions has been well characestjzhere is much less information on the
ability of these seals to remain leak-tight und&XB conditions that include elevated
temperature, pressure, steam concentrations aradioadeffects, particularly for seals that have
undergone significant aging.

The final gap identified by the panel under theegaty of containment and reactor building
response is PAR performance for CQ&4s mixtures that can arise under conditions inmgl
core-concrete interaction. Performance datahfese devices with #air gas mixtures are
readily available, but the panel noted limited kifenge regarding the effectiveness of PARs on
reduction of combustible gas levels when high catregions of aerosol fission products or CO
are present. This gap was ranked the lowest ti@de identified due to the fact that PARs are
not deployed in any operating US plants as sevamielent flammable gas control meastires
However, PARs are used in the Westinghouse AP1G&0@ gesign being built in the US and are
commonly used in other countries, including US-glesd plants that are operating or under
construction. Thus, this gap is relevant for SAlI@&nning and implementation for those units.

The panel deliberations identified two other gdyz tvere classified under the category of
additional phenomenology. In particular, theuefice of raw water on accident management
procedures was ranked as tHer8ost important gap, followed by fission produarnsport and
pool scrubbing that was rankell. 9The main issue with raw (including sea) watgzdtion is
that as a result of boiling in the core, large antswf solute could precipitate on the surface of
fuel pins, thereby restricting coolant flow passaged degrading heat transfer. There are
currently a limited number of studies being condddnh Japan investigating the thermal-

! There are a limited number of plants in the U$ bisve PARSs installed as DBA hydrogen control messbut
these PARSs are not designed for severe accidentrfible gas generation rates.
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hydraulic characteristics of saline solutions inalar tube geometries as well as small-scale
simulated debris configurations [7]. The JapanitoEnergy Agency (JAEA) is also
investigating the impact of salt on the chemical physical form of solidified (U,Zr)©debris
[8]. Although these studies are providing somaiprinary information, the panel judged that
there were still knowledge gaps in this area rel&bethe effect of raw water on fission product
transport and the coolability of highly degradedecdebris; in particular, the potential for
precipitates to block coolant passageways and degraoling.

Regarding fission product transport, the paneldhthat there has been significant R&D
conducted in this area because it is a key fanfrancing reactor safety. However, based on
events at Fukushima a few knowledge gaps haveilleatified that may warrant additional
consideration. In particular, data are neededhévacterize the thermodynamics of fission
product vapor species in high temperature conditisith high partial pressures of steam and
hydrogen; the effects of radiation ionizing gashitthe reactor coolant system (RCS); and
vapor interactions with aerosols and surfacesaduition, there are no data for evaluating the
effects of raw water addition on fission produeiport. Regarding late phase ex-vessel
behavior, data are needed to assess the effectldi®land H/CO gas mixtures on pool
scrubbing at elevated pressures and saturatedtioorsdi The US NRC and the Japan Nuclear
Regulatory Authority (NRA) are funding researchttimay provide insights about these latter
two issues. In addition, there is the potentiadttain data from experiments conducted in
existing facilities located in Europe (e.g., Switaad, Germany, or France) [9].

viii



ACKNOWLEDGEMENTS

Successful preparation of this report requirediirgmd support from several individuals and
organizations. The US Department of Energy, OftitBluclear Energy, Light Water Reactor
Sustainability program funded the participatiorpodsent and former national laboratory
participants as well as the Reactor Safety Teclymesopathway leader. In addition, various
industry organizations provided substantial in-kemehtributions by providing technical experts
to participate in this process; these organizatioadsided the Electric Power Research Institute,
Exelon Corporation, GE-Hitachi, the Pressurized &V&eactors Owners Group, the Boiling
Water Reactor Owners Group, and Southern Nucleially, two organizations provided
technical experts to participate in the panel nmgstas observers to the overall process. In
particular, Mr. Yasunori Yamanaka and Mr. Kenji diata from Tokyo Electric Power Company
attended, as well as Drs. Sudhamay Basu and Ritle&érom the US Nuclear Regulatory
Commission Office of Nuclear Regulatory Researdiesk individuals facilitated the overall
process by providing key clarifications in variareas as the meetings progressed. These efforts
are greatly appreciated.



Table of Contents

Page
EXECUTIVE SUMMARY .ottt ettt a s eesaae et e e e e e e e e e e e e e s s s s s assssbbbbasneeeeenas i.
ACKNOWLEDGEMENTS oottt a e s e e e e e e e e e aaaeaeaaaeaaeasnnns ix
A C R ON Y M S L et e e et et e e e e et et — et a e Xiv
1.0 INTRODUCTION. .. uuttttttiiiiititteteee e e e e e e e s ae s esseeeeeeaeaeeeaeesassssasnssssrresseseeeeeeeeaaaaans 1
1.1 BACKQIrOUNG ... e e e e e e e e e e e e e e e eeeeeeeeennnnns 1
N © o = ox 1Y/ SR 2
2.0  GAP EVALUATION APPROACH ..ottt 4
2.1 PrOCESS OVEIVIEW. ......commmmmseeeeeeeeeeeetteeeerenssunnsnsssesaaaaaaaasaaaeaaaaaeeeesemmmrmmmnnn 4
A A V7 | (VT (o] o N O 11 1= 1 - PRSP 5
2.3 Gap Importance RaNKING............coiii e s e e e e e e e eeaeeeeeeessennnnn e 6
2.4  Gap Knowledge Base RaNKiNg ........ccoooooiiiiiimiiiiiiiee e 6
2.5  Accident Scenario DefiNitiON............uuiiiiieiiiee e 7
3.0 GAP ANALYSIS RESULTS AND DISCUSSION......cctttiiiiiiiiaiiieiiiiieieiiiieeeen 8
3.1 Summary of High Level Gaps &sdociated Rankings.................cccees . 8
3.2 IN-VESSEl BENAVION......coeeei e 13
3.21 Assembly/CoreLevel Degradation .............cooovviviiiiiiiiiiiiinieeeeeeeeeeeeennn 13
3.2.2 Lower Head BENAVION ..........uuuviuiiiiiiei e eeeeee et 17
3.2.3 VESSE FallUre ..ouveicceee e 21
3.3 EX-VEeSSEel BENAVIOK .......cviiiiiiiiciie e 25
3.4 Emergency Response Equipmerfofnance Under BDBE Conditions............ 29
3.4.1 RCIC/AFW Equipment Performance...........cccvvvvvvvvviiiiiiiiiieeeeeeeeeeeeeen 30
3.4.2 BWR Safety Relief ValVES..........ccoooiiiiiiiiiiieeeeeeee e 32
3.4.3 PWRPrimary Sde Pilot-Operated Relief Valves...........cccccovvvvvviiiiiennnn. 32
3.5 Containment & Reactor BUilIRESPONSE ..........oevvvvviiiiiiiiiiie e 33
3.5.1 H; Stratification and CombUSLION............eiiiiiiieeeeeeieieeeeeeiieieeaeaeees 33
3.5.2 Ho/COMONITONING . .coviiiiiiee ettt e e e e e e e 36
3.5.3 Organic Seal Degradation...............ceeeereieeeeeeeeeeeeeeeeeeeneeeenneereennnn 37
3.5.4 Passive Autocatalytic Recombiner Performance...........ccocoeeeeviiiiiiiiienennnn, 38
3.6 Additional Phenomenology..........coooeeiiiiiiiiiees e e e e 39
3.6.1 RawWater EffeCtS........cooiiiiiiiii e 39
3.6.2 Fission ProduCt TranSpOrt...........eueeeeeieeeeeeeeeeeeeeeeeeeeeevsieeenneesennnnnnnnns 42
4.0 CONCLUSIONS AND RECOMMENDATIONS......coiiiiiiiiiiiiiiiiee e 48
4.1 IN-VESSEl BENAVIOI .. ...ttt e e e 48



4.2 EX-VESSEI BENAVIOL ... et 53

4.3 Emergency Response Equipment Performance under DBDA Conditions....... 54
4.4  Containment & Reactor BUildIRGSPONSE .........euuvvuiiiiiiiieiieeeeeeee e 55
4.5  Additional Phenomenology...........oovvevviiiiiiiiiiiiiiie e eeeeeeee e 57
5.0 REFERENCES.......coi it e e e e e e e e e e e serreee e 60
APPENDIX A: Evaluation RanKing Table .............ccccccciiiiiiiiiiiiirreee e 69
APPENDIX B: Human Factors and Severe Accident Insumentation Evaluations.......... 70
B.1  Human Factors and Human RéitglAssessment...............oovvvvviinnmmmmneeee. 70
B.2  Severe Accident INStrumentatiQ...............eeiiiiiiiieeeiiiieieieiieeeene e 72
APPENDIX C: Evaluation of Emergency Response Equiment Performance During
the Fukushima Dai-IChi ACCIHENTS..........uuiiiiiiiiiiiiiiiiee e 79
O I = Tox 1o | (o101 o [PPSR 79
C.2  UNIt 1 RCS RESPONSE .. ceieeei ittt ea e e e e e e e e e e e e e eeeeeeenenes 80
C.3  UNIt 3RCS RESPONSE .. cceeeeei ettt e e e e er e e e e e e e e e e e e e e e e e eeeeeeaennnes 81
C.4  UNIt 2 RCS RESPONSE .. .eiieeii ettt er e e e e e e e e e e e e eeeeeenaenes 84
C.5 BWR SRV FUNCUONING....commeeeeeeeeieiiiiiniiiaeseeeeeeeeaseeseseeseeeseeesssnnnnnnn 86
C.6  Suppression POOI EffeCtS.......coooiiiiiiii e 88

Xi



Figure

1

2-1
3-1

C-1

C-2

C-3

C-4

C-6

C-7

List of Figures

Page
Summary of Accident Progression at Fhkuaa Daiichi Unit 1 and Necessary
Countermeasures (Courtesy Of TEPCO)......ccceeveeeiiiiiiiiiiieei e i
Sequence of Gap Analysis Activities aadd? Process .............ccccvvviivieiiiivceceenennn. 4
Conceptual Differences in MAAP and MELC@®Rdeling of Heat Transfer from a
[D]=To = To [=To I @fo] (TN 1o [ 14
Estimated Conditions at Fukushima Uni&s(tourtesy of TEPCO)...........ccccccuu.... 15
Possible Lower Head Molten Pool Configiores [18] .............ccoovvviiiiiiiiiiiiiiceeeenies 18
Lower Plenum Representations in (a) MERC&Nd (b) MAAP [34,35] ....ccooeveeeeeeennn. 19
Results from OECD TMI-2 Vessel InvestigatProgram [16]...........ccoeeeviiiiiiiiiiieens 23
Representative Margin of the BWR ContantBased on the Design Envelope [65]..38
Processes Governing In-Vessel FissiodwtoT ransport [95] .........ccevvvvvivvvinnnvommnn . 43
Instrumentation Survivability Evaluatiorpproach [126].............cuvveeeiinieeeeees e 74

Fukushima Daiichi Unit 1 RPV Pressure Rese as Indicated in Strip Chart
Measured Data and Compared with MELCERulation of Isolation Condenser

(@ 01T =1 [0] o T 122 PRSP PPRPRPPPPTR 80
Fukushima Daiichi Unit 1 RPV Pressure Resge are Revealed Through Available
Data and Compared to MELCOR Analyses of Unit lident Progression [2]............. 81
Fukushima Daiichi Unit 3 RPV Pressure SingwDperation of RCIC and HPCI

)£ (=1 055 122 PRSP 82
Strip Chart Data for Fukushima Daiichi t/31IRPV Pressure - Time Advancing in
YL 1= B 1 £=T ot 1] o PP PPPPPPP 83
Fukushima Daiichi Unit 2 Pressure Resp@m@pared to MELCOR Model of

Cyclic RCIC Operation with Water INGOSL[2] .........ccoeiiiiiiiiiiiiiiiiieeiiiit e 85
Effect of SRV Seizure and MSL Rupture agsfen Product Scrubbing and
Containment Airborne Concentrations [2].....cccceooiiiieie i 87
Fukushima Daiichi Unit 2 Wetwell/Dryweltéssure Response [2]...........ceeeeeneenes 89.

Xii



List of Tables

Page
Summary of Identified Gaps with Associated Impoc@aRankings and
Recommended R&D to ADAress the Gaps.......ceeeeeeeeeiiiiiiiiiiiiiiieeeee e iV
Phenomena/Operation Importance Ranking Scale...............oouiiiiiiiiieeeeeee, 6
Phenomena/Operation Knowledge RankingeScal..........c.ccoooviiiiiiiiiiiiiiiiis e 7
Summary of Identified Knowledge Gaps ars$dciated Rankings for BDBEs.............. 9
Assembly /Core Level Degradation Data 2BT-............cccevvvveeieiiiiiiiiinieeeeeeeeeeeeeeeee, 16
Lower Plenum Melt Relocation and InteraetData ..............coooevviiiiiiiiiiiiiiiceneee 17
Vessel Lower Head and Penetration Fal@.............cooooeeiiiiiiiiiiiiiiiieees e 22
In-Vessel (IV) and Ex-Vessel (EV) Metalgi@ation Reactions [71] ............vvvvvennnmn 34
Seawater Injection during FUKUSHIM@..............oooriiiiiiiiiiii e, 40
Large Scale Fission Product Transport B@afCes ..........ccooveeeeeeiiiiiiiieeiiiiineeeeeeeee 45
Fission Product Transport Processes Ceresidn MELCOR and MAAP..................... 46
Summary of Identified Gaps with Associategortance Rankings and
Recommended R&D to ADAress the Gaps.......ooooevevviiiiiiiiiiiiiicc e 49
Design Goals for Experiments to Address\Wledge Gaps Related to Late Phase
IN-COre Melt ProgreSSION ... ....euueeiiie ettt reeee e e e e e e e e e eeeeeeeenee 51

Xiii



AC
AFW
ANL
BDBA
BDBE
BWR
BWROG
CCl
CSNI
CST
DBA
DC
DOE
ELAP
EPRI
FOM
HPCI

ICI
INL
JAEA
LOCA
LWR
MCCI
MSIV
NRA
NRC
ORNL
PAR
PIRT
PORV
PWR
PWROG
R&D
RCIC
RCS
RST
RPV

Acronyms

Alternating current

Auxiliary feedwater

Argonne National Laboratory

Beyond design basis accident
Beyond design basis event

Boiling water reactor

Boiling Water Reactor Owners Group
Core-concrete interaction

Committee on the Safety of Nuclear Installasio
Condensate storage tank

Design basis accident

Direct current

Department of Energy

Extended loss of AC power

Electric Power Research Institute
Figure of merit

High pressure coolant injection
Isolation condenser

In-core instrument

Idaho National Laboratory

Japan Atomic Energy Agency

Loss of coolant accident

Light water reactor

Molten core-concrete interaction

Main steam isolation valve

Nuclear Regulatory Authority

Nuclear Regulatory Commission

Oak Ridge National Laboratory
Passive autocatalytic recombiner
Phenomena identification and ranking table
Pilot operated relief valve
Pressurized water reactor
Pressurized Water Reactor Owners Group
Research and development

Reactor core isolation cooling
Reactor coolant system

Reactor safety technology

Reactor pressure vessel

Xiv



SAM
SAMG
SAREF
SBO
SG
SNL
SRV
TBR
TDAFW
TEPCO
T™I

us

Acronyms (Contd.)

Severe accident management

Severe accident management guidance
Safety research opportunities post-Fukushima
Station blackout

Steam generator

Sandia National Laboratory

Safety relief valve

Technical basis report

Turbine driven auxiliary feed water
Tokyo Electric Power Company

Three Mile Island

United States

XV



Reactor Safety Gap Evaluation of Accident ToleranComponents
and Severe Accident Analysis

1.0 INTRODUCTION

1.1 Background

In the aftermath of the March 2011 multi-unit awsit at the Fukushima Daiichi nuclear
power plant (Fukushima), the nuclear communitylbeen reassessing certain safety
assumptions about nuclear reactor plant desigmatpes and emergency actions, particularly
with respect to extreme events that might occurthatlare beyond current design basis events.
Because of our significant domestic investmentuadl@ar reactor technology, the US has been a
major leader internationally in these activitieReTUS nuclear industry is proactively pursuing a
number of initiatives regarding enhancing nucledety for BDBES, and the US NRC continues
to evaluate and, where deemed appropriate, estai#is requirements for ensuring adequate
protection of public health and safety in the ocence of risk significant events at a licensed
commercial nuclear facility; e.g., extreme extematnts such as seismic or flooding initiators.

The DOE has also played a major role in the USaresp to the Fukushima accident.
Initially, DOE worked with the Japanese and therinational community to help develop a more
complete understanding of the Fukushima accidesgrpssion and its consequences, and to
respond to various concerns regarding nuclearystdebeyond design basis events emerging
from uncertainties about the nature and effectt®fccident. DOE R&D activities have been
focused on providing scientific and technical imgy data, and analyses methods that ultimately
support industry efforts to enhance safety. Thesigities are expected to further enhance the
safety of currently operating nuclear power plaassyell as improving the safety characteristics
of future plant designs. DOE recognizes that traroercial nuclear industry is ultimately
responsible for the safe operation of licensedeardiacilities. As such, industry is considered
the primary “end user” of the results from DOE-spared R&D work in this area.

After the Fukushima accident, the body of R&D weelated to understanding the accident
progression and mitigation was evaluated and sened bf effort was applied to start the
process of enhancing the knowledge in BDBE respadrtse Reactor Safety Technologies R&D
program is a pathway that is part of the LWRS pawogr The objective of this pathway is to
improve understanding of beyond design basis evamtgeduce uncertainty in severe accident
progression, phenomenology, and outcomes usingrexisnalytical codes and information
gleaned from severe accidents, in particular tHauSlima Daiichi events. This information will
be used to aid in developing mitigating stratefpedeyond design basis events and improving
severe accident management guidelines for therdurght water reactor fleet.

Thus, there exists a need for a more comprehensiwew on what the industry has been
engaged in regarding BDBES, as well as what R&vitiets NRC is supporting in this area.
This review would provide a means for identifyingyaafety-related knowledge gaps that are
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currently not being addressed by DOE or indushgreby providing a technical basis for
refining DOE’s R&D activities in this area.

It is noteworthy that complimentary activities amederway in this area internationally. In
particular, a senior expert group on SAfety REdeamportunities post-Fukushima (SAREF)
was established in 2013 by the CSNI to establigfoeess for identifying and following up on
research opportunities for addressing safety rebegaps and advancing safety knowledge
related to the Fukushima Daiichi nuclear accidéht Prganizations from twelve countries
(including the NRC and DOE within the US) are papting in this activity. The work scope
includes identifying research opportunities that iormation from Fukushima Daiichi, either
available now or to be obtained during decommissmrthat will provide additional safety
knowledge of common interest to the member cowntriehe group will submit a report with
prioritized recommendations for safety researclvitieis to the CSNI by 2016.

1.2 Objectives

Various analyses by DOE and industry in the wakEufushima have identified a few
areas that may warrant additional R&D to reduce elind uncertainties and to assist the
industry in the development and refinement of Seveacident Management Guidelines
(SAMG) to both prevent significant core damage giaebeyond design basis event and to
mitigate challenges to remaining fission produairmaries and releases if a core damage event
does occur. Both the PWR and BWR Owners GroupsRP® and BWROG) have updated
their generic SAMGs after the Fukushima event baseihitial insights gained from the
reconstruction of the scenarios at each of the dachanits. The PWROG and BWROG will
continue to follow new information and insights andorporate them into future updates of the
guidance as appropriate to address accident maragemd train their reactor operators on
these SAMG's.

Accident management is the diagnosis and seleofiappropriate strategies for
implementation based on direct or indirect indimasi of plant status. Typically accident
management is symptom based diagnosis, and deaisikimg is based on instrumentation
indications or derived values from available partaree However, severe accident management
is not rule based (e.g., Emergency Operating Proesdl but rather knowledge based wherein
the user (typically the Technical Support Centaffsheeds to have a basic understanding of the
potential severe accident progression and phenamBEmadecision process is based on
assessing the past and projecting the presentgaditions to identify future plant conditions,
especially challenges to fission product bounddees., containment and steam generator tubes
for PWRs). The severe accident management traatiegch site includes severe accident
progression and phenomena that are based on ttetunderstanding of severe accidents as
embodied in the simulation codes such as MAAP. ffdiaing is re-enforced by drills wherein
the user has the opportunity to practice severngl@tmanagement principles in response to
scenarios developed from simulation codes. Thesgbmy research that can reduce



uncertainties and thus improve the severe acctegression prediction can be useful to
enhance accident management guidelines and assbtiaining programs.

With this background, the overall objective of thiady is to conduct a technology gap
evaluation on accident tolerant components andreeaceident analysis methodologies with the
goal of identifying any data and/or knowledge gtyad may exist, given the current state of
LWR severe accident research, and additionally amnged by insights obtained from the
Fukushima accident. The ultimate benefit of Husvity is that the results can be used to refine
DOE’s Reactor Safety Technology (RST) R&D plan ddr@ss key knowledge gaps in severe
accident phenomenology that affect reactor safetythat are not being directly addressed by
the nuclear industry or by the NRC.

To this end, the methodology used to carry outtdginology gap evaluation is
summarized in Section 2. The results are thenigeoMin Section 3, which begins by providing
a high-level overview of the identified gaps, folled by presentation of technical details for
each gap including the safety relevance and a ieéw of any existing R&D that has already
been conducted in the area. Section 4 then pge\adsummary of the findings, including
recommendations on appropriate R&D that may beidersd to address the gaps.



2.0 GAP EVALUATION APPROACH

2.1 Process Overview

The approach taken to conduct this reactor safgpyeyaluation on accident tolerant
components and severe accident analysis incorpoiiatgliar features of a traditional PIRT
process that is designed to identify safety relepaenomena, evaluate the knowledge base, and
rank potential gaps [10]. A PIRT is a systematetimd for gathering information from experts
on a specific subject and ranking the importancinat information in order to meet an
objective, which in this case is research pricaiizn. The overall process is illustrated in
Figure 2-1.

¢~ | Define PIRT Objectives and high
level evaluation criteria

Compile current LwR' safety "
knowledge base - phenomena and
< scenarios
Define design options (systems or
components) be considered in each *
\_ review area (panel)
f Define scenarios and key systems or -—
components active in scenario
Identify Key Phenomena active in —
scenario
Assess the Importance of the key -
. phenomena and Rank (HM.L)
Iterative Panel
ga:‘::;n Assess knowledge level for the key
q phenomena and define gaps =
-
| Compile Results and Document
| Compile final report and recommendations |¢—

Figure 2-1. Sequence of Gap Analysis Activities dPanel Process.

Note that this process has been used extensivedautor safety evaluations; e.g., severe
accident PIRT analyses have been previously coaddot existing plant designs (i.e., Gen lI;
e.g., see [11]), as well as advanced plant con¢eptsGen llI+ and 1V; e.g., see [12]).

PIRTs are generally structured to address the saogdevel of detail appropriate to a
particular system or scenario under consideratiwvaluation of well-developed designs or
specific scenarios can be more narrowly focusedgvassessment of more generic designs or
scenarios can be used to evaluate overall safanacteristics. Because the intent of this work is
to conduct a high level reactor safety gap evadnabased on insights obtained from the recent
Fukushima accident, the latter approach is adopted.



This effort required preparatory activities thatluded development of panel study
objectives and criteria, identifying expert pagnts, preparation of an initial high level draft
PIRT table that served as a template to guide pselissions, and finally organizing and
coordinating panel interactions. Consistent whi ¢verall approach taken for this gap
evaluation, the panel process included: a) defiaiiggneric accident scenario applicable to both
BWR and PWR designs, b) identifying key phenomermha@mponents active in that scenario,
c) assessing the importance of these phenomeneoamgbnents to overall plant safety, d)
evaluating the adequacy of currently availablernmi@ation for addressing any identified issues,
and finally e) documenting the work.

The process was initiated by forming a panel ofédferts in LWR operations and safety
with representatives from several DOE laboratafiies, ANL, INL, ORNL, and SNL) and
industry (EPRI, BWROG, PWROG). All panel membewsauthored this report; see the cover
pages for a list of participants and their respectirganizations. Representatives from the NRC
and TEPCO also participated as observers in theepsp these individuals are recognized in the
acknowledgments. A high-level PIRT on accidefgremt components and severe accident
analysis was then developed and distributed togyzahts as preparatory meeting material.
General severe accident areas covered in the Rigtddee:

* In-vessel behavior

* Ex-vessel behavior

» Containment (and reactor building) response
* Emergency response equipment performance
* Instrumentation performance

* Operator actions to remove decay heat.

Work began by holding an initial panel meeting &tlAon 30-31 October 2014. A follow-
up meeting was held at ANL on 7-8 January 2015 deoto finalize the results. During the
second meeting, the panel also worked to defineogpiate R&D for addressing identified gaps.

Additional details on the gap evaluation critegap importance and knowledge base
rankings, and the specific accident scenario censdlas part of this study are provided below.

2.2 Evaluation Criteria

The most important evaluation criterion or figufexeerit (FOM) for the phenomena or
operation considered as part of this study is titergial impact on the release of radioactive
material to the public. In practical terms, thésentially means the influence of the phenomena
or operation on maintaining (or compromising) theeeé engineered barriers for containment of
radioactive material (i.e., cladding, primary syst@nd the reactor containment itself). This is
the common FOM for all PIRT-type analyses. Gitlemfact that this gap analysis was focused
not only on BDBE phenomenology but also on accideletant components, the evaluation
metrics were expanded to include a functional Bdteas well. This second criterion was added



on the basis that operational data for emergersporese equipment is available for design basis
accident (DBA) conditions, but the analogous infation under BDBE conditions may not be.
Thus, the two criteria utilized as figures of méoit the phenomena or operations considered as
part of this study are as follows:

» Radiological consequence criterion: dose at tieelstundary, worker dose, primary or
secondary radioactive material inventory releases;

» Functional criterion: potential impact on systentomponent operability or functionality
under BDBE conditions for the scenario of integse Section 2.5)

2.3 Gap Importance Ranking

The importance ranking of a particular phenomenooperation was evaluated according to
the set of criteria (figures of merit) noted aboVke importance ranking categories are
gualitative levels of High (H), Medium (M), and Ldilv). These rankings have been found in
previous studies to provide adequate resolutiontard consistent with an expert opinion
process. The detailed gap evaluation resultsiargrgrized in the form of a table, which
includes comment sections for each ranking. SyuEs# sections of the report provide details
of the rationale or justification for the panel ianfance level ranking. The general descriptions
of these importance ranking levels based on thkiatran criteria are summarized in Table 2-1.

Table 2-1. Phenomena or Operation Importance Rankig Scale.

Rank Definition

High (H) Phenomenon/operation has a controllingdotmn the FOM

Medium (M) | Phenomenon/operation has a moderateatrgpathe FOM

Low (L) Phenomenon/operation has a minimal impacthe FOM

2.4 Gap Knowledge Base Ranking

Evaluating the knowledge state of a phenomenoperation generally involves the
assessment of both the modeling capabilities amdidtabase to validate the model or operation.
The specific criteria used to characterize knowdestigites as part of this study are summarized
in Table 2-2. In general, the knowledge statauked as High (H) if a physics-based or
correlation-based model is available that adequaggresents the phenomenon or operation
over the parameter space of interest, which farshudy is a BDBE condition. Furthermore,
this ranking is appropriate if a database adeqoatalidate the relevant model or operation
exists or the data are available to make an assge$sm

The knowledge status is ranked as Medium (M) ifaadidate model or correlation is
available that addresses most of the phenomenopearation over at least some portion of the
parameter space. In this case, data are avaitaltlare not necessarily complete or of high
fidelity, allowing only moderately reliable assessits.



The knowledge state is ranked as Low (L) if no madeperational data are available,
and/or the applicability of an existing model isartain or speculative. In this case, there is no
existing database, and assessments cannot be efiathéyr

The gap analysis knowledge results are also prdvidéhe summary table (Appendix A),
which includes comments on the ranking where appatg In addition, subsequent sections of
this report provide details of the rationale ottifusation for the panel knowledge level ranking.

Table 2-2. Phenomena or Operation Knowledge RankgScale.

Rank Definition

High (H) * Phenomenon or operation is well understood. Uaigitin
experimental-operational data is small.

* Analysis or performance models have been or coalddplied to plant
design.

Medium (M) | « Phenomenon or operation is generally understoddgeiperimental-
operational data are limited or uncertain, and tamital study may be

necessary.
» Technical challenges remain.
Low (L) * Phenomenon or operation is not really understood.

* Limited if any experimental or operational datagtsthat modeling or
operational performance, if any, would depend lgrga assumptions.
» Further studies are essential if phenomenon oratiperis important

2.5 Accident Scenario Definition

The specific accident scenario used as a bas@afoying out the gap evaluation is an
unmitigated Station Blackout (SBO) involving exteddoss of AC power (ELAP). This
scenario was selected so that the full array ofigeaccident conditions ranging from onset of
core degradation out through failure of the reaptessure vessel and discharge of core debris
into containment would be addressed as part gbéinel evaluation process. Potential operator
actions to mitigate severe accident consequencestiven considered as a separate, distinct
category. Accident progression for both BWR andRPplant designs under these conditions
were evaluated as part of the analysis.



3.0 GAP ANALYSIS RESULTS AND DISCUSSION

The overall objective of this section is to presamd discuss knowledge gaps identified by
the expert panel in the areas of accident toleramponents and severe accident analysis that
are not currently being addressed by industry, N;t@OE. The high level PIRT that was
developed as part of this process is provided ipefyalix A. This table provides importance and
knowledge level rankings for each identified gagaaluated by the panel based on the metrics
described in Sections 2.2 to 2.4.

As described in greater detail below, several gegre identified by the panel in various
BDBE topical areas (summarized in Section 2.1) #natnot currently being addressed by
industry, DOE, or NRC. However, there are two imi@ot areas related to BDBESs in which
gaps are known to exist, but the panel concludatdtiorts currently underway by industry,
NRC, DOE and the international community shouldrads the gaps. Specifically, these areas
are: i) Human Factors and Human Reliability Assessimand ii) Severe Accident
Instrumentation. For completeness, backgrountesd two areas regarding the known gaps as
well as efforts that are underway to address thaps is provided in Appendix B. These efforts
should be monitored to ensure that existing gapsddressed.

The balance of this section begins by providinggattevel overview of knowledge gaps
identified by the panel in the area of accidergr@ht components and severe accident analysis.
This overview is followed by additional sectionatiprovide technical details for each gap
including a brief review of any existing R&D thaadalready been conducted in the area, as well
as the safety relevance of the gap.

3.1 Summary of High Level Gaps and Associated R&imgs

Panel deliberations led to the identification aftden (13) knowledge gaps on accident
tolerant components and severe accident analygtsoaethat were deemed to be important to
reactor safety and are not being currently adddegendustry, NRC, or DOE. The results are
summarized in Table 3-1. The thirteen gaps wetked in terms of their relative importance to
safety using a straightforward voting process imva all panel members. The results were then
combined to yield the cumulative importance rankifay the panel as a whole; the outcome is
also shown in Table 3-1. In broad terms, the gaplts could be classified into five categories:
i.e., 1) in-vessel behavior, ii) ex-vessel behayiiby containment — reactor building response, iv)
emergency response equipment performance, andlitjaadl phenomenology.

The first, second, and fourth-ranked gaps areralbuthe category on in-vessel core melt
behavior. In particular, the highest ranked knagke gap is associated with assembly/core-level
degradation; the second is core melt behaviorerndter head; and the fourth is lower head
failure. To provide some background as to whydhesns were so highly ranked, recent
complimentary analyses of the Fukushima reactadants using the MELCOR [2] and MAAP
[3] codes were completed as part of a joint inquBXOE effort. A follow-on DOE-sponsored



study on ex-vessel behavior for Unit 1 with the MEBPREAD and CORQUENCH codes [4]
utilized the ex-vessel debris pour conditions fritve MELCOR [2] and MAAP [3] calculations
as input. As part of this study [4], it was notbkdt the ex-vessel debris pour conditions between
the two codes varied dramatically, and this ledrtifound differences in the predicted ex-vessel
behavior that determines thermal loads on contampnas well as the potential for failing key
containment structures such as the Mark I lindresE findings prompted a follow-on jointly
sponsored (industry-DOE) cross-walk activity betwdee two code development teams that
focused on identifying key modeling differenceswmsn the two codes that lead to large
differences in predicted ex-vessel melt releas@itions [5]. The results of the crosswalk
indicate that the discrepancy begins in the earbsps of in-core melt progression; i.e., the
different methods used to model assembly blockafesesultant porosity of these blockages,
and how these formations influence the overall gsgjon of in-core melt front propagation.
Unfortunately, there are currently insufficient expnent and full-scale prototype (i.e., TMI-2,
Fukushima) data that can be used to assess thesdimgodifferences. From a reactor safety
viewpoint, this is an important issue as the madgtiifferences lead to large disparities related
to in-vessel hydrogen production.

Table 3-1. Summary of Identified Knowledge Gapsrad Associated Rankings for BDBES.

Category Identified Gap IrrFlzp;nrtk?:ge
Assembly/core-level degradation 1
In-Vessel Behavior | Lower head 2
Vessel lower head failure 4
Ex-Vessel Behavior Wet cavity melt relocation ar@diC 5
H, stratification and combustion 7
Containment- Reactor | H, and CO monitoring 10
Building Response | Organic seal degradation 12
PAR Performance 13
Emeraency response RCIC/AFW equipment 3
equipmgent gerforpmanc BV_VR SR\_/S 6
Primary side PORVs 11
Additional Raw Water 8
Phenomenology Fission product transport and pool scrubbing 9

Closely related to this topic, the fifth rankegds under the category on ex-vessel
behavior; specifically, melt relocation from theepsure vessel and subsequent core-concrete
interaction behavior under wet cavity conditiofsom a reactor safety viewpoint, although
containment failure by ex-vessel core debris imtmg with structural concrete is categorized as
a late phase event, the potential radiological equences could be substantial and warrant

9



effective strategies to prevent or mitigate sucbl@ase. As one of several strategies, SAMGs
for many operating LWRs include flooding the reactavity in the event of an ex-vessel core
debris release. New reactor designs also incapg@ravisions for cavity flooding as a
mitigation feature. Knowledge gaps related to thc include the effect of pre-existing water
on the drywell/pedestal floors on melt stream bugeknd spreading, as well as the influence of
water throttling rate on spreading behavior andjterm coolability. Other questions include
the effect of BWR-specific high metal content meltscore-concrete interaction and debris
coolability.  There is international interestlims area, and there is the potential for
international collaboration in assessing data flarkushima and in conducting additional large-
scale experiments on this topic.

The third highest ranked gap from Table 3-1 isaurile category on emergency response
equipment performance under BDBE conditions. Bipatly, the RCIC for BWRs and the
TDAFW system for PWRs are the key safety systemtdte used to remove decay heat from
the reactor under a wide range of conditions. Bg#tems use steam produced by water boiling
from the reactor core decay heat to drive a stegine which in turn powers a pump to inject
water back into the core (BWRS) or steam generdRI¢Rs) to maintain the needed water
inventory for long-term core cooling under a broadge of operating pressures. In many cases,
the same turbine/pump is used in both BWRs and PWRs

Based on events at Fukushima [6], it is known R@iC operation was critical in
minimizing core damage for days (almost three day&ukushima Unit 2) even though the
turbine-pump system ran without DC power for vateatrol and with high water temperatures
from the BWR wetwell. The RCIC system apparerigsed on information available to date)
operated in a self-regulating mode supplying wedd¢he core and maintaining core-cooling until
it eventually failed at about 72 hours. This olila@on indicates that there is significant
operating margin in RCIC performance that has ms#her quantified nor qualified.
Technically, this is a highly important lesson-teed from Fukushima that needs to be explored
and quantified for the benefit of the US operafiegt. Furthermore, quantifying emergency
response equipment performance under these camglittould aid in providing safety margins
for current license renewals, subsequent licensewals, as well as assist internationally.
Finally, this expanded understanding would informhancements to the technical basis for
emergency mitigation strategies that could greattyease options for the successful
implementation of FLEX and SAMG measures under ElcARditions for both BWR and PWR
designs. This is recognized as an important aneufther research by US industry as well as
international organizations. The panel acknowledg@eed to determine the true operating
envelopes of both the RCIC and the TDAFW systenteusevere accident conditions.

Two other gaps were identified by the panel indhgory on emergency response
equipment performance under BDBE conditions, arelairihese was ranked in the upper 50 %
of all identified gaps in terms of safety relevande particular, BWR SRV performance under
BDBE conditions was ranked by the panel as then6st important gap. In addition, PWR
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primary system PORV performance was also identdi®d gap, but the ranking was lower; i.e.,
11" out of 13 in total. In general, data on SRV a@R¥ performance under DBA conditions is
well known. However, the panel identified knowledgaps on the performance of these devices
involving extended cycling under high temperaturéhie process gases flowing through the
valve as well as the high temperature and pressunditions expected inside containment

during protracted BDBE scenarios such as thoserexmed at Fukushima. For example, for
PWRs radiation heat transfer from the process gasgscause failure of the solenoid that is
used to maintain the PORYV in an open position. Jdreel acknowledged a need to determine
the true operating envelopes of both BWR SRVs anRPprimary side PORVs under severe
accident conditions.

Four additional gaps were identified under the gaitg of containment and reactor building
response; i.e., itratification and combustion was ranké&t B,/CO monitoring was 10
organic seal degradation was rankell, #hd Passive Autocatalytic Recombiner (PAR)
performance was ranked .3

The events at Fukushima [6] clearly illustrated eéffect that combustible gas production can
have on the course of a severe accident. In p&aticdue to over-pressurization, combustible
gases were able to leak from the containment, aslaienwithin the plant, and subsequently
explode leading to significant damage to the redmiiddings at three of the four affected units.
It is thought the main collection point was on Befueling Floors due to head seal leakage. The
panel noted that there are uncertainties on cheraictg random ignition sources in plant-level
analyses. Identified information needs in this@nked area include: i) flame front propagation
in the containment vent line, ii) stratificationlarge physical structures exemplified by
containments and reactor buildings, iii) methodsmodeling combustible gas concentration
variations in lumped parameter codes, and finalyauto-ignition at high temperatures. One
unique aspect of the Fukushima accidents, at feaktnit 1 [6], is the likely production of
CO,/CO gases from core-concrete interaction, in agidito H. The production of CO is an
additional combustible gas source not normally entered under DBA conditions since the
reactor pressure vessel (RPV) is assumed to refiomaitional. In the Fukushima cases,
H,/H,O/CO gas mixtures likely resulted, and the datatombustion of C&CO gases from
core-concrete interaction are much more limitedamparison to that for typical airgH
mixtures. For example, high-temperature auto-ignitiata exist for dry air/Hmixtures, but
similar information is not available for,#H,O/CO mixtures, which are expected for ex-vessel
sequences involving core-concrete interaction.

Closely related to this topic in the"l@anked area, the panel noted a knowledge gain th
area of combustible gas monitoring in containmemnten BDBE conditions involving ELAP.
Measurements of this type are traditionally madegusither a hydrogen analyzer that measures
electrical conductivity of containment gases or g&@ss spectroscopy. The challenge here is
predominately equipment related; i.e., developnoéatsystem that can monitor potential
flammability from hydrogen and carbon monoxide withexternal AC/DC power for an
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extended period, and account for practical conatd®rs such as non-homogeneous gas mixtures
in containment and steam condensation in the gaplsdines.

The 12" ranked area of organic seal degradation under BEBitions was also identified
as a gap. Typical containments include hundreggeoétrations for piping, instrument and
power cabling. Often these seals are made usganar materials. Although seal performance
under DBA conditions has been well characterizieeke is much less information on the ability
of these seals to remain leak-tight under BDBE @@t that can result in elevated
temperature, pressure, steam concentrations aradioadeffects, particularly for seals that have
undergone significant aging.

The final gap identified by the panel under theegaty of containment and reactor building
response is PAR performance for CQf4s mixtures that can arise under conditions inrg|
core-concrete interaction. Performance datahfese devices with #air gas mixtures are
readily available, but the panel noted limited kifenge regarding the effectiveness of PARs on
reduction of combustible gas levels when high catregions of aerosol fission products or CO
are present. This gap was ranked the lowe&}) @Ball those identified due to the fact that
PARs are not deployed in any operating US pfantdowever, PARs are used in the
Westinghouse AP1000 plant design being built inW&eand are commonly used in other
countries, including US-designed plants both ofregadr under construction. Thus, this gap is
relevant for SAMG planning and implementation tooge units.

The panel deliberations identified two additionapg that were classified under the category
of additional phenomenology. In particular, thBuence of raw water on accident management
procedures was ranked as tHer8ost important gap, followed by fission produarnsport and
pool scrubbing that was rankei.9

During the Fukushima accidents, large volumes afvsg¢er were injected into Units 1-3 in
an effort to cool the reactor cores and stabileedccident [6,13]. Seawater was also injected
into the SFP for Unit 4. Current US industry gunda [14] calls for the use of seawater or other
sources of raw water to provide core cooling shdwdgh water sources be exhausted or
unavailable during the course of accident manageprecedures. The main issue with raw
(including sea) water injection is that as a resfithoiling in the core, large amounts of solute
could precipitate on the surface of fuel pins, ¢éfbgrrestricting coolant flow passages and
degrading heat transfer. For BDBE conditions imira highly degraded core conditions, there
is a similar concern that precipitates could blpokosity in the debris, thereby degrading the
coolability. There are currently a limited numieéistudies being conducted in Japan
investigating the thermal-hydraulic characterist€saline solutions in annular tube geometries
as well as small-scale simulated debris configarst{7]. JAEA is also investigating the impact
of salt on the chemical and physical form of sdikdi (U,Zr)O, debris [8]. Although these

%2 There are a limited number of plants in the US$ kizve PARSs installed as DBA hydrogen control messbut
are not designed for severe accident flammabl@egasration rates.
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studies are providing some preliminary informatithre panel concluded that there were still
knowledge gaps in this area (rankdt) Blated to the effect of raw water on fissiondguret
transport and the coolability of highly degradedecdebris; in particular, the potential for
precipitate to block coolant passageways and degradling.

Regarding the®ranked area of fission product transport, the paoted that there has
been significant R&D conducted in this area becatusea key factor influencing reactor safety.
However, based on events at Fukushima, a few krigelgaps have been identified that may
warrant additional consideration. In particulaatadare needed to characterize the
thermodynamics of fission product vapor specidsigh temperature conditions with high partial
pressures of steam and hydrogen; the effects @trawl ionizing gas within the RCS; and vapor
interactions with aerosols and surfaces. In amlditihere are no data for evaluating the effects of
raw water addition on fission product transporegRrding late phase ex-vessel behavior, data
are needed to assess the effect #HD and H/CO gas mixtures on pool scrubbing at elevated
pressures and saturated conditions. The US NRG@handhpan NRA are funding research that
may provide insights about issues related to powilbdbing [15]. In addition, there is the
potential to obtain data from experiments conduatezkisting facilities located in Europe (e.g.,
Switzerland, Germany, or France) [9].

The balance of this section provides additionahitkefor each gap including a brief review
of any related R&D that has already been carrigdasuwell as the safety relevance of the gap.

3.2 In-Vessel Behavior

As discussed in the above summary, the first, scamd fourth-highest ranked gaps all fell
under the category on modeling of in-vessel cor behavior. This is principally due to the
fact that there are currently large differencesvieen the two US codes for plant-level analyses
(i.e., MELCOR [2] and MAAP [3]) in the predictiorf oore degradation behavior for a scenario
similar to Fukushima Unit 1 [5]. However, as tliscussion below will illustrate, there are
insufficient data at the present time that candmuo assess these modeling differences,
particularly for BWRs. From a reactor safety vi@vy, this is an important issue as the
modeling differences lead to large disparitiesnedactions related to the balance of the accident
including in-vessel hydrogen production, lower hbatiavior, and finally ex-vessel behavior
that affect thermal loads on containment and l@rgitdebris coolability [4].

3.2.1 Assembly/Core Level Degradation

Background

The cross-walk study [5] identified a number ofearé which MAAP5 and MELCOR have
implemented different models of core degradatioen@mena inside the RPV. These modeling
differences reflect uncertainty that persists muhnderstanding of severe accident phenomena,
principally due to a lack of experiment data thext be used to resolve such differences.
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During the early phases of in-core degradationfwitecodes have adopted similar
modeling approaches and, for a given scenario,ym®dimilar results regarding initial fuel
heatup, oxidation, formation and relocation of ranltore debris. The debris accumulates in the
originally open flow channels, and the rod-like getry is lost. The primary modeling
differences arise when fuel assembly collapse lsegBoth codes utilize time-dependent models
to determine when collapse occurs, but the modelsgjaite different and lead to differences in
the timing of assembly collapse for a common s@enaAdditional modeling deviations arise
when considering particle bed formation and cordewnelt zone propagation (see Figure 3-1).

'dab!

A

MAAP Representation MELCOR Representation

Figure 3-1. Conceptual Differences in MAAP and MEICOR Modeling of Heat Transfer
from a Degraded Core [5].

In particular, MAAP models particle beds assumimat they have lower heat transfer
surface areas than the rod-like geometry. Moredd&AP models predict that porosity of the
debris decreases as additional debris is genemtediually leading to impervious bundle
blockages. In this state, the loss of cooling $etad i) formation of a highly superheated molten
zone in the core similar to that formed in TMI-®]land ii) a reduced amount of in-core
hydrogen production as steam flow is vented arauotien core material encased within crust,
because these formations are treated as impertodiesv. Conversely, MELCOR assumes
particulate material that forms in coolant chanmefaains porous to steam flow and drops (at a
fixed velocity specified by a sensitivity coeffiai@ until it lands on either intact fuel or the lex
core plate. Thus, in MELCOR simulations for BWRsge in-core molten debris zones are not
formed; rather, the material steadily drains dolnowgh the assembly and then through the core
plate. Because steam continues to flow through debris as it forms, cladding can continue to
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oxidize, leading to much higher in-core hydrogenegation compared to MAAP simulations of
an identical Fukushima-like scenario [5]; see FegBy2.

As summarized, in-vessel severe accident analgsidts are dominated by models that
predict core heatup, degradation, relocation adwnaclide release and transport. Reflooding
and quenching of degraded fuel materials havelsso shown to significantly impact accident
progression. Table 3-2 summarizes experimental ulsetd to develop and validate in-vessel
phenomena [17-23]. As indicated, data are primémm smaller-scale experiments (with the
exception of TMI-2 data) which represent localipd@nomenon rather than full core response.
There are fewer BWR tests (~10) in comparison to R@&8s (~40). Furthermore, all 10 of the
BWR experiments were initiated in a dry environmemiike the events at Fukushima. The
principal reason why the MELCOR and MAAP predicBmf late phase in-core melt
progression differ so dramatically for a Fukushillka-scenario [5] is that there are insufficient
data at the present time that can be used to abs=tsmodeling differences.

Estimated conditions of the Reactor and PCV of Unit-1 Estimated conditions of the Reactor and PCV of Unit-2
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Figure 3-2. Estimated Conditions at Fukushima Ung 1-2 (courtesy of TEPCO).

It is noteworthy that post-event analyses of FukaahUnits 1-3 with the MAAPS5 code
suggest that some of the system depressurizatiectetan be rationalized by In-Core
Instrument (ICI) well failures [5] during the in1@melt progression phase. This subject is
being addressed in greater detail as part of th&RB\code enhancement project.

Safety Relevance

From a reactor safety viewpoint, uncertainty raldtein-core melt progression
phenomenology is important as it leads to largé&tians in the prediction of in-vessel hydrogen
production. In addition, these uncertainties hastrong impact on the boundary conditions for
the balance of the accident sequence includingaeies relocation to the lower head, melt
interactions with the lower head, the mechaniswi{$)wer head failure, and finally ex-vessel
debris pour conditions that impact melt spreadihg,potential for failing key containment
structures during spreading such as the Mark t,lizved finally debris coolability.
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Improved understanding of in-core melt progressvonld enhance severe accident
management guidance related to locations and oateater addition to the plant, as well as
actions such as containment venting. In addimnincreased understanding of in-core
phenomenology will improve the ability to train eatrs on accident management procedures,
as well as inform response personnel on the begtavallocate resources.

Table 3-2. Assembly /Core Level Degradation Datd J-23].

Test - Description Phenomena Tested
Accident
PWR
Loss Of Fluid Test (LOFT)
FP-2 Large scale fuel bundle severe damage tdst wit| Fuel heatup, cladding oxidation, generation, quench

reflood

behavior

Power Burst Facility Severe Fuel Damage (PBF SFD)

SFD ST, 1- | Small scale and fuel assembly severe damage testsiel heatup, boil-off cladding oxidation, feneration.
1,14 with boil-off and steam flow

SNL ACRR

MP & ST Small tests with irradiated clad fuel; simulatidn o| Fission product release from irradiated fuel; debed
series the heatup of PWR in-core debris bed melting

Full-Length, High-Temperature (FLHT)

FLHT-2, 4, Heatup of full-length PWR fuel assembly; colant| Boiloff, fuel heatup and damage,, ¢neration, noble ga

5 boil-off release

CORA

CORA-2, 3, | Fuel assembly with electrical heater rods, Inconel Fuel heatup and damage, cladding oxidation, H

5,7,9, 10, spacers, Ag-In-Cd absorber generation, reflood and quench

12,13, 15,

29, 30

PHEBUS

B9+, FPT-1 | Fuel assembly and integral severe fuel damage | Fuel heatup, liquefaction, collapse, eutectic beirati,

to 4 tests: steam generator deposition, containment | generation, FP release, speciation and volatiliysport
aerosol/chemistry; melt progression in debris bed and deposition, containment chemistry and depositad
geometry with irradiated fuel. iodine partitioning; late phase melt progressiod kv

volatility FP release

QUENCH

QUENCH-1 | Small fuel assembly with electrical heater rods; Ad-uel heatup and damage, cladding oxidation, H

to 15 In-Cd absorber generation, quenching.

TMI-2 Full scale PWR accident. System pressure, RCS piping heatup and final efate

accident reactor core. Indirect measurement gpkbduction.

BWR

Annular Core

Research Reactor Damage Fuel TeSBRRADF)

DF-4

Small bundle test that included fuel, charbu
and SS control blade with,8

Fuel heatup, cladding oxidation; teneration, BC-SS
eutectic interaction, fuel liquefaction, fuel roollapse

CORA

CORA-16, Small electrically-heated fuel assembly with Fuel heatup, damage, cladding oxidatiopgéheration,

17, 18, 28, channel walls, with channel walls and@®SS qguenching (1 test)

31,33 control blade; steam/Ar flow

XR

XR1-1, 2; Fuel assemblies, channel walls angCESS control | Full scale BWR core cross-section with core-plate

XR2-1 blade. structures represented. Response of lower caretstes

to prototypic relocating liquid materials from uppere.

Knowledge Gaps

The primary knowledge gap during this phase ofat@dent progression relates to the
different methods used to model assembly blockabgegesultant porosity of these blockages,
and how these formations influence the overall sgjon of in-core melt front propagation.
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There is currently insufficient experiment datarmights from reactor accidents that can be used
to assess these modeling differences.

While the XR2-1 experiment was testing the respafisewer core structures in a BWR,
the core plate did not fail. Therefore, a knowkedgp exists on how the core plate might fail
and how core material (particulate or molten) entbe lower plenum. Furthermore, very
limited effort has been spent on the responseetiiper internals in a BWR during a severe
accident.

Depending upon the extent of core degradationppypic full-scale data obtained from
Fukushima Daiichi Units 1, 2, and 3 may offer timgue opportunity to reduce modeling
uncertainties related to in-core melt progressidhis information would also support
development of new models for phenomena not cuyréneiated in existing severe accident
analysis tools. In addition, this improved modghmill provide valuable insights to Emergency
Response personnel tasked with decision makingléatsthe appropriate compensatory actions
to limit the impact of the accident progressioneThformation can be provided in generic
owner’s group guidance bases.

3.2.2 Lower Head Behavior
Background

As shown in Table 3-3 [16], limited prototypic madé data are available to characterize the
behavior of materials relocating to the lower healiMI-2 post-accident examinations [24]
provide the only data that can be used to assegsved different analytical models represent
actual core melt progression. Data from prototgxperiments (FARO, RASPLAV, KROTOS,
MASCA; [25-33]) that mock up melt relocation andltea pool behavior do not include
prototypic structures encountered in actual plafitsere are no prototypic data to characterize
the effects of raw water addition, which was a gigant concern during Fukushima.

Table 3-3. Lower Plenum Melt Relocation and Interation Data.

Source Description Phenomena Tested
TMI-2 Accident and Post- Full scale PWR accident. Melt relocation; melt/water interactions;
Accident Examinations [24] melt/structure interactions; vessel and
penetration heat-up

FARO (Fuel melt And Release Over [24,26,27]

L-5to L-33 | Prototypic materials relocating througater | Melt stream breakup and quench
KROTOS [28-31]

K-21 to K-58 | Prototypic materials poured into a&vgool | Melt stream breakup and quench
RASPLAYV [32,33]

AW-200-1 through Prototypic material test with electrical heating to| Natural convection, stratification in

AW-200-4 observe molten corium materials. molten pools
MASCA [32,33]

RCW-1 (RCW); Prototypic material test with electrical heating t | Natural convection, stratification, and

MA-1 through MA-4 observe stratification, natural convection, and fission product distribution in molten

(RASPLAV-2) fission product distribution in stratified corium pools

materials
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While TMI-2 data provide insights needed to exttapmsmaller-scale data to PWR
evaluations, TMI-2 data are limited to PWRs and type of accident. Differences in lower
head structures make it difficult to justify extodgtions of TMI-2 PWR data to BWRs. For
example, there is more mass associated with BW&Rnal structures and components and more
penetrations within and external to the lower pharthat may act as fins that augment heat
transfer from debris in the lower plenum. Likewipaenomena not observed in TMI-2 post-
accident examinations are considered crediblehardipes of events that can significantly
affect severe accident progression. For examipheost relocated core materials contained
oxidized zirconium and these materials are allowegmain in the lower head without
guenching, a molten pool may form that is compriska light steel/unoxidized zirconium layer
above a heavy oxide layer at the bottom (see Figt8e If a significant amount of un-oxidized
zirconium is retained in relocated core debris, RAEV and MASCA test data indicate that
this zirconium can reduce some of the uranium diexo elemental uranium. This elemental
uranium can combine with zirconium and iron to fareeparate heavy metal layer on the
bottom of the molten pool in the lower head. Alibgh there are no criticality concerns related to
this heavy metal layer, it could result in a mooaeentrated heat source at the bottom central
location of the vessel and reduce the thickneseosteel layer above the oxide pool.

Convection and radiation
heat transfer to coolant
Molten metal
{includes some
lower plenum
structures)

Debris-to-vessel
contact resistance

Radiation and convection g
heat transfer to surroundings Wolten metal (includes dissolved
uranum in uncxidized zircaloy)

Homogeneous Stratified Pools
Figure 3-3. Possible Lower Head Molten Pool Configations [18].

As for in-core melt progression phenomena, MAAP [@4d MELCOR [35] modeling
approaches differ regarding the simulation of aebris relocating into and retained within the
lower plenum. These modeling approaches reflidfetrent interpretations of the limited data
available for simulating these phenomena. As emsiphd in [5], many of these differences
result from variations regarding in-core model jx8dns (e.g., the mass, temperature, physical
state, and timing of materials entering the lowlenpm), the predicted pathways from the core
into the lower plenum (e.g., openings in the cdatep a failure in the core plate, and pathways
such as the bypass region between the core shrdaadffte and the core barrel), and estimated
thermal hydraulic conditions in the reactor presstessel. The manner in which the different
models and simplifying assumptions embedded iretheges are invoked can depend on user-
modeling choices and the scenario being simulafedoutlined below, there are two primary
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areas in which differences exist in MAAP and MELC@HRresentations of lower plenum
phenomena.

The first area is how MAAPS5 and MELCOR representterodebris slumping into the
lower plenum. MAAP5 assumes that relocating nmottebris forms a jet that interacts
primarily with lower plenum water. At sufficientlyigh pour rates, limited interaction occurs.
As a result, a substantial amount of the enerdlgermolten jet is retained. Upon contact with
the vessel lower head, pronounced temperature grograre possible. In MELCOR, core
debris slumping to the lower plenum is not modele@ molten jet or stream; rather, the core
debris (molten or particulate) is relocated toltweer plenum when the debris is no longer
supported in the active fuel region. Unsupportediem material can flow through the assembly
bottom end fittings. The lower core plate will papt particulate debris; failure of this plate
allows particulate debris to enter the lower plendMELCOR does consider hold-up on guide
tubes; this feature is not represented in MAAPS.

The second area in which MAAPS and MELCOR modetipgroaches differ relates to how
core debris geometry and heat transfer insideaer plenum is represented. MELCOR
models the debris in terms of a set of nodes odngdixed sub-volumes in the lower plenum
(see Figure 3-4). MELCOR considers several typesmresentations (e.g., conglomerated
debris attached to lower plenum structures, pdetiewebris, an oxide molten pool, an overlying
metal molten pool, and lower plenum structurespweler, the type of debris in a node is
determined based on the characteristics of deflosating to the lower plenum. For example, a
node will only be included in a lower plenum moligool if molten material relocates into it or if
particulate debris in the node melts. In contistAP5 assumes a lower plenum debris bed
(see Figure 3-4) with predefined constituents (@articulate, light metallic, upper oxide crust,
molten oxide and lower oxide crust debris). Cdesiswith observations from the MASCA
program, MAAP allows for a fraction of the oxidebdis to relocate into a lower heavy metal
layer composed primarily of metallic U, Zr, andiskass steel. The volume of each of these
debris constituents can vary based on the amouwtdrefmaterial that forms in each region.

e

)
5

PENETRATION PENETRATION o

P FLUID

ower Plenum Structure

{
CRD Water

MP2

I

DEBRIS

T 0§ 000 8O

LOWER
HEAD

SEGMENT LOWER HEAD SEGMENT

Curved Lower Head Cylindrical Lower Head

Ex-Vessel o
Cooling Water

(a) - (b)
Figure 3-4. Lower Plenum Representations in (a) MECOR and (b) MAAP [34,35].
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If sufficient heat transfer from particulate delwiscurs during relocation into the lower
plenum, MELCOR may not predict formation of a cammolten oxide pool. Conversely,
MAAPS5 assumes that with sufficient accumulatiordebris, conduction heat transfer limitations
in the oxide layer will result in formation of a iten pool in which decay heat is convectively
dissipated to the outer surfaces of the debrigerAholten pool formation, MAAPS5 predicts that
a fraction of the decay heat will be rejected bynaxtion from the pool to the lower head wall;
the balance is rejected upward through an oxidstctioe overlying metallic layer, and
ultimately radiates to RPV structures [36]. AltgbuMELCOR can simulate convection from
molten pools that form in the lower plenum, loweat heatup and molten pool formation are
delayed until all water in the lower plenum haddmbiaway.

Other differences exist between MELCOR and MAARBdoplenum heat transfer models.
For example, MAAP assumes heat transfer from pdatie debris is conduction- and radiation-
limited, while heat transfer from the debris crustsonduction-limited. This limits the fraction
of debris that can be maintained as particulaterasdlts in particulate debris and molten pool
temperatures much higher than the vessel wall testype. MELCOR assumes heat transfer
from lower plenum debris nodes is not conductiamtid, allowing larger amounts of debris
decay heat to be transferred to the lower heactl/esdl. The treatment of particulate debris
also differs in MELCOR and MAAP. MELCOR assumeattparticulate debris sinks in molten
pools. Conversely, MAAPS5 assumes that particdtat@ed from jet fragmentation by
relocation through water in the lower plenum isa@@fed on top the continuous debris bed.

MAAP and MELCOR lower plenum modeling differendegpact predictions for peak
vessel temperature distributions, potential faillacations in the vessel lower head, and the
conditions (mass, temperature, morphology, flowratel composition) of debris exiting the
vessel. These differences affect predictions ditissequent accident phenomena such as core
concrete interactions and fission product releakeaddition, neither code contains models for
characterizing the effects of raw water addition.

Safety Relevance

There are limited data for characterizing phenonessaciated with materials relocating
into and retained within the lower plenum. Henbeye¢ is significant uncertainty associated with
predicting both BWR and PWR phenomena on this tofiach uncertainties significantly
impact predictions of the heat load from relocatiedpris and subsequent accident progression
phenomena, such as the time and mode of reactssyseevessel breach; the mass, temperature,
morphology, and composition of debris exiting tlessel; the potential for debris to form a
coolable geometry in the containment; and finalg associated fission product release into the
containment.

Reduction of uncertainties related to the behaviaore debris relocating to the lower head
can also enhance severe accident management geliddated to locations and rates of water
addition to the plant. In addition, an increasadarstanding of lower head behavior will
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improve the ability to train operators on acciderinagement procedures, as well as inform
response personnel on the best way to allocate westeurces.

Knowledge Gaps

As the above discussion indicates, there is addgkototypic data for characterizing melt
relocation phenomena, such as melt/water intemagtidebris coolability, heat transfer from core
materials relocating to the lower head, and thect$fof raw water addition on these phenomena.
This lack of data and the associated increaseaartainty lead to significant differences in late-
phase models in severe accident analysis codesS|ajh differences significantly impact model
predictions of subsequent accident progressionghena, including ex-vessel behavior.
However, at this time, the consensus of the exparel was that uncertainties in late phase
lower plenum phenomena are dominated by uncerainglated to in-core behavior, such as the
timing, mass, composition, temperature, morpholagyl heat capacitance of relocating core
materials.

Prototypic full-scale data obtained from Fukushidaichi Units 1, 2, and 3 offers the
unique opportunity to resolve many of these modglincertainties or supporting development
of new models for phenomena not currently treategkisting severe accident analysis tools.
Available information suggests that post-accideatnginations could provide significant
insights into key late phase lower plenum phenomena

3.2.3 Lower Head Failure
Background

As shown in Table 3-4 [37], limited prototypic masé data are available to characterize the
potential for vessel penetration failure. Inforrmaatfrom TMI-2 post-accident examinations [24]
provides the only data from a full scale vesseloseg to prototypic core melt. However, the
TMI-2 data only represent information from one tydeaccident and reactor design. Although
several tests [38-40] were completed with full ega¢netrations, there are questions related to
test geometry and the use of simulant melts. Thih 15cale tests completed at SNL [41,42]
provide the most detailed data for benchmarkinge&lesreep rupture. However, there are
limitations associated with the applicability ofghlata to BWR vessel geometries, which have
significantly different in-vessel and ex-vesselstures that may affect vessel failure. There are
no prototypic data to characterize the effectsaaf water addition on lower head failure.

Fauske and Associates and the Paul Scherrer estBwitzerland) evaluated the potential
for vessel penetration failures by completing labory tests with full penetrations (a BWR
control rod and a BWR drain line) welded to a fildte at the base of a cylinder. The tests
consider attack by iron, alumina, and iron-alummmelt. The Royal Institute of Technology
evaluated heat loads and vessel failure phenonsng a calcium metaborate melt. Results
indicate that the presence of water significantipacts melt coolability and the potential for
molten material to breach the penetration. Howatves recognized that the use of simulant
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materials, the absence of decay heat simulatiahttenselected test geometry may limit the
applicability of these test results.

Table 3-4. Vessel Lower Head and Penetration Falla Data.

Source Description Phenomena Tested
TMI-2 Accident and Full scale PWR accident. Melt relocation; melt/water interactions;
Post-Accident melt/structure interactions; vessel and
Examinations [24] penetration heatup

FAI Lower Head Failure Tests [38]

Tests for evaluating full-scale instrumentatiobe and| Penetration failure
drain line failure using iron alumina thermite faases
with and with water initially present within
penetrations.

PSI CORVIS Tests [39]

Test for evaluating full scale BWR drain lineltae Penetration failure
using iron alumina thermite in a dry drain line.

LHF/OLHF (Lower Head Failure/Organization for Econo mic Development Lower Head Failure) [41,42]

LHF-1to 6 1/5"-scale tests for predicting vessel failure with andl Vessel and penetration failure
OLHF-1 without penetrations when subjected to well-defined
electric heat load distributions and pressure hjsto

KTH FOREVER and EC-FOREVER [40]

FOREVER/C1 and C2| 1/10" scale tests for evaluating vessel failure with ahd&/essel and penetration failure
EC-FOREVER 1to 6 | without penetrations when subjected to a multi4laye,
molten pool using CaO +,B; with and without water
injection

The lower head failure (LHF) and OECD LHF [(OLHRgkts conducted at SNL provide
valuable data for benchmarking vessel creep ruphaeels. This 1/8-scale test series focused
on PWR vessel geometries. Electrical heating vgasl to create well-characterized distributions
of possible heat loads (e.g., uniform, bottom-cepéaked, and upper-side peaked). The
potential for penetration failure was evaluatedrimyuding instrumentation tube penetrations in
two tests. Results emphasize the importance afglbbat load, variations in vessel thickness
(e.g., variations consistent with manufacturingtahces), and the influence of accident
conditions (e.g., pressure) on the vessel failuea.a There are some limitations in the use of
data from these tests. For example, test vesderiamavas fabricated using SA533B1 steel, but
subsequent tests revealed that the test vessaliahateep properties differed from LWR reactor
vessel steel with the same identification [43].rtRermore, it is difficult to justify extrapolation
of data from these one-fifth scale tests (a Jeg#l an inner diameter 0.91 m and wall
thickness of 0.3 cm) to full-scale PWR vesssalpi¢ally, ~14 cm thick vessel with 50 to 60, 3-
5 cm diameter instrument tube penetrations) or’WRBvessels of significantly different
geometries (typically, ~21 cm thick vessel with 55 cm diameter instrument tubes, 185
~12 cm diameter control rod structures, and a @®uwtar diameter drain line with no internal
structure).

Post-accident examinations of TMI-2 instrumentatozzles and vessel steel provide the
only full-scale prototypic data. Video examinasdndicate that some nozzles experienced
significant damage due to attack from relocate@ coaterials (see Figure 3-5). Examinations of
instrumentation nozzles removed from the vessetatd that melt relocating to the lower head
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was unable to fail the penetration-to-vessel walts that melt entering damaged penetrations
was unable to cause ex-vessel failure. Examinaiid vessel steel samples (see Figure 3-5)
indicate that an elliptical region (0.8 x 1.0 mtlbé vessel reached a peak temperature of
1100 °C during the accident. Examinations furthdicate that steel from this “hot spot” may
have remained at peak temperatures for as long asrites before experiencing fairly rapid
cooling (e.qg., rates of 10°C to 100 °C /min). Mietgical examinations of cracks or “tears” in
the vessel stainless steel cladding (in samplestakar nozzles located near the hot spot)
indicate that the damage extended down to, buintmtthe carbon steel RPV. Subsequent
evaluations suggest that these cracks were duédcedtial thermal expansion between the
stainless steel and the carbon steel when thesFialatwere subjected to rapid cooling.

Clearly, the TMI-2 data provides insights not pbksto obtain from smaller scaled tests.
However, it is difficult to justify extrapolationfd@MI-2 event- and design-specific information
to BWR vessels containing more penetrations witfedint materials and a drain line without
any in-vessel structure. The one possible excepithe hypothesized in-core instrument (ICI)
tube failure inferred from the TMI-2 pressure aadiation data [5]. Although data suggest that
this in-core instrumentation tube failure may haitewed the primary system to depressurize
thereby reducing the potential for subsequent Véaiere, it is not considered a source of
vessel lower head failure. Post-event analys&ésikfishima Units 1-3 with the MAAPS code
suggest that some of the system depressurizatiectetan be rationalized by ICI well failures
[5], as well as other potential vessel leakagegairhis subject is being addressed in greater
detail as part of the MAAP5 code enhancement ptojec
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Figure 3-5. Results from OECD TMI-2 Vessel Investjation Program [16].

MAAP [34] and MELCOR [35] modeling approaches differ predicting vessel failure. As
emphasized in [35], modeling differences refletfiedent interpretations of the limited data
available for simulating these phenomena. MAAPSel®the following reactor pressure vessel
lower head breach mechanisms:

23



e Molten material relocation through a penetraticadiag to ex-vessel penetration wall
thermal failure

e Molten debris thermal attack of lower head penetnaivelds causing penetration
ejection

e Lower head wall creep failure

e Thermal ablation of a localized region of the lowead wall by molten debris jet
impingement

e Lower head wall thermal erosion due to heat flicuing from an overlying metallic
layer

In contrast, vessel wall creep failure is typicdhg only vessel breach mechanism used in
MELCOR code calculations. In both MAAP and MELCQ®&yer head wall creep failure is
treated as a localized failure as opposed to exteeseep rupture of the lower head. In a high
pressure sequence, MAAP would predict that a Ipedlfailure occurs on the side of the vessel
expelling only the top debris layer above the faillocation and retaining most of the debris
within the lower plenum. This localized failure wdweduce the pressure inside the vessel and
the associated pressure load acting on the vesgel head. Hence, the debris would continue
heating the lower plenum and may eventually leaahtextensive creep failure of the lower head
with all the debris relocating into the containmehlt MELCOR, assumptions related to debris
relocating and heat transfer in the lower plenutarofead to a bottom peaked temperature
distribution in the reactor vessel steel. In scabes, a creep rupture is predicted at the bottom
center of the vessel, and all molten debris is kegbe The initial size of the hole associated with
the predicted creep rupture is less important inAR%and MELCOR models. Rather,
subsequent accident predictions are affected pityriar the resulting vessel depressurization
and the amount of mass predicted to be expelled the vessel.

Safety Relevance

Prototypic data are limited for characterizing thede and size of vessel failure, either
through a breach of the vessel lower head or ar@aif a penetration in the lower head. Hence,
there is significant uncertainty in model predingdor the mode and timing of BWR and PWR
lower head vessel failure. Such uncertaintiesifsogimtly impact predictions of subsequent
accident progression phenomena, such as the tetmpenaorphology, and composition of
debris exiting the vessel; the potential for dehyisorm a coolable geometry in the containment;
and finally, the associated fission product releagethe containment. Improved understanding
of the vessel failure mechanisms can lead to emthsevere accident management guidance for
existing plants related to time windows availaldewater addition to the plant at various
locations (e.g., primary containment versus reactssel).

Additional data to resolve uncertainties in thisaacould inform accident management
strategies and operator training by providing &dmécal basis for the location and timing of
water injection during a severe accident.
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Knowledge Gaps

There is a lack of prototypic data for charactegzvessel failure phenomena, especially
data that consider BWR-specific in-vessel and essgkstructures exposed to prototypic melt
attack and the effects of raw water addition. étygic full-scale data from Fukushima Daiichi
Units 1, 2, and 3 offer the unique opportunity &ssessing many modeling issues, or possibly
developing new models for phenomena not currerglgtéd in existing severe accident analysis
tools. Available information suggests that post-accida@minations could provide insights
into the following vessel failure phenomena:

* The mode of vessel failure (e.g., the potentiapfenetration weld failures, ex-vessel
penetration failure, global vessel creep, and Iredlvessel failure),

* Impact of saltwater addition (deposits on peneiresj corrosion attack on penetrations
and welds, etc.),

* The mass, composition, distribution, and morpholofyselocated melt (because of its
impact on thermal loading to the vessel and petets)

The above items are provided as examples of datatiuld reduce uncertainties about the
events at Fukushima and improve our general uratedstg of severe accident progression.

Nonetheless, the consensus of the expert panghatsurrent uncertainties in lower head
failure phenomena are dominated by uncertaintiesec to in-core behavior, such as the timing,
mass, composition, temperature, morphology, antidegeacitance of relocating core materials
and uncertainties related to their behavior inltlweer plenum.

3.3 Ex-Vessel Behavior
Background

During a severe accident, if all prevention andgation actions fail, the core debris will
eventually fail the reactor vessel lower head ahdcate into the cavity. Factors that influence
the relocation and spreading behavior therein aeli) melt composition, flowrate, and
temperature; ii) below-vessel structures that gawige a heat sink to retain material as well as
influence the mass source distribution during rafion; iii) cavity geometry characteristics such
as the presence of sumps, sump cover plates, dgsret.; and finally, iv) the potential for
water on the cavity floor that can cause fragménadnd cooling as the material relocates
through water, as well as augmenting debris co@mthe material accumulates and spreads.
Both of the latter factors are expected to redheespreading rate. Spreading behavior is
important from two viewpoints: i) the relocating ingan impinge upon and thermally load
safety-significant containment structures (e.ge,Mark | BWR containment shell), and ii) the
extent of spreading ultimately determines the depttore material that must be covered with
water, quenched, and thermally stabilized in otdexffectively terminate the accident sequence.
This latter consideration is commonly referredres‘tiebris coolability’ issue.
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Depending upon the debris pour and cavity condstiomolten core-concrete interaction
(MCCI) may ensue either during or soon after theaping phase is completed. If this process
continues unabated, then threats to containmentd@eagiop that include the potential for
basemat penetration by erosion, undermining clisicpport structures (e.g., reactor pedestal
wall in the Mark 1), containment over-pressurizatioom gases generated by concrete
decomposition, production of combustible gasesdagtion of concrete decomposition gases
with metals present in the melt (yielding &hd CO), and the possibility of containment bypass
for certain designs.

In support of the development of the European Rresed Reactor (EPR) core catcher
concept [44], extensive work has been conductethelh spreading behavior in Europe. This
work includes reactor material spreading tests uddecavity conditions [45-47]; limited
testing was also conducted under wet conditionslumg a very shallow water layer [47]. In
parallel with the experiments, spreading codes lata@been developed [48-51] for application
to the EPR as well as other spreading-related sssue

Spreading work has also been conducted in theHitSvever, these studies have
predominately been analytical in nature [52] withaaiginal focus on resolution of the Mark |
shell vulnerability issue [53,54]. The MELTSPREAD:ode for the analysis of transient
spreading in containments was developed as pé#nioivork. As part of these efforts, analysis
was also conducted to quantify the effects of beleasel structure on melt relocation for a
Mark | BWR [55]. The code was subsequently useslfaport the safety case for the AP600
design [56], and this work was directly carried otgethe AP1000 design. The code was also
applied to support EPR licensing with the NRC [5Recently, MELTSPREAD was also used
to analyze postulated spreading behavior in Fukogtaiichi Unit 1 [4].

As discussed in [16,58], extensive analytical axgeemental investigations have been
conducted addressing MCCI issues under both wetlandavity conditions. Recently, a series
of large scale tests have been conducted at ANlagf OECD/MCCI programs. One of the
principal findings is that cavity erosion shape.(ilateral/axial power split) is dependent on
concrete type for oxide core materials. Additibpatore debris coolability has been extensively
studied as part of the MACE and OECD/MCCI programyslving large reactor material tests
ranging in scale up to two metric tons with sustdielectrical heating [58]. These tests
revealed three physical mechanisms that may pravigthway for quenching and stabilizing
molten core debris that has failed the reactorelgss., i) water ingression into cracks/fissures
that form in the material as it is cooled, ii) meftiptions due to entrainment by sparging
concrete decomposition gases that lead to poratislpaeds, and iii) large scale crust breach
that allows water to ingress beneath solidifiedenat at the debris/water interface.

Aside from test programs, significant effort on di®pment of code modules for examining
MCCI under both wet and dry cavity conditions haswred. Internationally, the Germans have
developed the COSACO [59] and WECHSL [60] codedlenthe French have developed
TOLBIAC-IBC [61] and MEDICIS [62]. In the US, tharimary tools for analysis of MCCI
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behavior are the CORCON module within MELCOR [3&}d the DECOMP module within
MAAP [34]. More recently, the CORQUENCH code hagb developed [63] with a primary
focus on debris coolability modeling; i.e., it imporates phenomenological models for the
previously mentioned water ingression, melt eruptend crust breach cooling mechanisms
identified in the MACE and OECD/MCCI programs. $lsiode was used to scope out a range of
conditions under which debris coolability may baiagable for PWR plant conditions [64].

The code was also used to perform debris coolalaihtlyses as part of an enhanced ex-vessel
melt progression analysis for Fukushima Unit 1 [¥harious forms of the coolability models
embedded in CORQUENCH are currently being impleextint TOLBIAC-ICB, MEDICIS,
MELCOR, and MAAP.

Safety Relevance

By the time the reactor vessel has failed, twdefthree barriers for containment of
radioactive material (i.e., the fuel cladding ahd primary system) have been breached, leaving
the reactor containment as the final barrier f@vpntion/mitigation of fission product release to
the environment. Although this is a late phasengwvthe potential radiological consequences
from containment failure by the above describedhmaasms (in terms of land and groundwater
contamination, as well as latent cancer risk) ctndubstantial and warrant effective strategies
to prevent or mitigate such a release. As onewérsl strategies, the severe accident
management guidance for many LWR plants includesdihg the reactor cavity in the event of
an ex-vessel core debris release. New reactogrkesiso incorporate the provision of flooding
the cavity as a mitigation feature.

Specific to the BWR plants, current guidance daltdlooding the drywell to a level of
approximately 1.2 m (4 feet) above the drywell floace vessel breach has been determined.
While this action can help to submerge the ex-uesge debris, it can also result in flooding the
wetwell and rendering the wetwell vent path unaldé. An alternate strategy is being
developed in the industry guidance [65] for respogdo the severe accident capable vent
Order, EA-13-109 [66]. The alternate strategy bgiroposed would attempt to throttle the
flooding rate to achieve a stable wetwell wateelevhile preserving the wetwell vent path.

Knowledge Gaps

Regarding melt relocation from the reactor vedbelie have been limited studies to
evaluate the amount of material that may be retbomebelow vessel structures that act as BWR
heat sinks [55]. The main conclusion of this wisrkhat the amount of material that could be
retained is a relatively small fraction (i.e., <K} of the expected overall core debris pour mass
under severe accident conditions. This heat diektehas not been factored into spreading
analyses conducted to date. Moreover, the eftdqigse-existing water on the containment floor
on melt stream breakup and quench during relocétomn the reactor vessel have not been
quantified. Moreover, there are no existing tegadegarding prototypic melt spreading
behavior on concrete surfaces with more than ackmwimeters of water initially present. This
may be an important area as the extent of spreadingmpact safety-significant structures, as
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well as the depth of material to cover with wateptovide cooling and fission product
scrubbing.

Regarding general MCCI behavior, the results oftiplel core oxide tests carried in the
OECD/MCCI [64,67] and VULCANO [68] programs indiegthat the long-term multi-
dimensional concrete ablation behavior is closelged to concrete type. Although there is a
substantial amount of test data, there is currarmgtya phenomenological explanation for this
behavior, and the behavior is repeatable. Thi®isntially an important area as it can affect the
timing of basemat penetration as well as the pateiur attack of containment support
structures.

The data also indicate that the composition anaiiyaof noncondensable/combustible
gases generated during ablation is a function ofiie type. For instance, the quantity of gas
produced during ablation of limestone-common s&@) concrete is considerably more than
that produced from siliceous concrete. In addjttbe ablation of LCS concrete produces a
much higher fraction of C£n comparison to siliceous concrete, which predataly yields
H,0 upon decomposition. However, the reasons faetligferences are well known and
adequate models for predicting this behavior atenmorated into existing severe accident
analysis codes [34-35,60-63].

A related issue involves extrapolation of experitaédata to reactor scale, particularly with
regard to accident progression duration. A re@BED study showed that the OECD/MCCI
data cannot be extrapolated to reactor scale wgth ¢onfidence for an accident progression
duration exceeding 24 hours. Events at Fukushuggest the need to consider a longer
duration accident progression. This, in turn, g4 the possible need for tests of longer
duration in comparison to those conducted to date.

Regarding melt composition effects, it is worth m@mng that only one of eight tests
conducted in the MCCI test facility involved metiraposition representative of BWRs.
Moreover, this test did not involve early floodinghus, there is a data gap regarding the
efficacy of early cavity flooding as a severe aeaidmanagement strategy for BWRs.

Structural concrete in reactor plants containggelamount of steel (rebar) that will be
incorporated into the melt during MCCI. This metaurce will lead to additional non-
condensable gas production through oxidation reastwith concrete decomposition gases, and
may impact coolability. The MOCKA test prograntla Karlsruhe Institute of Technology [69]
is being conducted to investigate the interactioa simulant oxide and metal melt in a stratified
configuration interacting with concrete laden wiébar. To allow for a longer-term interaction
without the use of an external power supply, adddl energy is added to the system by
alternating additions of thermite and Zr metal.e3é tests have shown that the rebar may
influence erosion behavior. Thus, it may be wotiteto investigate the effects of rebar on
MCCI under more prototypic conditions.
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Related to the investigation by the BWROG into keraate flooding strategy, there are
gaps in our understanding of the impact on thrajtivater addition rates to preserve the
availability of the wetwell venting path. Thispseferable as it provides scrubbing of
radionuclides prior to release and can avoid tleglrier an additional drywell vent path. After
appropriate modifications are implemented, the MEPREAD and CORQUENCH codes could
be exercised to study the impact that reduced veakdition will have on the overall response of
the containment.

In terms of importance to reactor safety, this avaa ranked 8 by the expert panel.
Research on the effects of cavity flooding on sgiregabehavior and long term coolability would
provide accident management developers and acais@migement guideline users with
supplemental knowledge on factors that can infleeasrident management.

As discussed, the identified knowledge gaps afelksvs:

» The effect of below vessel structure on the arroaaiditions of melt onto the
containment floor (breakup/hangup).

* The effect of deep water pools on the arrival cbods of melt onto the containment
floor (breakup).

» The spreading characteristics of melt in deep waateis.

* Understanding the effect of concrete compositiomiisotropic ablation.

» Longer term test data more representative of tialesexperienced during the accidents
at Fukushima Daiichi.

* The efficacy of early flooding on melt coolabilityr BWR debris.

» The effects of rebar on the progression of MCClgtadn, gas generation, coolability).

* The impact of throttle water addition rates witepect to preserving wetwell vent path.

Prototypic full-scale data from any of the Fukushiamits for which the reactor vessel has
failed (leading to discharge of core material iodbmtainment) would provide the unique
opportunity to resolve many modeling questionsteeldo ex-vessel behavior. Information that
could address questions related to melt spreadihgwior includes the total floor area covered
by relocating melt; the upper surface elevatiorfilgrof the debris; and finally evidence of
thermal attack of the containment liner if the rméide contact with this structure. Information
that could resolve questions related to core-caadneeraction and debris coolability includes
the concrete basemat erosion profile, as well astinface morphology of the core debris (e.qg.,
porous particle bed versus monolithic crust mallerids noted within this section, there is
strong international interest in this area, andehe the potential for collaboration in assessing
data from Fukushima and in conducting additionajdascale experiments on this topic.

3.4 Emergency Response Equipment Performance UndBDBE Conditions

This section addresses gaps identified by thelparlee area of emergency response
equipment performance under BDBE conditions. Siedly, knowledge gaps regarding the
performance of BWR RCIC and SRV components undemeled BDBE conditions was
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identified, as well as the performance of TDAFW anmidnary side PORVs for PWRs.
Additional details on the knowledge gaps identifiedthese safety-relevant components are
provided below. As motivation for the gaps thatevielentified in this section a technical
evaluation and discussion regarding emergency nsgpequipment performance during the
Fukushima Daiichi accidents is provided in Appendix

3.4.1 RCIC/AFW Equipment Performance
Background

The RCIC for BWRs and TDAFW for PWRs are the kefggasystems that are used to
remove decay heat from the reactor under a widgerah conditions ranging from operational
pressures down to lower pressures approachingstoitlown conditions. Both systems use
steam produced by water boiling from the reactoe ctecay heat to drive a steam turbine which
in turn powers a pump to inject water back intogdbee (BWR) and into the steam generators
(PWR) to maintain the needed water inventory foglberm core cooling.

For the BWR RCIC system, the steam flow is drawirdoectly from the boiling water in
the core upstream of the SRVs and the main stealatien valves (MSIVs), powering the
turbine-pump system injecting water from the corsdes storage tank (CST) or from the BWR
wetwell. For the PWR TDAFW system, steam is drdwem the steam lines upstream of the
MSIVs to the turbine-pump with the water sourcedtmam generator injection taken from the
CST.

Based on events at Fukushima, [6] it is known R@tC operation was critical in delaying
core damage for days (almost three days for Fukueshinit 2) even though the turbine-pump
system ran without DC power for valve control anthvinigh water temperatures from the BWR
wetwell. The RCIC system apparently operatedsel&regulating mode supplying water to the
core and maintaining core-cooling until it evenly&hiled at about 72 hours.

Based on these observations, DOE [70] is currenupporting efforts, that includes
researchers at Texas A&M and at SNL, to develdpeano-mechanical analytical model of the
steam-driven RCIC system operation with mechan&taunting of liquid water carryover and
pump performance degradation. This model is tadgieteimplementation in system level severe
accident codes, such as MELCOR [35] and MAAP [34]increase the fidelity to which these
tools can analyze beyond-design basis events BDBES involving ELAP). Effects of
operator actions would also be included. Initialhe Fukushima Unit 2 accident reconstruction
will be used as the basis for benchmarking thisehod second key objective of this task is to
use insights developed from RCIC model applicatisma technical basis for developing a RCIC
testing program that would obtain data on RCIC agpen under ELAP conditions.

Safety Relevance

Except for loss-of-coolant accidents (LOCAS), whigxe primary system depressurizes
down to containment pressure, RCIC and TDAFW aeanhjor long-term heat removal systems
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employed under a wide range of transients and antsdor the two reactor types. All PRA
analyses indicate that the dominant accident segsehat are beyond-design basis events (e.qg.,
BDBEs involving ELAP) would involve RCIC operatidor BWRs and TDAFW operation for
PWRs. Thus, extended performance of RCIC and TWAlystems under BDBE conditions is
very important to overall plant safety in termg@ducing both the likelihood and the
consequences of core damage events involving ELAP.

For PWRs, the TDAFW pump also provides a meansdaae pressure in the RCS thereby
reducing any inventory loses and prolonging theettmmcore damage, particularly for SBO or
ELAP events. The importance of the TDAFW pump inaseased in recent years with the
installation (or planned installation) of low leg@aRCP seals in most PWRs. If core damage
occurs due to RCS inventory loses, the TDAWF puiap has a high importance in preventing
fission product releases from the plant in th&eeps the steam generator (SG) tubes submerged
and protects them from high temperature creep ragailures. For extreme external events,
TDAFW can also extend the time at which containnvemting might be required.

Implementation of EA-12-049 [65], mitigating strgtes for BDBES, relies on the use of
portable systems to provide core cooling (BWR) secbndary side makeup (PWR). A better
understanding of the performance of these two systgill directly inform the strategies (i.e.,
available time) for use of the portable equipmdntparticular, any information related to
extending the time/conditions under which theséesys will continue to operate will provide
additional margin to potentially time critical amtis related to both core damage prevention and
mitigation.

Knowledge Gaps

The preceding discussion indicates that therggisfstant margin in these emergency core
cooling systems that has neither been quantifiedjnalified with the US NRC. Technically,
this is a highly important lesson-learned from Bu&ushima accident that needs to be explored
and quantified for the benefit of the US operafiegt. Furthermore, quantifying emergency
response equipment performance under BDBE condiiiorolving ELAP would aid in
providing safety margins for current license renlswsubsequent license renewals, as well as
assist internationallyBased on data from Daini, this is a longer-termb26 hours) equipment
performance issueFinally, this expanded understanding would formtéehnical basis for
emergency mitigation strategies that could greattyease options for the successful
implementation of FLEX measures under ELAP condgitor both BWR and PWR designs.

This is recognized as a very important area fah&rresearch by US industry as well as
internationally. The principal objective of R&D this area would be to reduce knowledge gaps
on emergency response equipment performance umRiBE Bonditions for both BWRs and
PWRs; specifically, RCIC and TDAFW systems. Ifeef, there is a need to determine the
actual operating envelope of these components BDBE conditions in order to expand the
time margin before transition to portable systesnsdeded. In addition, the evaluations should
focus on quantifying performance under a rangeoafltions and defining operational regimes
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where these pumps will no longer be able to suppte (for RCIC) or steam generator (for
TDAFW) cooling. The evaluations should furtherds®n identifying any potential down sides
to extending operation such as development of R€4& paths that could drain down the BWR
suppression pool.

3.4.2 BWR Safety Relief Valves
Background

Primary system SRVs are the essential component®fdrolling RPV pressure as a part of
accident management procedures for BWRs. In ger&Rd/ performance under DBA
conditions is well known. However, the panel idiged a knowledge gap on the performance of
these components involving extended cycling undgr temperature in the process gas flowing
through the valve as well as high temperature aasgspre conditions expected inside
containment during protracted BDBE conditions sashhose experienced at Fukushima.

Safety Relevance

SRVs are the essential components for controlliRY Rressure during BWR severe
accidents. Thus, data on the reliability of theseaponents under extended BDBE conditions
are important for reducing modeling uncertaintelated to severe accident progression, as well
as supporting accident management planning.

Knowledge Gaps

The principal knowledge gap for these componenédag to their reliability (i.e., failure rate
as well as failure mode) under high temperatutbénprocess gases flowing through the valve as
well as high temperature and pressure conditiops@rd inside containment during protracted
BDBE conditions, such as those experienced at Filkues See Appendix C for additional
details regarding the expected conditions. Thespacknowledged that if testing infrastructure
is identified or developed to evaluate emergenspoase equipment performance under BDBE
conditions (as outlined in Section 3.4.1), thenrappate R&D to address this gap could likely
be carried out in the same facility.

3.4.3 PWR Pilot Operated Relief Valves
Background

Primary side PORVs are the essential componentsofarolling primary system pressure as
a part of accident management procedures for PWiRgeneral, PORV performance under
DBA conditions is well known. However, the pard¢mtified a knowledge gap on the
performance of these components involving extergeting under high temperature in the
process gases flowing through the valve.

Safety Relevance

PORVs are the essential components for contropiimgary system pressure during a severe
accident in PWRs. Thus, data on the reliabilityhafse components under extended BDBE
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conditions are important for reducing modeling utaiaties related to severe accident
progression, as well as supporting accident managepianning.

Knowledge Gaps

The primary knowledge gap for these componentsa®ka their reliability (i.e., failure rate
as well as failure mode) under high temperaturelitmms expected for the gases flowing
through the valve. In particular, for PWRs raidiatheat transfer from the hot gases flowing
through the PORYV may cause failure of the solefmathpressed air or DC power) that is used
to maintain the PORYV in an open position. This solé is located just above the tailpipe of the
PORYV and can be subject to severe heating. Thel paknowledged that if testing
infrastructure is identified or developed to evéduamergency response equipment performance
under BDBE conditions (as outlined in Section 3.4Hen appropriate R&D to address this gap
could likely be carried out in the same facility.

3.5Containment and Reactor Building Response

This section addresses gaps identified by the panbke area of containment and reactor
building response under BDBE conditions. Spediffc&nowledge gaps were identified in the
areas of H stratification and combustion, containment orga®ial degradation, and Passive
Autocatalytic Recombiner (PAR) performance faf &0 combustible gas mixtures. Additional
details on the knowledge gaps identified for thesfety-relevant areas and components are
provided below.

Other potential issues associated with containmesgonse under BDBA conditions were
discussed by the panel. One such issue pertaths fgotential for natural convection, mixing
and thermal stratification to occur in the largpmession pools of Mark | BWR containments
under BDBA conditions. A technical evaluation létpotential for this phenomenon to impact
the accident sequence at Fukushima is providegpeAdix C. Stratification could degrade
RCIC performance by causing cavitation at the pimtgi. However, EPRI is currently funding
research to address this particular question; thissknowledge gap is currently being addressed
by industry.

3.5.1 H, Stratification and Combustion
Background

The explosions at Fukushima [6] clearly illustratld effect that combustible gas production
can have on the course of a severe accident. rlicydar, due to over-pressurization,
combustible gases were able to leak from the com@ints, accumulate on the refueling floors,
and subsequently explode, leading to significamialge to the reactor buildings at three of the
four affected units.
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Relevant metal oxidation reactions that can ocweer the course of the in-vessel and ex-
vessel stages of an LWR severe accident are suzedar Table 3-5 [7£] For in-vessel
conditions, the primary chemical reaction drivirgribustible gas generation is steam oxidation
of Zircaloy (Zr) cladding that yields 4 As is evident from Table 3-5, this reaction iighthy
exothermic. Experiments have shown that this readtegins in earnest above ~1200 °C [73]
and can lead to breakaway oxidation [74] in whiuh fuel heatup rate is substantially increased
by chemical heating. The effects of this reactaraccident progression for Fukushima-like
conditions as calculated with the MAAP and MELCGQdRies are described in [5]. In the event
that all cladding is oxidized, then oxidation oftals in structural stainless steel (principally Cr
and Fe) can occur, leading to additionalgtoduction.

Under ex-vessel conditions, combustible gas pradiican continue if core-concrete
interactions occur due to metals oxidation in tredtrny the sparging concrete decomposition
gases KO and CQ[71]. As shown in Table 3-5, the hierarchy ofateans will be the same as
for in-vessel conditions, but concurrent metalsucidon by CQ will yield the additional
combustible gas CO. There is also the potentiabfaxidation reactions resulting from SH2r
reactions that can produce metallic Si in the mEihally, depending upon the extent of core-
concrete interaction, rebar in the structural ceteccan be melted and then oxidized, thus
providing an additional source of combustible gasantainment (predominately.ffom Fe-
H,O reactions).

Table 3-5. In-Vessel (IV) and Ex-Vessel (EV) Metal®xidation Reactions [71].

Orfiiion Metal Oxidation Reactions Relevance to Accident Phase
Sequence
1 71 Zr + 2H,0 — ZrO, + 2H, + 6.6 MJ/kg, Zr-H,O: IV and EV
Zr + 2CG— ZrO,+ 2CO + 6.1 MJ/kg Zr-CO,: EV
2 Si Si + 2H0 — SiO, + 2H, + 15 MJ/kg; EV
Si+2CQ — SiO,+ 2CO + 14 MJ/kg
3 Cr 2Cr + 3HO — CrO3+ 3H, + 2.8 MJ/Kg, Cr-H,O: IV and EV
2Cr + 3CQ — Cr,0;+ 3CO + 2.1 MJ/kg, Cr-COx EV
4 Fe Fe + HO — FeO + H+ 0.04 MJ/kg, Fe-H,0O: IV and EV
Fe + CQ + 0.4 MJ/kge— FeO + CO Fe-CQ: EV

The potential for hydrogen generation during therse of a severe accident is a well-known
LWR technical challenge. On this basis, a vargdtgtand-alone computational tools have been
developed to analyze,Histribution and combustion in containments, idahg lumped
parameter, computational fluid dynamic (CFD), agdrid codes. System-level codes, such as
MAAP [34] and MELCOR [35], also include distributiand combustion models that utilize a
lumped parameter approach that can be used tozanadynpartmentalized geometries. In
addition, a large number of both small and largdesexperimental programs have been

*The metals are listed in Table 3-5 in their expecteler of oxidation based on the stability of thei
corresponding oxides as they appear in an Ellingthiagram [72].
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conducted to investigate hydrogen distribution, bastion, and detonation thresholds. The
reader is referred to recent IAEA technical docutsi¢rb-76] for a review of these analytic
methods and supporting experiments. Notable feslthat are still operational include PANDA
[77] and THAI [78]; these are large scale, multrgmartmental thermal hydraulic test facilities
that are providing combustible gas mixing and sication data for code validation purposes.

Safety Relevance

If deflagrations occur, they can result in dirdealtenges to containment. Accident
management guidance includes strategies to intallyocreate deflagrations as well as to steam
inert and/or vent containment to prevent deflagrati Choosing the optimal strategy based on
available information is important to maintain loiegm containment integrity. In addition, for
any deflagrations occurring outside containmest,(the reactor building), they can potentially
damage safety-significant structures and emergergponse equipment. Both of these
occurrences can inhibit the ability of plant persairto implement accident management
procedures that are required to reestablish ortaiaiadequate core cooling during the course of
an accident.

In the wake of Fukushima, significant efforts héneen devoted to the issue. The NRC has
issued the severe accident vent Order, EA-13-16p fhd the industry has responded by
providing guidance for complying with this ordeb]6 Both the PWR and BWR Owners
Groups (PWROG and BWROG) have updated their ges&xMGs to reflect lessons learned
from the Fukushima accidents. The MAAP5 enhancémenect is examining lumped
parameter approaches for evaluating hydrogen toaihigsues in containment.

Knowledge Gaps

Based on events at Fukushima, the panel idensiedral knowledge gaps in this area. In
particular, there are uncertainties on charactggizandom ignition sources in plant-level
analyses. Specific gaps in this area include:

» flame front propagation in the containment vengJin

» stratification in large physical structures exermgdi by containments and reactor
buildings,

* methods for modeling combustible gas concentrateorations in lumped parameter
codes, and

* auto-ignition at high temperatures.

One unique aspect of the Fukushima accidentsast ter Unit 1 [6], is the likely production
of CO,/CO gases from core-concrete interaction, in aoidito H. As noted, CO production is
an additional combustible gas source not normalbpeantered under DBA conditions. In this
case, H/H,O/CO gas mixtures result; the data base under ttwsdtions is available but much
more limited in comparison to that for typical kig/mixtures [76]. For example, high-
temperature auto-ignition data exist for dry ajrfhixtures, but similar information is not
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available for H/H,O/CO mixtures that are expected for ex-vessel semseinvolving core-
concrete interaction.

A second issue that has arisen since Fukushinh& igdtential for flame front propagation in
the containment vent line. Here, the issue isttieatine will contain an KD/H, mixture after
vent closure; steam condensation will induce sadthat will draw air into the line, and this can
produce a detonable mixture. This particular sgert@s not been examined experimentally.

3.5.2 H,/CO Monitoring

Background

Closely related to the topic of hydrogen stratifima and combustion (See Section 3.5.1),
events at Fukushima [6] illustrated the importaocbeing able to characterize combustible gas
concentrations in containment to support decisiaking related to operator actions for coping
with a severe accident. Currently, operating USR3Mo not deploy instrumentation for
measuring combustible gas concentrations in comi@m under BDBE conditions involving
ELAP. AC power is required for the analyzer equaniniocated outside containment as well as
for trace heating the lines connecting the analjaeontainment (to prevent steam condensation
in the lines) and to open the isolation valvestifier connecting lines. In addition, the
instrumentation may not detect the presence ofocanonoxide because it operates on the
principle of differences in electrical conductivity monatomic gases (hydrogen) versus
diatomic gases (e.g., air and carbon monoxide} drtalyzer has a significant lag time for
indicating containment conditions that can be @alici accident management decision making.
Finally, the analyzer only samples from a singlérmaited multiple locations in containment
based on an assumption of a homogeneous mixtgases.

Regarding relevant work in this area, a joint CE&F, Canberra, and AREVA project
known as DECA-PF (Diagnosis of a degraded reactar through Fission Product
measurements) [79] is underway to develop and exphe feasibility of such a system that can
measure the composition of gases released frorotit@inment. For this project, it is planned
for measurements to be made at the outlet of sadsl filiters in EdF plants. However, it should
be noted that as this report was being finalize&, dS supplier announced they are offering a
real-time monitoring system that can reportedly sne@ hydrogen concentration, pressure,
humidity, temperature, and selected fission prodastconcentrations in the containment under
harsh accident conditions [80]. With this devel@&pr) the importance ranking for this particular
gap may be lower than that originally evaluatedh®ypanel (see Table 3-1).

Safety Relevance

Management of combustible gases during a severéesmtas a key LWR technical
challenge. Events at Fukushima [6] illustratedghmt that decision making related to accident
management actions (such as venting or actuatiniconent sprays) could be better informed
if the operators had knowledge of the time-depehdas composition in containment. Thus,
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instrumentation that can provide this informatioder BDBE conditions would be very
beneficial in supporting accident management decisiaking.

Knowledge Gaps

On-line gas composition measurements are typicadgle using a device that measures the
electrical conductivity of the gases. Compositim@asurements using gas mass spectroscopy are
also available but suffer from significant lag terte provide information in a dynamic
environment. The knowledge gap in this area id@manately equipment related; i.e.,
development of a system that:

» islocated inside containment and can survive ima@oment environmental conditions

for an extended period of time

» provide rapid response of conditions

» can be deployed in multiple locations inside cantant

» can function without external AC/DC power for artended period of time, and account

for practical considerations such as condensatidhe gas sample line.

» measure overall flammaubility in the presence ofrbgeén and carbon monoxide.

It should be noted that such a device, based miyeaautocatalytic recombiner technology,
is currently available; but its performance und®&HBE conditions has not been reported in the
open literature.

3.5.3 Organic Seal Degradation
Background

Organic materials used within nuclear power plamtBide electrical insulation, elastomeric
seals, gaskets, lubricants, coatings and adhesiugshermore, typical containments include
hundreds of penetrations for piping, instrument poder cabling. Often these seals are made
using organic (epoxy) materials. Aging-relatedrdégtion of seals (and of elastomeric
materials in general) has been the subject of relséa the nuclear industry for some time due to
the relevance to reactor safety [81]. For instaseal leakage from recirculation pumps in
BWRs has been well characterized and is factor@d3AM planning. In general, seal
performance has been reasonably characterized Didfeiconditions; there is much less
information on the ability of seals to remain ld&t under BDBE conditions that include
elevated temperature, pressure, and radiationteffiethe presence of high steam
concentrations, particularly for seals that haveangone significant aging. However, in
response to the severe accident capable vent BAtaB-109 [66], the BWR industry has
evaluated [65] available test and engineering extedn information sources [82-87] to develop
containment failure criteria that envelopes theyeaaf expected conditions encountered inside
containment under extended BDBA conditions invaiviELAP; see Figure 3-6. This analysis
includes the effects of penetration degradatiooarmainment leakage.

37



HCWS DWW Vent Consistent with Containment Capability

135 psig

Containment Compromisad 3 DW Vent
Compromised

120 psig
Drywell Head Leakage

105 psig
{e.g. SOARCA)

45 psiz Containment
Penetration

Design
Degradation

Envelope
15 peig

Opsig

100°F  200°F  300°T  400°F  500°F  G00°F  700°F  BOO°F  S00°F  1000°F

Figure 3-6. Representative Margin of the BWR Contmment Based on the Design
Envelope [65].

Safety Relevance

Because elastomeric seals form integral elemertseofontainment boundary, their ability
to remain leak-tight under accident conditions|l(idang BDBE conditions) is key for meeting
the principal containment functional requiremeniritigate fission product release to the
environment. Knowledge of sealant vulnerabilitas be key to accident management decisions
for ventilation of structures adjoining the primamyntainment.

Knowledge Gaps

Seal performance under DBA conditions has beeractenized as part of the original plant
licensing processes. However there is much ldesmmation on the ability of these seals to
remain leak-tight under BDBE conditions that in@gimultaneous elevated temperature,
pressure, steam concentrations and radiation sffpatticularly for seals that have undergone
significant aging. Thus, the knowledge gap in Hisa relates to seal performance under the
latter set of conditions.

As noted above, the industry has evaluated [65]abla test and engineering evaluation
information sources to develop best estimate comtant failure criteria under BDBA conditions
for BWR systems (see Figure 3-6). However, anagmls assessment has not been performed
for PWR containments. This assessment would peo&itechnical basis for improving SAMGs
for PWRs in important areas such as ventilatingcstires adjoining the primary containment.

3.5.4 Passive Autocatalytic Recombiner Performance
Background

Events at Fukushima [6] reinforced the importanicleyolrogen mitigation and control during
a severe accident. For reactors in which PARslepéoyed, quantifying the performance of
these devices over the full range of accident dand, including BDBE conditions, is key to
understanding plant safety performance and supypaitcident management planning. The
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panel identified a gap in this area related to R&Rormance under ex-vessel conditions
involving ex-vessel core-concrete interaction. pamticular, PAR performance withpkir gas
mixtures has been well-characterized [75], butetfectiveness of these units on reduction of
combustible gas levels when CO is present has ineeh less characterized [88]. This gap was
not highly ranked as PARs are not deployed as ereeaccident flammable gas control measure
in any operating US plarfts PARs are included in several of the next geimralants that are
under construction in the US. PARs are also contynaged in other countries, including US-
designed plants that are operating or under castgiru Thus, this gap is relevant for SAMG
planning and implementation for those units.

Safety Relevance

Hydrogen mitigation and control is an importaninedst of reactor safety. Thus, for plants
in which these devices are deployed, PAR performamcler the full range of BDBE conditions,
including ex-vessel conditions with core-concretetiaction, is an important element of the
overall severe accident mitigation approach.

Knowledge Gaps

The knowledge gap in this area relates to PAR p@idiace under ex-vessel conditions
involving ex-vessel core-concrete interaction. pamticular, there is only limited PAR
performance data regarding the effectiveness aktlkdevices on reduction of combustible gas
levels when a ICO gas mixture is present. Also, degradationAiRperformance due to
severe accident conditions is not widely reportethe open literature. Much of the available
information is from PAR vendor testing of their tsnunder a range of BDBE conditions.

3.6 Additional Phenomenology
3.6.1 Raw Water Effects
Background

One of the significant accident management actiaken by operators at Fukushima was
the injection of large quantities of seawater cumeiextended period of time in an attempt to cool
the damaged reactor cores at Units 1-3 [6,13]. abheal quantity of seawater injected into the
cores is uncertain, but the upper limit of the gglént volume of salt that could have been
extracted through boiling is significant; see Taklé. For reference, the internal volumes of the
RPVs for Units 1-3 are of the order of 308.m

In the US, approximately 20% of the reactor fisdbcated near coastal areas. However,
most plants are located next to other sources fpmable “raw” water. Should fresh water
sources be exhausted during accident managemeniaie or other sources of raw water may
be used to provide core cooling [14]. The influe€ raw water injection on accident

* PARs are installed as DBA hydrogen control measimra few plants in the US but are not capableootrolling
severe accident flammable gas generation rates.
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progression has not been extensively investigatethlyses in the Technical Basis Report
(TBR) [14] indicate that the presence of salt cdnhbit initial core cooling due to the
formation of blockages; however, once the moltdridenas relocated into the lower head,
debris cooling could in fact improve due to thegerece of salt [14]. Other work has been
conducted to evaluate the potential for fuel-cobiateractions between molten core material
and salt; in particular, elevated pressures aneghioto suppress the chances for explosions to
occur [89,90].

Table 3-6. Seawater Injection During Fukushima.

Unit Time of Upper Limit on Salt Likely State at Time | Likely Coolant Behavior
Seawater formed by Boiling of Injection [6,13]
Injection [6,13]
1F1 ~28 hr 50-120 m RPYV failed; Drained through hole in
core on the floor RPV onto core debris
1F2 ~77 hr 160-200 m RPV intact; Heat removal in-vessel,
degraded core leakage out of vessel
1F3 ~46 hr 80-200 m RPV intact; Heat removal in-vessel;
degraded core leakage out of vessel

It is currently not clear how seawater affectesl stabilization of the Fukushima Daiichi
reactors. Current code analyses of the accidepiesee with the MAAP [2] and MELCOR [3]
codes neglect the influence of raw water impuritiesaccident progression. A few possible
effects are outlined below:

» Water Thermophysical PropertieRaw water has different thermophysical propertiesmt
that of pure water. Changes in the water thermsighl/properties affect heat transfer and
water flow rates. Some changes can be beneficedrtee phenomena while others are
detrimental.

* Fouling Injection Lines and Sump Screens: Raw watgy lead to fouling of water injection
lines. For example, sprays could plug, or impesittould contribute to fouling of screens or
filters on sumps or other equipment.

» Criticality Control: The standby liquid control I(8) system can inject a boron solution into
the RPV as an alternate criticality control meastRaw water impurities may influence the
types of borates formed (with differing solubilg)eand therefore affect the efficacy of the
SLC system. In contrast, the CI-35 isotope, a mapastituent of seawater and of ~75%
natural isotopic abundance, has a moderate thereuéton capture cross section which may
decrease system reactivity [91].

* In-Vessel Core Cooling/Stabilization: Differencesaw water thermophysical properties
and the behavior of insoluble impurities and pri¢atps result in an unclear picture of how
raw water would affect core cooling. For examplkawater may initially have a higher
critical heat flux, augmenting core coolabilityorger in time, the formation of scale on the
fuel rods may inhibit coolant transport through tioee, thereby decreasing core coolability.
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In a degraded core configuration, if enough preaipiis formed, a unique configuration may
occur due to the salts' thermophysical propentiggreby a liquid salt layer may augment in-
vessel cooling of the debris.

» Ex-Vessel Core Debris Cooling/Stabilization: Asalissed in Section 3.3, crust formation,
cracking, and collapse are significant phenomernh respect to core debris coolability.
Impurities may impact crack formation and degraoi@ability by plugging cracks,
inhibiting water ingression. Alternatively, imptieis may have a negligible effect if they are
swept away by the steam generation. Or, similéihabpostulated for in-vessel conditions, a
liquid/boiling salt/impurity layer could form thaiugments debris cooling. The addition of
impurities to core debris could also alter the materoperties (e.g., adding silicates would
impact melt viscosity and spreading characteristidhe breakdown of carbonates could
contribute to the generation of CO.

» Fission Product Chemistry and Transport: The priyncancern during a severe accident is
fission product release. The major objective ekse accident modeling is to predict the
timing, type, and amount of radionuclides releasenh the fuel and eventually into the
environment. The presence of raw water impurit@mdd impact currently modeled
chemistry and thermodynamic processes that deterfisision product release and transport.

* Water Chemistry, Corrosion, Biotic Growth: Cormsicould compromise the integrity of
the RPV, piping, containment boundary (liner, peatains, etc.) and compromise long-term
recovery efforts. Growth of algae, etc. could feaiter flow paths and compromise long-
term accident stabilization. While the long-termtevachemistry could be managed, more
moderate-term phenomena such as stress-corrosiokirng or accelerated corrosion due to
galvanic couples may warrant consideration.

To date, there has been a limited amount of wor&stgating the effects of raw water
injection on accident management. The EPRI TBR ptdvides an analysis that illustrates the
potential impact that seawater could have on demasing once significant core material was
relocated either to the lower regions of the careodhe lower head. This study indicates that
sodium chloride (salt) enhances coolability of cdebris once relocation has occurred. The
only currently active domestic R&D is being fund®adthe NRC. The objective of this study is
to develop a stand-alone chemistry model that adsdor a number of the raw water chemistry
effects in containment [92]. This model is intendedapture key thermochemical effects
including radiolysis of iodine species, gas soitsibrecipitation, and corrosion. Based on
evaluation results, the model may ultimately begnated into system level codes, such as
MELCOR.

In terms of international research in this area, TBR [14] references water experiments
performed by Tuunanen et al. [93] in which preeifst boric acid crystals caused blockage of
coolant channels. JAEA is investigating the thd+hyalraulic characteristics of saline solutions
in annular tube geometry and is also conductinglssnale cooling tests with simulated core
debris (i.e., small debris beds composed of pabkadls) [7]. JAEA is also investigating the
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impacts of salt on the chemical and physical fofreatidified (U,Zr)O; [8]. The NRA is also
investigating the thermal-hydraulic characterist€seawater [94]. As part of this work, they
are taking physical property measurements andaréucting short and full length fuel bundle
heat transfer and fouling tests. They are alsonphanexperiments to investigate dryout of debris
beds under seawater, with a supporting analysksttesvaluate the effectiveness of seawater
injection.

Safety Relevance

The top priority during a severe accident is tastaklish and maintain core cooling. Should
fresh water sources be exhausted as accident nrapagprocedures are being conducted,
seawater or other sources of raw water may beinsezhd [14]. Thus, as with all aspects of
accident mitigation, knowledge of the potential anpof deposited material contained in raw
water on both short- and long-term core coolingdvédr and associated corrosion issues would
be useful as supplemental information to supparident management planning.

Knowledge Gaps

Potential impacts associated with the use of ratemta reestablish/maintain core cooling
were brought into focus by events at Fukushimanuber of these potential impacts were
outlined above, but these are speculative. Tiesfitst knowledge gap in this area is the
identification of important phenomena associateith wvaw water addition that affects accident
progression, stabilization, and consequences e¥@rs accident. This gap would best be
addressed through scoping studies and potentiatigtbtop experiments that would provide
guidance on key phenomenology.

A second knowledge gap at the current time isdbk bf an ability to assess the effects of
raw water injection on overall accident progressidQuestions of this type are usually
addressed with system level codes such as MAARVHAIIDCOR; but as described earlier, these
codes currently do not have models that accourthioeffects of water impurities on accident
progression. As basic information becomes avialtbm the scoping studies, this knowledge
gap would be addressed by upgrading system ledelscto incorporate these findings, and then
applying the codes to postulated accident sequdncEDpe out potential consequences
important to core debris cooling and fission prdadetease.

Depending upon findings from the scoping and plewe| studies described above,
additional research may be warranted to reducegrhenological uncertainties and/or develop
new models that better reflect physical reality.

3.6.2 Fission Product Transport
Background

Accurate modeling of fission product transport ptmaena is essential for accurate source
term estimates. Significant improvement has beadenin our understanding and ability to
predict fission product release and transportRIES and containment since the TMI-2
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accident [24]. These enhanced capabilities hamedstrated that radionuclide retention in the
RCS, suppression pools, and containment can signify affect the potential release of
radioactivity from a nuclear power plant duringaatident.

During a severe accident, it is possible for fisgpooducts, such as elemental cesium and
iodine, to be released from the fuel as condensaigers (see Figure 3-7). Were these vapors to
remain gaseous and not react or condense on ssifgiten the RCS, it is possible that these
elements, along with noble gases such as xenokrgptbn, could become a part of the released
source term. However, conditions in the RCS, seggion pools and containment are expected
to be quite different than in the core. Tempergiare expected to be lower, and oxygen
potentials may be higher. These different condgimake it more possible for vapors to form
aerosols or deposit on surfaces or on aerosols dEposition would reduce the source term, but
it may only be a temporary reduction within the RGSntinued heating of such surfaces by

natural circulation within the reactor vessel ord@gay heat generated within these deposits may
cause volatile species to re-vaporize.
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Figure 3-7. Processes Governing In-Vessel FissionoBuct Transport [95].

-

The chemical form and concentration of fission picidzapors and other RCS conditions
determine the point at which condensation can octorm aerosols. The resulting aerosol
chemical species, size distribution, and the a¢sisape affect fission product aerosol processes
identified in Figure 3-7. Processes, such as depody other fission product vapors and
aerosol coagulation or agglomeration, affect adrsige. Possible aerosol deposition processes
include gravitational settling or sedimentatiorrbtent, laminar, or centrifugal deposition;
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thermophoresis and diffusiophoresi®. However, deposited aerosols may be re-suspended b
sudden increases in flow or vibrations associatiéld avrupture or depressurization of the RCS
or containment / suppression pool venting. Deast in deposits may raise temperatures to the
point that volatile radionuclides vaporize. CpHBa of molten core debris into water in the lower
plenum of the reactor vessel, penetration of thetor vessel by core debris, or even operation
of SRVs could produce sufficient changes in theulent flows near the surface to lift particles
off structural surfaces. Additional conditionseafiing fission product transport within the RCS
are the production of structural aerosols, the tmatpres of gas and structures within the RCS,
and the presence of engineered safety featuresasunbre sprays. Other engineered features
such as containment spray and fan coolers carafflstt containment fission product transport.

Regarding data sources, the extremely low radidteickleases measured during TMI-2 led
to significant international efforts to reassesstéthnical bases for estimating severe accident
source terms. It became evident from these asse¢siimat there was a need to better quantify
phenomena associated with primary system fissiodumt release and transport, including
fission product vapor/aerosol chemistry and vamod'sol retention. To address this need,
numerous experiments were completed. These expetsmange from small-scale, separate-
effects tests designed to provide input data tortbdeling codes to large-scale, integral tests
with prototypic materials to evaluate the couploegween individual models and provide data
for validating integral codes [96,106]. Table 8sts several of the larger sources of data.
Although TMI-2 provides data from a full scale reacaccident, these data are from one reactor
design and one accident scenario.

References [95,106] indicate there are still soapEsgn available data for estimating fission
product transport. For example, additional datareeeded to characterize the thermodynamics
of fission product vapor species. Experimental istsido not adequately address regimes where
there are simultaneously high temperatures andpagtal pressures of steam and hydrogen.
High concentrations of steam may stabilize vap@sphydroxides and hydrates that have been
undetectable at the lower steam concentrationgistieg experimental studiesSimilarly, high
partial pressures of hydrogen may create impoftgatides not included in available data bases.
References [95,106] also note that there are iserfit data to characterize the effects of
radiation ionizing gas within the RCS and to cheaze vapor interactions with aerosols and
with surfaces. In addition, there are no dateel@luating the chemistry effects of raw water
addition on fission product transport.

Regarding current regulatory and industry mode#ipgroaches, there are numerous stand-
alone codes for predicting fission product vapat aarosol transport in the RCS [95]. In
addition, system codes such as MAAP [843l MELCOR [35] model severe accident
phenomena inside the RCS in an integrated way.

°A Brownian process causing migration of partictasard lower temperatures.
® Deposition induced by condensation of water vapto structural surfaces.
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Table 3-7. Large Scale Fission Product Transport &8ta Sources.

Source Description Phenomena Tested
TMI-2 [95] Full scale PWR accident. Residual fission product levels in ceramic melt
(USA) indicating that some (2-5% | and 10-15% Cs) remain.
Agl deposits found in upper plenum of reactor.
Marvekin [96] Full-scale PWR primary circuit (including @ Transport and deposition behavior of fission praslug
(Studsvik, Sweden) reactor vessel, simulated internals, (Csl, CsOH, Te) and structural material aerosots, (A
pressurizer, relief tank, and filter) with Mn) in the primary circuit for code validation.

simulant non-radioactive materials.
Loss of Fluid Test (LOFT) Full-scale fuel bundle severe damage testsFission product transport tests to investigatediss

[97,98]LP-FP1 and LP-FP- | conducted in large 1/80scale PWR product transport in just-beyond design basis and
FP2 (INL, USA) facility with two loops and a pressurizer. | severe accident situations

Power Burst Facility Severe | Large scale PWR fuel bundle severe Fission product release and timing of fuel degriadat
Fuel Damage (PBF SFD) damage tests with small, continuous flow jpfFinal test included effects of control rod alloy on
[99] (INL, USA) coolant. fission product behavior

LWR Aerosol LWR containment with a simulant aerosol Aerosol containment studies with two containment
Containment Experiments | mixture (soluble CsOH and insoluble MgQ)bypass experiments to assess attenuation in the
(LACE) [100] (HEDL, USA) | along a complex test pipe 63 mm in primary circuit pipework and release to the aurylia

diameter, 27 m long with 5-90° bends, 4 | building.
horizontal sections, and 2 vertical sections.
PHEBUS-FPT [101] Series of five 1/5000scale in-pile integral | Tests to measure fission product release and wansp
(CEA, France) experiments with prototypic fuel. through a model of reactor coolant system, andsaérp
behavior in model containment.

MELCOR models fission product transport by incogiorg modified versions of models
used in stand-alone more detailed fission prodacisport codes, such as MAEROS [102],
TRAPMELT-2 [103], SPARC-90 [104], and HECTR [103h contrast, MAAP includes an
FAI-developed method for modeling fission produansport. Table 3-8 identifies the fission
product transport phenomena modeled in these twescoln order to reduce computational
time, both codes have omitted selected phenomen&waluations indicated were less
important. Both codes have an established vatidgirogram to ensure that the most important
fission product transport processes are simulated.

Boundary conditions for MELCOR fission product tsaort models are obtained from other
MELCOR models that predict the control volume thakkmydraulics and heat structure
temperatures. MELCOR models aerosol agglomeratnohdeposition processes using
techniques based on the MAEROS multi-componentsaéoynamics code. Vapor
condensation onto and evaporation from aerosoictestare handled separately using equations
from TRAPMELT 2 incorporated into MELCOR. This resks computational time and ensures
consistency with heat transfer and thermal hydeguiedictions by other MELCOR models.

MELCOR fission product transport models were depetbin a manner that allows updates
to consider additional phenomena. For exampletitoomponent aerosol features could be
activated in MELCOR, but the single component apt®the current default based on available
experimental data. In addition, there is currentbyuser input controls available to allow
aerosols deposited on the various surfaces to-besgended. The decay heat from fission
products suspended in the RCS may be transportibe as phase in any volume or to any
surface. Chemistry effects are simulated in MELQ®G®ugh user-provided mass and energy
transfer data for each stoichiometric reactionveRgible and irreversible reactions can be used
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to model adsorption, chemisorption, and chemicatttens. Only fission product vapors
undergo chemical reactions.

Table 3-8. Fission Product Transport Processes Csitlered in MELCOR and MAAP.

Process Considered in Considered in
MELCOR MAAPS5

Vapor processes

Chemisorption X

Vapor condensation /evaporation X X

Revaporization X X

Aerosol Nucleation X X
Aerosol processes

Vapor deposition on aerosols X

Growth by agglomeration, coagulation, and cosdé&an X X

Gravitational settling (sedimentation) with aggkration and X X

hygroscopic effects

Thermophoresis X X

Inertial impaction (e.g., turbulent, laminar,aamtrifugal) X X

Diffusiophoresis X

Leakage or transport between control volumesuily thuid flows X X

Resuspension X

Removal by containment sprays, filter trappingplpscrubbing, etc. X X

Chemistry Effects - 'Class transfers' of fisgowaduct vapors X

In the MAAP code, fission products may exist intagour states: vapor, aerosol, deposited,
and contained within the core. MAAP simulates aefand vapor removal rates from the gas
phase to surfaces or the re-vaporization rategpdsited material. However, MAAP
incorporates an innovative single-component aerpansport equation model to simplify
computational requirements. The calculation pracedor aerosols, with particles growing by
agglomeration, uses two correlations for the songiof the integro-differential equation
governing aerosol particle size distribution. @tations are used for “aging” or settling aerosols
and for “new” source-reinforced aerosols. Remaoatds are calculated for various phenomena,
such as sedimentation, inertial impaction, steaivedrdiffusiophoresis, thermophoresis, and
particle removal by leakage. When more than onehar@sm for aerosol settling is operative, a
“combining law” is used to represent the combintédots of the two major mechanisms.
Turbulent deposition has not been incorporated AMAM because analyses suggest that turbulent
deposition is less important as other depositiatgsses. Particle growth is primarily assumed
to occur via condensation because FAI evaluatiog€ate that it occurs much sooner than
coagulation.

" MAAP only considers condensation, which is consideto be dominant.
8 Turbulent deposition is not included in MAAP besawvaluations indicated it was less important tther
mechanisms and it would be computationally intemsiv
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Safety Relevance

Prevention of fission product releases to the emvirent is the key goal of nuclear reactor
safety. Thus, the ability to characterize fisgpwaduct release and transport during a severe
accident is very important for reactor safety eaihns. On this basis, R&D in this area has
been heavily pursued both within the US and intgonally.

Knowledge Gaps

In general, adequate data exist for understandidgr@deling most fission product
transport phenomena that affect source term estgndtvaluations have identified selected data
needs, such as data to characterize: thermodysarhitssion product vapor species in high
temperature conditions with high partial pressufesteam and hydrogen; the effects of radiation
ionizing gas within the RCS; vapor interactionshaaerosols and surfaces; and pool scrubbing
efficiency at saturated conditions and elevatedsuree. In addition, as discussed in Section
3.6.1, there are no data for evaluating the cheynestects of raw water addition on fission
product transport. On-going analytical researcidéd by the US NRC [92] may provide some
insights on this issue. Regarding late phase egaldehavior, data are needed to assess the
effect of H/H,O and H/CO gas mixtures on pool scrubbing at saturateditons and elevated
pressure. The Japan NRA is funding a series ofl &imd large scale tests that may address this
data need [107]. In addition, there is the paatid obtain data from experiments conducted in
existing facilities located in Europe (e.g., Switaad, Germany, or France) [9].
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4.0 CONCLUSIONS AND RECOMMENDATIONS

This section summarizes the thirteen safety-relekaowledge gaps identified by the panel
in the areas of accident tolerant components avelfs@ccident analysis that are not currently
being addressed by industry, NRC, or DOE. Theltesawe listed in Table 4-1. During the
panel deliberations, recommendations on appropiR&ie to address these gaps were also
developed; these recommendations are also providbdeé table and related discussion.

It is noteworthy that two important areas relae@DBAs were identified by the panel in
which gaps are known to exist, but it was concluithed efforts currently underway by industry,
NRC, DOE, and the international community were adég|to address the gaps. These areas
are: i) Human Factors and Human Reliability Assessmand ii) Severe Accident
Instrumentation. For completeness, these two ameaseviewed in Appendix B.

In broad terms, the gap results could be classifiexlfive categories: i.e., i) in-vessel core
melt behavior, ii) ex-vessel core debris behaviprgontainment — reactor building response to
degraded core conditions, iv) emergency responsipgnt performance during core
degradation, and v) additional degraded core phenotogy. The gaps and associated R&D
recommendations are summarized under these tapieas below.

4.1 In-Vessel Core Melt Behavior

The first, second, and fourth-ranked gaps alldaetler the category on in-vessel core melt
behavior. In particulathe highest ranked gap isrelated to fuel assembly/core-level
degradation. A critical aspect of accident progression isttheng of core heatup, degradation,
relocation, and radionuclide release and transeflooding and quenching of degraded fuel
materials have also been shown to significantlyaot@ccident progression. There are key
differences in PWR and BWR core structures thaticgract late-phase in-core degradation.
The panel noted that there are gaps in the exidtitg base for modeling BWR late-phase in-
core fuel and structure degradation and relocag@epecially with respect to phenomena that
affect multiple assemblies. Gaps also exist forRPMte-phase in-core fuel and structure
degradation and relocation. These gaps have lddfémences in current modeling approaches
adopted by severe accident progression codes.

From a reactor safety viewpoint, uncertainty reldtein-core melt progression is important
as it leads to large variations in the predictibkey outcomes; e.g., in-vessel hydrogen
production. In addition, these uncertainties hawtrong impact on the boundary conditions for
the balance of the accident sequence includingaeives relocation to the lower head, melt
interactions with the lower head, the mechaniswi{$)wer head failure, and subsequently ex-
vessel debris pour conditions that impact meltagreg, the potential for failing key
containment structures during spreading such asitk | liner, and finally, debris coolability.

Reducing uncertainties related to in-core melt pregion would serve to enhance severe
accident management guidance related to locatimhsades of water addition to the plant, as
well as actions such as containment venting. titeah, an increased understanding of in-core
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Table 4-1. Summary of Identified Gaps with Associgd Importance Rankings and Recommended R&D to Addess the Gaps.

D

Category Identified Gap lme;nrtk?r?ge Recommended R&D to Address the Gap:
Re-examine existing tests for any additional insights that gedldce modeling uncertainties
Planning to determine if scaled tests are possible
Assembly/core- a . ) ] . o
level degradation 1 MAAP/MELCOR evaluations to gain a common understandinggiimes where predictions are
In-Vessel consistent and regimes where predictions differ qualitativedycaiantitatively
Behavior Develop tools to support SAMG enhancements and fortstafing
Lower head 3° Scaled tests addressing melt relocation and vessel wall innpémgéneat transfer
Vessel failure A Scaled tests addressing vessel lower head failure megtgrigecus on penetration-type failures
Ex-Vessel Wet cavity melt gab Modify existing models based on ongoing prototypic expertmand investigate the effect of water
Behavior relocation and CCI throttling rate on melt spreading and coolability in BWR contaimtsie
H, stratification 7a Analysis and possible testing of combustion in vent linesymaotypic conditions (i.e., condensation,
and combustion air ingress, hot spots, and potential DDT)
Cogtain;nent- H, /CO monitoring 10 Leverage ongoing international efforts as a basis forldeve a H-CO containment monitoring system
eactor
Building Organic seal 102 Similar to a process completed by the BWR industry, develgR Bontainment seal failure criteria unde
Response degradation BDBE conditions based on available information sources
Evaluate optimal position in containment with existing codes thdigtrgas distributions
PAR f 13 . . . . o
periormance Examine performance with fCO gas mixtures under BDBE environmental conditions
RCIC/AFW a Plan for a facility to determine true BDBE operating envefop&CIC/AFW pumps
Emergency - 3 . L .
response equipment Based on stakeholder input, construct the facility and cdnidedesting
equipment BWR SRVs 6 Testing to determine BDBE operating envelope (in RCIC/AFWfegity)
performance Primary PORVs 11 Testing to determine BDBE operating envelope (in RCIC/AFWfaedity)
Monitor studies underway in Japan to obtain basic insigtdspimenomenology.
Raw water 8 Develop tools to analyze raw water effects; apply to pdasailaccident scenarios.
Based on outcome of these activities, formulate additional R&bDcertainties persist.
Additional Leverage existing international facilities to characterize: i) theymaaics of fission product vapor
Phenomenology  Fissjon product species at high temperatures with high partial pressuregbfird B, i) the effect of radiation ionizing
transport and pool 94 gas within the RCS, and iii) vapor interactions with aerosolsarfdces.

scrubbing

Leverage existing international facilities to address the effddi/6f,O and H/CO gas mixtures on pool

scrubbing at elevated pressures and saturated conditions.

4 Panel consensus was that Fukushima forensics offeojyesttunity for insights in these areas.

®Panel consensus was that uncertainties in these areasvinatbd by uncertainties related to assembly/core-levehdation; thus, the latter should be higher priority.
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phenomena could improve the ability to train opeisabn accident management procedures and
inform emergency response personnel on the bestaalocate resources.

Regarding potential R&D activities to reduce thekiedge gap related to in-core melt
progression, the panel grouped the recommendattm$wo categories; i.e., planning versus
actionable items. Regarding planning, the committencurred that data from the Fukushima
reactors offer the best opportunity to fill BWR kvledge gaps with possible application to PWR
knowledge gaps. Based on the recent MAAP-MELCQRswalk activity [5], the principal
phenomenological uncertainty regarding in-core binas the extent that core debris is
permeable to gas flow during degradation; i.e.,ampeable debris (assumed in MAAP) leads to
gradual accumulation of a large high temperatweoie melt accumulation akin to that formed
during TMI-2, while permeable debris (assumed inUM@BDR) steadily relocates to the lower
head where the material collects as a debris blede that the full-scale empirical observations
and data from TMI-2 are limited to one particulacident scenario. Because of the potential
overall benefits to reactor safety, the panel revemds that an integrated Fukushima
examination plan be developed that identifies yipes and density of data that are needed,
which in this case relates to the morphology ofane debris formations. This general
observation applies to 11 of the 13 gaps identifie@able 4-1.

Although Fukushima data generally offer the besioopto aid in closing knowledge gaps,
this information will take many years (possibly ddes) to obtain. On this basis, the panel
acknowledged that experiments may be needed taeddwowledge gaps related to in-core melt
progression on a shorter timeframe, butdtaing rationale for any proposed testing would
need to be well established. In addition, the erpents would need to be specifically targeted
at addressing specific data needs identified irctheswalk activity [5]. It may be prudent to
initiate planning activities to determine if apprigpely scaled tests are possible to examine this
complicated behavior. The panel drafted test aegagls that are summarized in Table 4-2.

In terms of actionable R&D items, the panel ideatifthree items for consideration:

* Based on modeling uncertainties identified as pftthe cross-walk activity [5],
reexamine previously conducted tests related tmne-melt progression (documented in
Section 3.2.1) to determine if additional insigbés be obtained to help reduce the gaps.
The panel believed that the chance of gaining sfdit insights from the existing tests
was relatively small, but the amount of effort tonplete this effort would be modest and
thus worthy of consideration.

» Conduct more detailed discussions, analysis ancehamVvelopment activities between
the MAAP and MELCOR development teams to try tateecommon understanding
between the two codes given the current knowledge In this area. This activity could
reduce uncertainties in severe accident key pamnsjet.g., hydrogen production. This is
a relevant activity for both BWRs and PWRs sind&edences in code predictions affect
the timing of action management functions like emmnent venting, operator training on
accident management, and prioritization of operatdions.
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development of accident management guidelines applosting accident response.
Specifically, data processing systems could be tséake input from key plant or

portable instruments and, on that basis, assed&éheplant state as well as supporting
prioritization of actions for best dealing with tei¢uation. This activity must consider
current uncertainties in core degradation and e¢ioo models, as well as uncertainty in
instrumentation indications, to ensure that appad@decisions are made.

Table 4-2. Design Goals for Experiments to Addredsnowledge Gaps Related to Late

Phase In-Core Me

It Progression.

Experiment Element

Design Objective

Notes/Rationale

Fuel material

ue

Cladding material

Zircaloy

Experiments targeted at examining morphology-
porosity of blockages; thus, prototypic materials
needed since porosity/crack formation is strongly

Decay heat simulation

Incorporate in test design

Decay heat level

BWR ~ 3 hours after scran

1 Typicaé uncovery time for an unmitigated
accident in a BWR is ~ 3 hours

Composition of material
relocating in the
assembly

(U,Zr)O,plus control
material with possible
mockup of channel boxes

Experiments targeted at examining late phase
assembly degradation including fuel relocation a
assembly blockage formation

Number of Pins

Sufficient to resolve sub-
channel behavior

Radial heat losses need to be quantified and
accounted for in the experiment design

Assembly length

Sufficient to resolve axial
melt relocation behavior and
blockage formation

May be possible to infer from MAAP-MELCOR
analyses; expected length is ~ 1 meter

Sub-channel coolant
flow conditions

Steam

Principle difference between MELCOR & MAAP
is that MELCOR permits steam flow through
blockages, whereas MAAP assumes that blocka
are impervious

Channel reflood

Incorporate in test design

Desa#ablit not primary experiment objective

Principal data needs:

Time-dependent in-assembl
melt relocation behavior

y Possibly use X-ray tomography

Time-dependent channel
blockage formation-porosity

Possibly use specified steam driving pressure;

measure assembly outlet flowrate to ascertain th
extent of blockage formation; assess debris pgro
as part of Post Test Examinations

dependent on material properties and temperatur

eded to simulate long-term relocation behaviof

Consider developing computational tools to infonaleators and decision makers in the

hd

jes

Fuel-cladding channel outlet
gas temperatures

Possibly use small thermocouple rakes or ultrasg
thermometers to measure cladding and fuel
temperatures

nic

Cladding oxidation rate-
chemical heat production

Possibly measure off gas composition and infer
flowrate using gas mass spectroscopy
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The 2" ranked gap relates to core melt behavior in the lower head. Phenomena associated
with core debris relocation into the head, as aglthe resultant heat transfer from this material
to the reactor vessel, represent critical aspdaswere accident progression that affect
subsequent accident behavior. The limited profotgipta currently available are focused on
PWR designs, and the full-scale data from TMI-Rsted to one particular accident scenario.
Uncertainties associated with this limited dataehkad to differences in current modeling
approaches adopted by accident progression anatydes.

From a reactor safety viewpoint, lower head behasgiamportant as it has a strong impact
on the boundary conditions for the balance of twdent sequence; i.e., mechanism(s) of lower
head failure, and the resultant ex-vessel debus ponditions that impact melt spreading, the
potential for failing key containment structuresidg spreading such as the Mark I liner, and
finally debris coolability.

Reducing uncertainties related to lower head behmaduld also enhance severe accident
management guidance related to locations and odtgater addition to the plant. In addition,
reduction in these uncertainties would improveahdity to train operators on accident
management procedures and inform response persomiieé best way to allocate resources.
However, it is noted thaincertaintiesin lower head behavior are overshadowed by those
associated with in-core melt progression; i.e., the associated impact that those unceigaihiave
on melt relocation behavior to the lower head.

Regarding potential R&D activities, the committemcurred that data from the Fukushima
reactors offer the best opportunity to fill knowdgdgaps related to lower head behavior in
BWRs with possible application to PWR knowledgegafpecific to this particular area,
evidence on the mechanism of core debris relocétidhe lower head, as well as the
morphology of the material in the lower head, waoddhelpful in reducing uncertainties related
to lower head behavior. Also, information on thkéeat of thermal attack on the vessel wall and
penetrations would be beneficial.

Additional experiments addressing melt relocatiehdvior to the lower head and the
resultant heat transfer on the vessel wall wowsd &k beneficial, but the scaling basis needs to
be well established for any proposed new testigain, it is noted that uncertainties in lower
head behavior phenomena are overshadowed by untiegaelated to in-core behavior, and
how those uncertainties impact melt arrival cowdisi in the lower head.

In close relationship to lower head behavior,4fieanked gap relates to lower head
failure. Prototypic data are limited for characterizing thede and size of vessel lower head
failure, either through a breach of the vessel wafhilure of a penetration in the lower head.
Hence, there is significant uncertainty in modedactions for the mode and timing of BWR and
PWR lower head failure. Such uncertainties sigaiitly impact predictions of subsequent
accident progression phenomena, such as the tetmpenaorphology, and composition of
debris exiting the vessel; the potential for exsetslebris to form a coolable geometry; and
finally, the associated fission product release the containment. Additionally, for PWRs
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some plant geometrical configurations are ableibrgerge the bottom of the reactor vessel
which may delay or prevent reactor vessel failure.

Improved understanding of vessel failure mechanisanslead to enhanced severe accident
management guidance for existing plants relatdoie windows available for water addition to
the plant at various locations (e.g., primary comteent or reactor cavity versus reactor vessel)
and the potential for preventing or delaying ve$ailire. Additional data to resolve
uncertainties in this area would inform accidenhagement strategies and operator training by
providing a technical basis for the location amditig of water injection during an accident.

Regarding potential R&D activities, the committeggim concurred that data from the
Fukushima reactors offer the best opportunityltkfiowledge gaps related to lower head failure
for BWRs with possible application to PWRs. Sfiedo this particular area, evidence on the
location and nature of lower head failure (e.gngteation versus global vessel creep failure
modes) would be very beneficial. Also, generabinfation on the extent of vessel
wall/penetration thermal attack in the vessel failarea(s) would be very useful.

Additional experiments addressing lower head failmechanisms would also be beneficial,
with a particular focus on penetration-type faikiré&However, the scaling basis needs to be well
established for any proposed new testing. Agais,noted thatincertaintiesin lower head
failure are overshadowed by uncertainties related to in-core behavior, as these uncertainties
impact melt arrival conditions in the lower headiett) in turn, impact vessel failure
characteristics.

4.2 Ex-Vessel Behavior

The5™ ranked gap is related to ex-vessel behavior; specifically, melt relocation from the
pressure vessel and subsequent core-concretectii@raehavior under wet cavity conditions.
One of the principal knowledge gaps in this aréates to an investigation by the BWROG into
an alternate flooding strategy; i.e., gaps exisheunderstanding of the impact on throttling
water addition rates to preserve the availabilitthe wetwell vent path. This is the preferred
option as it provides scrubbing of radionuclidesipto release and can avoid the need for an
additional drywell vent path. Knowledge gaps tedicto this strategy and to similar possible
PWR strategies include the effect of pre-existiregan on the drywell/pedestal/cavity floors on
melt stream breakup and spreading, as well asitheence of water throttling rate on spreading
behavior and long-term coolability. Other quessiamclude the effect of BWR-specific high
metal content melts on core-concrete interactiahdebris coolability.

Regarding potential R&D activities, the commitsegin concurred that data from the
Fukushima reactors offer the best opportunity ltcfiowledge gaps related to ex-vessel core
debris spreading and debris coolability, partidylésr Unit 1. Specific to this area, the extent
(i.e., floor area coverage) of the debris spreadirthe reactor pedestal and drywell needs to be
determined, as well as the debris elevation vaati It is also important to characterize the
debris morphology (i.e., monolithic crust versugtipke bed) as this has a pronounced effect on
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coolability. If concrete erosion occurred, thewduld be beneficial to characterize the cavity
ablation profile. Finally, any evidence of contaod thermal attack of the containment liner
would be very useful. There is international ie&rn this area, and there is the potential for
collaboration in assessing data from Fukushimaiaiednducting additional large-scale
experiments on this topic.

Related to the investigation by the BWROG intemdate flooding strategies, an actionable
R&D item in this area is to analytically investigahe effect of water addition throttling rate (to
preserve wetwell vent path) on core debris spregalitd long term debris coolability, after
appropriate modeling upgrades are made to the MPRESAD and CORQUENCH codes.

4.3 Emergency Response Equipment Performance under BDBA Conditions

The3" ranked gap relates to emergency response equipment performance under BDBE
conditions. Specifically, the Reactor Core Isolation Cogl{RCIC) system for BWRs and the
Turbine Driven Auxiliary Feedwater (TDAFW) systeor PWRs are the key safety systems that
are used to remove decay heat from the reactorpyisystem under a wide-range of conditions,
from operational pressures down to lower pressapesoaching cold shutdown conditions.
Based on events at Fukushima [6], it is known R@tC operation was critical in delaying core
damage for days (almost three days for Fukushima2)n This observation empirically
indicates that there is significant margin in RQI€formance that has been neither quantified
nor qualified. Technically, this is a highly impant lesson-learned from Fukushima that needs
to be explored and quantified for the benefit & tiperating fleet both domestically and
internationally. Furthermore, quantifying emergenesponse equipment performance under
these conditions could form the technical basigpforiding more flexibility in emergency
mitigation strategies and could greatly increasgoop for the successful implementation of
FLEX [NEI 12-06] (or equivalent measures for desggmension conditions in other countries)
and SAMG measures under ELAP conditions for bothRBavid PWR designs.

This is recognized as an important area for furthsearch by US industry as well as
international organizations. The principal R&D dee this area is to determine taetual
operating envelope for emergency response equipment performance BIRIBE conditions for
both BWRs and PWRs; specifically, RCIC and TDAFVEtsyns. A facility to carry out this
type of testing may be needed. If this is deteedito be the case, then actionable R&D items in
this area would be to: i) perform the necessargrptay for a facility of this type, ii) construct
the facility, and iii) carry out the testing necagsto determine the actual operating envelopes
for RCIC and TDAFW systems under BDBE conditiofifiere is international interest in this
area, and there is the potential for collaboraitioassessing data from Fukushima and in
conducting an experimental program on this topic.

Two other gaps were identified by the panel indaggory on emergency response
equipment performance. In particular, geranked gap relatesto BWR SRV performance
under BDBE conditions, while the11" ranked gap relatesto PWR primary system PORV
performance. In general, data on SRV and PORYV performanceuB®A conditions are well
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known. However, the panel identified a knowledgp gn the performance of these devices
involving extended cycling under high temperaturéhie process gases flowing through the
valve as well as the high temperature and pressurditions expected inside containment
during protracted BDBE scenarios such as thoserexued at Fukushima. For example, in the
case of PWRs, radiation heat transfer from thege®gases may cause failure of the solenoid
that is used to maintain the PORV in an open positi

Regarding potential R&D activities, the panel nateak appropriate testing to reduce
knowledge gaps related to SRV performance underBbB@hditions may be possible in a
facility similar to the type that would be usedést RCIC and AFW performance, as noted
above. Testing of PWR PORYV performance may requiaility with significantly higher
temperatures and pressures due to the higher opmecainditions in a PWR.

4.4 Containment and Reactor Building Response

Four additional gaps were identified under the gaite of containment and reactor building
response. To begithe 7" ranked gap is related to H, stratification and combustion. The
panel noted that there are uncertainties in chamaotg random ignition sources in plant-level
analyses. Other identified information needs idetu) flame front propagation in the
containment vent line, ii) stratification in larglysical structures exemplified by containments
and reactor buildings, iii) methods for modelingntaustible gas concentration variations in
lumped parameter codes, and finally iv) auto-igmitat high temperatures.

Regarding safety relevance, if uncontrolled defiéigns occur, they can result in direct
challenges to containment. In addition, deflagratioccurring outside containment (e.g., the
reactor building) can potentially damage safetywdicant structures, emergency response
equipment and pose a significant safety hazardbiat personnel. They can also inhibit the
ability of plant personnel to implement accidentnagement procedures that are required to
reestablish or maintain adequate core cooling.

Regarding R&D to address the gaps, the panel nb&gdhat US industry and the
international community already have substantialkwmderway in this area. Domestically, the
NRC has issued the severe accident vent Order,E209 [66], and the industry has responded
by providing guidance for complying with this ordéb]. Both the PWR and BWR Owners
Groups have updated their generic SAMGs to refésstons learned from the Fukushima
accidents. The MAAPS5 enhancement project is exagilumped parameter approaches for
evaluating hydrogen transport issues in containmbrternationally, the PANDA and THAI
facilities are actively conducting research onmga€ng and stratification in large structures.
Despite these efforts, additional R&D may be watedrio consider specific issues of interest,
such as combustion in vent lines and factoringraciical considerations such as condensation,
air ingress, hot spots, and the potential for dgdion-detonation transition (DDT).

Closely related to this topithe 10" ranked gap relates to H,/CO monitoring in
containment under BDBE conditions. Measurements of this type are traditionally masiag

55



either a hydrogen analyzer that measures electicaductivity of containment gases or gas
mass spectroscopy. The challenge here is predtehyrequipment related; i.e., development of
a system that can monitor potential flammabilitynfrH, and CO under ELAP conditions while
accounting for practical considerations such ashmmogeneous gas mixtures in containment
and steam condensation in the gas sample lines.

Management of combustible gases during a severéesmtas a key LWR technical
challenge. Events at Fukushima [6] illustratedghmt that decision making related to accident
management actions (such as venting or actuatinigiconent sprays) could be better informed
if the operators had knowledge of the time-depehdas composition in containment. Thus,
instrumentation that can provide this informatiovder BDBE conditions would be very
beneficial in supporting this decision making.

Regarding potential R&D to address this gap, theepaoted that a joint CEA-EdF-
Canberra-AREVA project is already underway to deped system that can measure the
composition of gases released through the contaihwsat line [79]. Thus, the panel
recommended that industry leverage these efforéshassis for developing O containment
monitoring system. However, it should be noteat #s this report was being finalized, one US
supplier announced they are offering a real-timaitoang system that can reportedly measure
hydrogen concentration, pressure, humidity, tentpegaand selected fission product gas
concentrations in the containment under harsh anticbnditions [80]. Thus, any decisions
regarding additional R&D in this area should beveluated as more information on this
product becomes available. With this developmitwetimportance ranking for this particular
gap may be lower than that originally evaluatedh®ypanel (see Table 4-1).

The 12" ranked gap relates to organic seal degradation under BDBE conditions. Because
elastomeric seals form integral elements of theatnment boundary, their ability to remain
leak-tight under accident conditions (including BEBonditions) is key for meeting the
principal containment functional requirement tdigate fission product release to the
environment. Knowledge of sealant vulnerabilitas be key to accident management decisions
for ventilation of structures adjoining the primayntainment. Elastomeric seals also form
integral elements of the integrity of the reactessel (BWRs) and reactor coolant system
boundary (PWRs) whose failure can accelerate therate of cooling water from the reactor
vessel. For instance, seal leakage from recinomgumps in BWRs has been well
characterized and is factored into SAM planning.

Seal degradation has been the subject of resaathl nuclear industry for some time due to
the relevance to containment integrity [81]. Imegel, seal performance has been reasonably
characterized under DBA conditions; however, therauch less information on the ability of
seals to remain leak-tight under BDBE conditioret thclude elevated temperature, pressure,
and radiation effects in the presence of high steanecentrations, particularly for seals that have
undergone significant aging.
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Regarding R&D in this area, in response to the rgee@ecident capable vent Order EA-13-
109 [66], the BWR industry has evaluated [65] aatali test and engineering evaluation
information sources [82-87] to develop containnfaittire criteria that envelopes the range of
expected conditions encountered inside containmnesér extended BDBA conditions involving
ELAP. This analysis includes the effects of pestein degradation on containment leakage.
However, the analogous investigation has not beempteted for PWR containments. This
investigation is currently being considered by EBRd the PWROG group. The committee
recommends that this investigation be undertaken.

The 13" ranked gap relates to Passive Autocatalytic Recombiner (PAR) performance
under BDBE conditions. Performance data for these devices witlaidgas mixtures are
readily available, but the panel noted limited optamature information regarding the
effectiveness of PARs on reduction of combustilale igvels when high concentrations of
aerosol fission products or CO are present. Agmla the performance of the PAR units
themselves, an equally important question relateghere these units should be positioned in
containment to optimize their performance. Thigelaquestion relates, in turn, to our ability to
predict combustible gas distributions in containtrairing a severe accident (see previous gap
discussion on Histratification and combustion).

This gap area was ranked the lowest of all thosetified due to the fact that PARs are not
deployed in any operating US plahtsHowever, PARs are used in the Westinghouse 8010
plants being built in the US and are commonly usesther countries, including US-designed
plants that are operating or under constructionusT this gap is relevant for SAMG planning
and implementation for those units.

In terms of potential R&D in this area, it was poaisly noted that there are only limited data
[76] available regarding the effectiveness of th@maces on reduction of combustible gas levels
when a H/CO gas mixture is present. Also, degradationARRPerformance due to severe
accident conditions is not widely reported in tipeiwo literature. There are also questions related
to positioning of these devices in containment twatld be addressed through analyses with
codes that are able to predict combustible gaslaligions in containment under severe accident
conditions.

4.5 Additional Phenomenology

The panel identified two additional gaps that waessified under the category of additional
phenomenologyThe 8" ranked gap relates to the influence of raw water on the ability to
maintain long term core cooling. During the Fukushima accidents, large volumes afvsger
were injected into Units 1-3 in an effort to coloétreactor cores and stabilize the accident [6,13].
Current US industry guidance [14] calls for the aéseawater or other sources of raw water

° There are a limited number of plants in the US$ kizve PARSs installed as DBA hydrogen control messbut
these PARSs are not designed for severe accidentrfible gas generation rates.
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(e.g., river water with high levels of sedimentptovide core cooling should fresh water sources
be exhausted. The main issue with raw (includew) svater injection is that as a result of

boiling in the core, large amounts of solute cquigcipitate on the surface of fuel pins, thereby
restricting coolant flow passages and degradingjtn@asfer. For BDBE conditions involving
highly degraded core conditions, there is a sinatarcern that precipitates could block porosity
in the debris, thereby degrading the coolabilififhere are currently a limited number of
laboratory studies being conducted internation@ly, in Japan) to address these questions. For
PWRs there is also a concern related to foulingt@dm generator heat transfer surfaces when
raw water is used as a feed source for SG heatvamo

Potential impacts associated with the use of ratemta reestablish/maintain core cooling
were brought into focus by events at Fukushimateims of R&D needs in this area, scoping
studies and potentially bench top experiments wpubdide basic insights into key
phenomenology. As noted earlier, benchtop expearisn@re already underway in Japan, and
these efforts should be monitored for potentialiappon to US accident management planning
activities.

Questions related to the potential impact of actideanagement strategies (in this case,
raw water injection) are usually addressed withiespdevel codes such as MAAP and
MELCOR. However, these codes currently do not hmawdels that account for the effects of
water impurities on accident progression. As miof@mation from the scoping studies
becomes available, these codes should be upgradecbrporate any findings. The codes
should then be applied to postulated accident segseto scope out potential consequences
related to core debris cooling and fission prodatgase. Depending upon findings from the
scoping and plant level studies, additional R&D rbaywarranted to reduce phenomenological
uncertainties and/or develop new models that begtérct physical reality.

The 9" ranked gap relates fission product transport and pool scrubbing. Regarding fission
product transport, the panel noted that there bas Bignificant R&D conducted in this area
because it is a key factor influencing reactortyafeHowever, based on events at Fukushima, a
few information needs were identified that may w&atradditional consideration. In particular,
data are needed to characterize the thermodynariission product vapor species in high
temperature conditions with high partial pressufesteam and hydrogen; the effects of radiation
ionizing gas within the RCS; and vapor interactioith aerosols and surfaces. In addition,
there are no data for evaluating the effects ofwaater addition on fission product transport.
Regarding late phase ex-vessel behavior, dataemaed to assess the effect gfH4O and
H,/CO gas mixtures on pool scrubbing at elevatedspres and saturated conditions.

In terms of R&D in this area, the US NRC is curhgimivestigating the effects of raw water
on fission product transport in containment [9R].Japan, NRA is funding research that may
provide insights into the effect of,HH,O and H/CO gas mixtures on pool scrubbing [107]. In
addition, there is the potential to obtain fisspyoduct scrubbing data from experiments
conducted in existing facilities located in Eurdpay., Switzerland, Germany, or France) [9].
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One of the principle knowledge gaps to addreshisarea relates to the influence of elevated
pressures and saturated conditions on pool scrglfapplicable to the suppression chambers of
BWRSs); these overseas facilities may be capabpeafiding this information.
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Appendix A: EVALUATION RANKING TABLE

Knowledge State: BWR Knowledge State: PWR
T

Phenomenon

New Validation Data
Available Validation Detal
Feasibility of Getting
New Validation Data

Feasibility of Getting

Phenomenological
understanding
(modieling)
Importance

Code Adequacy
Phenomenological
understanding
(modieling)
Importance

Code Adequacy

\denfitifed Gap

| Available Validation Dat:

Early Phase In-
Vessel Melt Prog.

Pin-tevel some data available (OF, CORA XR, not |and fuel assembly data suailable
in-leve : ' ; . . N o . . . .
high medium | high high on-going |etc.); JAEA has proposed additional high medium | high high neoded |(CORA. PBE, ST FLHT, LOFT. and

tests.
PHEBUS)

None

Limited data (XR1and XR2); some
engineering judgement to extrapolate

to BWR conditions; Daiichi inspections notlikely . The phenomenology of late-phase in-core melt progression involving multi-
Assembly/core- . Lo P . n " " Some sources of data available A " A
low high low low limited [should offerinsights. Currently, codes | medium high medium | medium nor assemblies (as modeled, core rings) is a knowledge gap that was
level degradation (TMI-2, MP, and PHEBUS)
homogenize plan view fine scale needed reconfirmed in the MAAP-MELCOR cross-wa lk for open-core BWR geometries.

herotgenities; no data to determine if
this approach is reasonable or not.

Limited data (XR, FARO, MASCA, some data available (TMI-2 FARO, | 1 ins and mechanisms of melt relocation to the lower head affects the
In-Vessel Melt RASPLAV); inspections at Daiichi KROTOS, TROI, RASPLAV, MASCA, JAEA, e
! distribution and morphology of the material therein, as well the thermal
Progression: Late medium high low low possible [needed to resolve uncertainties with medium | high | medium | medium | limited |SULTAN, ACOPO, and KAERI, etc.); ) ¢ > ) atert _ ‘
N . N N e N transienttherein. Experiments investigating meltinteractions below the
Phase (Lower head) respect to debris coolability, hydrogen inspections at Daiichi could reduce
core support plate in a BWR are very limited
generation, relocated endstate some uncertainties

The nature and extent of the vessel failure from pontential creep, single
penetration failure leading to a large hole, vs. multiple penetrations
failing leading to a distrubuted melt relocation mode. The upstream
conditions that lead to the core debris initial conditions atthe time of
failure are critical in determining the fialure mode and pour rate into
containment.

For BWRs the instrument tubes, CRDs,
and drain line are potential failure
low high low limited | possible [locations. Data limited to CORVIS, FAI, | medium high medium | some | limited
and SNL tests; Daiichi inspections
needed to reduce uncertainties.

Ex-Vessel Behavior

Spreading in BWR containmentis

Dry cavity melt edium complicated by geometric uncertainties Simpler. smaller cavity for melt
relocation and core- high high [ medium |55 possible [thatinclude large sump(s) under the high high | medium [med-high| possible |21TP €5 ST er cavIty None
concrete interaction 8 RPV, pedestal-drywell areas, and P 8 .

containment boundary (Mk I shell)

Affects such as water depth and

flooding rate on debris fragmentation Regarding spreading behavior, effect of water pool fragmentation as an

initial condition has not been adequately addressed (could be done

Wet cavity melt and spreading could be addressed > >
analalytically); also, multi pour streams have not been addressed
relocation and core- | medium high | medium [ low possible |analytically. There is little data on medium high medium low | possible [same commentas for BWRs N
! . . experimentally (jprdicted by MELCOR). Regarding core-concrete interaction
concrete interaction particle bed spreading such as would

beahvior, gaps include melt composition effect (i.e. high metal content),

be formed undera PWR with a dee
P presence of rebar, and concrete effects on directional ablation

water pool.

Containment - RB

Response
Organicseal
Qreanice high high NA high possible medium high NA | medium [ possible Understanding seal degrradation under BDBA conditions
egradation
Hydrogen and CO Accounting for condensation in the sampling line is the technical issue
high high N/A high bl high high N/A high bl
monitoring '8 '8 / '8l possible '8 '8 / ‘e possible with this method in actual plant accidents with loss of ac/dc

PAR removal of CO with aerosols under
PAR performance high NA med high possible | O high NA med high | possible PAR performance for CO/H2 mixtures

Uncertainty in random ignition sources. Flame front propagation in the
H2 stratification Y 8 propag:

and combustion medium high medium | medium | medium medium [ medium [ medium | medium | medium containment vent line. Autoignition at high temperatures; this is known for

dry air/H2 mixtures, but not H2/H20/CO.

Emer.Eq. Perf.

DBDA Condi
No integral testing for extended Performance of RCIC and TDAFW system performance under BDBA
RCIC and TDAFW low high N/A low possible & & low high N/A low | possible [same commentas for BWRs v P
periods under BDBA conditions. conditions.
No integral testing for extended
BWR SRV medium high N/A Low possible N/A N/A N/A N/A N/A Same comment as for BWRs BWR SRV performance under severe accident conditions
periods under BDBA conditions.
No integral testing for extended
PWR PORV N/A N/A N/A N/A N/A nee e e medium low N/A Low [ possible [same commentas for BWRs PWR PORV performance under severe accident conditions
periods under BDBA conditions.
o water low ed NA limited | possible low med A limited | possible Data gap for raw water cooling of molten core debris, on the accident
progression in general, and on fission product chemistry.
Fission product medium- medium-|medium- . . ) . . . Testdata examining fission product scrubbing in H2/H20 mixtures are
e high high i high possible high high high high | possible Laeking
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APPENDIX B
HUMAN FACTORS AND SEVERE ACCIDENT INSTRUMENTATION E VALUATIONS

As described in Section 3, there are two imporéaeas related to BDBESs in which
knowledge gaps are known to exist, but the parmatloded that efforts currently underway by
industry, NRC, DOE, and the international commushypuld address these gaps. Specifically,
these areas are: i) Human Factors and Human Raligkssessment, and ii) Severe Accident
Instrumentation. For completeness, backgroundmaaten known gaps and current efforts
underway to address these gaps in these two inm@teas are provided in this appendix. As
noted within this appendix, these efforts shouldrmaitored to ensure that existing gaps are
addressed.

B.1 Human Factors and Human Reliability Assessment
Background

Nuclear facilities require operator and maintengmesonnel. Clearly, understanding how
people interact with machines is necessary to ersafe operations during normal and off-
normal operation. On-going industry and regulateisearch is addressing issues affecting
human performance. As part of these efforts, reistare being developed for analyzing
human performance, and new systems are being gcetbat will promote improved human
performance.

Current NRC human performance research activitidsess the following goals [108-110]:

» Maintain the infrastructure of expertise, faciltjeapabilities, and data

* Ensure that Human Factors (HF)/Human Reliabilitggssment (HRA) methods and
programs have sound, up-to-date technical basegwaddnce

* Improve HF/HRA methods to reduce uncertainty arahote the state of the art

* Expand the HF/HRA infrastructure for new applicaidanticipated changes in industry).

Since the earliest days of probabilistic risk assent (PRA), researchers and practitioners
have sought methods for analzying and predictingdnuperformance during accident scenarios.
Although numerous methods now exist, none are cetelylaccepted by all interested parties.
The NRC is currently evaluating different HRA magled an effort to propose either a single
model for the agency to use or to develop guidamcehich model(s) should to be used in
specific circumstances.

As part of their effort, the NRC participated iretimternational HRA Empirical Study, a
multinational effort co-sponsored by the OECD Haléeactor Project, the Swiss Federal
Nuclear Safety Inspectorate, and EPRI. In thidstdifferent HRA models were used by
different teams to analyze and predict operatiagteg control room crew performance in
responding to certain initiating events. Resules@mpared to actual operating reactor control
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room crew performance (e.g., data for crew resptm#ige simulated initiating events were
gathered, analyzed, and compared to model predgcfar these scenarios). HRA methods
considered in this effort included:

* A Technique for Human Event ANAlysis (ATHEANA).

» Standardized Plant Analysis Risk—Human Reliab#ihalysis Method (SPARH).

» Technique for Human Error Rate Prediction/Accideatjuence Evaluation Program
(THERP/ASEP).

» Cause-Based Decision Tree (CBDT).

Data were collected at the Halden Man-Machine Latooy (HAMMLAB) and a US nuclear
power plant.

Experiment results were examined by an internakigraup that developed a number of
summary conclusions and a strong recommendatiaraiidRA analysts first develop a solid
and thoroughly documented qualitative analysisuide later quantification. Based upon these
conclusions and recommendations, the NRC is dewgaphybrid HRA method that borrows
the best aspects of other methods applied in thereal studies. The goal is to have a single
method, or a limited set of alternative method$waittommon qualitative underpinning, to apply
to specific HRA problems.

The project has produced three reports [111-118¢l@me on the cognitive foundation for
HRA, a generic HRA methodology document, and a demt for applying this new method to
internal events at power. However, this new metlagiohas not yet been tested on a large-scale
application. Limited work on the effects of degedd&C systems on human performance has
been completed.

Safety Relevance

Prediction of human decision making and interactisnof high importance to BDBE
scenarios because these require the diagnosiarmfgdnditions to determine challenges, and
future challenges, to fission product boundaries strategies to address those challenges and
return the plant to a safe stable state. There@sutomatic actions for these conditions as there
might be for some DBA conditions. Additionally, are likely to result in a high stress
environment for the human element which can degtiagl@bility to choose the appropriate
actions in a timely manner.

Knowledge Gaps and Current Efforts Addressing the Gaps

As noted above, research is needed to resolvediites and reduce current uncertainties in
HRA modeling for PRA. Of particular importancehisman performance when operating in the
knowledge based regime such as severe accidengeraeat as opposed to a rule-based regime
that has been heavily studied in the past. Rudedauman reliability is most often applied to
prevention of core damage that is guided by Emeng@perating Procedures that use a rule

71



based IF-THEN structure. Severe accident managereguires knowledge based decision
making because of the many variables and uncegdasititat can influence the accident
progression. Furthermore, additional researcleéslad to assess the effects of degraded 1&C
systems as a result of severe accident environmserttsiman performance.

Current efforts underway by the US NRC, US indysind the international community
indicate that current gaps in HRA modeling havenbdentified and are being addressed.
However, additional efforts may be needed to cardidowledge based human interactions and
the effects of degraded 1&C systems on human pedaoce.

B.2 Severe Accident Instrumentation

Background

Instrumentation data provide critical informatianr the operators to diagnose the condition
of the plant and assess the impact of any mitigadstions taken during an accident. The need
for better instrumentation was recognized afterithB-2 event, and the events at Fukushima
have again emphasized the importance of havingieatiset of reliable, rugged, post-accident
instrumentation. However, instrumentation systemisability requires knowledge of the
environmental conditions that such systems woufteegnce during a wide range of risk-
important events.

Regarding US NRC Regulatory Guidance, Appendix@erieral Design Criteria for
Nuclear Power Plants” and sections of 10 CFR RaftBomestic Licensing of Production and
Utilization Facilities” specify several requiremsntith respect to variables and systems that
must be monitored by instrumentation during a DBWM avhat parameters must be monitored to
achieve safe shutdown of the plant and maintaitatement integrity. 10 CFR Part 52,
“Licenses, Certifications, and Approvals for Nucl@awer Plants,” contains requirements for
new reactor design certification and combined lseeapplications to complete severe accident
performance analyses that provide assessmentsearesaccident equipment needs, predicted
environments, and equipment survivability.

Regulatory Guide 1.97 [114,11%jovides guidance for instrumentation during antbiang
an accident. Currently, Revision 3 of Regulatoyde 1.97 [114], which contains a prescriptive
list of the minimum number of variables to monitoBWRs and PWRs, remains in effect for
licensees of operating reactors. However, requinésia Regulatory Guide 1.97 are for design-
basis events rather than severe accidents. Cugactor and containment instrumentation is not
specifically designed to remain functional underese accident conditions. Revision 4 of
Regulatory Guide 1.97 [115] was issued for licessd#anew reactor plants. This revision
accommodates the increased use of microprocessedliastrumentation systems in existing
and next generation advanced design nuclear pdametsp Rather than providing a list of
instrument variables to monitor, Regulatory Guid&/IRevision 4 provides performance-based
criteria for how the variables should be selectRevision 4 states that licensees should provide
instrumentation with expanded ranges and capaldarefving an accident environment (with a
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source term that considers a damaged core) in whigthocated for the length of time its
function is required. Revision 4 also endorseshwdme clarifying regulatory positions) a
standard issued by the Institute of Electrical Bfettronics Engineers (IEEE) Standard 497-
2002, “IEEE Standard Criteria for Accident MonitagiInstrumentation for Nuclear Power
Generating Stations.” [116] However, current retpriaguidance has not included a
comprehensive evaluation of the instrumentatiomireq for severe accident conditions.

In terms of prior NRC and industry evaluations, tH& NRC’s Accident Management
Research Program funded research in the 1990satoad® instrumentation survivability during
severe accidents [117-121]. In this effort, theQ\NdRveloped a method to identify (a)
information needed to understand the status opldna during a broad range of severe accident
conditions including corrective actions, (b) théséirg plant measurements which could be used
to directly or indirectly supply these informatioreds, (c) the potential limitations on the
capability of these measurements to function pigperder the conditions that will be present
during a wide range of postulated severe accidants(d) the conditions in which information
from the measurement systems could mislead plasbpeel. Steps were established to identify
the severe accidents of interest, the informatesded by the operator, the capabilities of the
instrumentation system (including transducers,ingbklectronics, and other components), and
the severe accident conditions imposed on the sen3de method was applied to
representative PWRs and BWRs for risk-importaoctdent sequences identified in NUREG-
1150 [122] using analysis and information availahléhe early 1990s (e.g., analysis results
were limited to available calculations from computedes, such as MARCH2 and MERGE,
which did not consider phenomena, such as natucailation, that can significantly impact
event timing and energy distribution from the corte the upper plenum and regions outside the
reactor vessel). Evaluatiomegeere completed for five different phases of an@ect: (1)
initiation; (2) core uncovery; (3) fuel melting arelocation; (4) relocating core accumulation on
the vessel lower head and vessel failure; andx®jessel interactions in the containment. The
studies considered selected instrumentation enh@ts, such as using existing
instrumentation for different applications, exterglthe operating range of selected sensors,
deploying new instrumentation systems, and deve{ppnd deploying analysis aids to guide
decision-makers during a severe accident.

As part of their response to the accident at TMh2,US nuclear industry developed
Severe Accident Management Guidelines (SAMGs)HerdS nuclear fleet. This guidance
encompasses those actions that could be consitteaekest the progression of a core damage
accident or to limit the extent of resulting relea®f fission products. The original guidance was
developed in a logical manner, starting with comgithe best information regarding severe
accident phenomena available at that time. Th@métion was, in turn, used to identify
candidate high-level actions (CHLAS) that couldtddeen to manage a severe accident. The
CHLAs formed the basis of generic guidance devealdpethe various owners groups
representing the nuclear steam supply system (N&Slors. This generic guidance is
ultimately used to assemble the plant-specific gioe for each operating nuclear power plant.
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As part of the development of SAMGSs, industry sppoed a study in which a systematic
process was used to evaluate what types of infeomatight be expected from various types of
installed instrumentation during severe accidenddmns and the survivability of such
instrumentation. The EPRI survivability assessnig®8] was completed for two pilot plants (a
4-loop Westinghouse PWR and a Mark [I BWR) usiranpispecific MAAP computer code
analyses performed in the early 1990s. Rathertth@MNRC approach of focusing on general
information needs, the EPRI approach focused amtifgagng a minimum set of key information
needs necessary to support SAMG implementatiomil&@ito the NRC study, the EPRI method
compares the instrumentation operating envelople eahditions predicted to occur for risk-
important accidents. EPRI assessment resultsatelibat existing plant instrumentation can
provide the information required during the varigisses of severe accidents. Alternatives are
available to either directly or indirectly meastine required parameters. For example, rather
than identifying sensor enhancements, the EPRygitmposes using operating aides when
sensors are not predicted to survive. The EPRIysipplied their methodology to two other
PWR plants (one CE unit and one B&W unit). Resfulism this extension suggest that the
method can be applied generically with few potémtiant-specific differences.

There are on-going efforts by the US industry, NB@j DOE to address this issue. DOE
is sponsoring an updated LWR instrumentation satiity evaluation [126]. The focus of this
effort is to determine what key information is needor severe accident management and
mitigation, quantify the environment that instrurteéion monitoring this data would have to
survive, and identify the gaps in existing instrunta¢ion that would require further research and
development. This effort, which includes tasksvahan Figure B-1, draws heavily on
successful approaches used in previous evaluatmmgleted by the US NRC and industry.

Step 1
Examine risk-important
severe accidents

Step 2
Determine critical plant
information needs
Step 3 Step 4
Identify instrumentation Quantify instrumentation
needed to provide environmental conditions

critical information

v

Step 5
Assess instrument
availability

Figure B-1. Instrumentation Survivability Evaluation Approach [126].

Initial studies include evaluating BWR and PWR pptants. Because of the availability of
severe accident analysis information from receoiyipleted calculations performed in support
of the US NRC-sponsored State of the Art Consequéssessment (SOARCA) program
[82,125,126], the pilot plants for this evaluatenme the Peach Bottom Atomic Power Station
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BWR in Pennsylvania and the Surry Power Station FiRrginia. For risk-important

accidents identified in the SOARCA studies, criticgtrumentation needs are identified based
on plant-specific accident management procedurésimeussions with plant operators.
MELCOR calculation results obtained from the SOARS§tAdies are then used to quantify the
environment to which critical instrumentation sysgemay be subjected for these events. Then,
MELCOR results and instrumentation operating em&khould be compared to assess
instrumentation availability. It is currently exqted that these pilot plant evaluations will be
completed during FY15.

Current NRC efforts to address severe accidentumntation survivability stem from
guidance in Section 4.2 of the Near Term Task F(XJET'F) report [127]. A post-Fukushima
action item (Identifier SECY-12-0025, Enclosurel2@])was established to address this
concern and to evaluate the regulatory basis fprireg reactor and containment
instrumentation to be enhanced to withstand seaegiglent conditions. This activity was
prioritized as Tier 3 because it requires furthaffstudy and depends on the outcome of other
lessons-learned activities. As part of their ¢éfpNRC staff is reviewing information from
previous and ongoing severe accident managemesaragsefforts and is monitoring results of
the DOE study and international research activit®sme of the questions being addressed by
the NRC staff include:

* Is the current instrumentation identified in RG7Ll&lequate to cover the full range of
severe accident conditions suggested by the Fukasavent?

* Wil the instrumentation qualified to address thedgnce of RG 1.97 survive with
adequate capability to ensure monitoring of seaergdent conditions?

Reference [130] indicates that NRC is consideripijoms, such as dedicated independent power
sources for critical plant instrumentation for tiperiods before FLEX equipment could be
installed, analyses and environmental testing deatonstrate that critical instrumentation will
survive ‘well into the accident progression’, amkrating procedures that incorporate insights
from such analyses and testing. Reference [123¢ates the NRC will make a regulatory
determination on this topic by December 2015.

EPRI has formed a Technical Advisory Group (TAGatlress Instrumentation and Control
(1&C) for beyond design basis and severe accidd®3,131]. The purpose of the TAG, which
consists of representatives from the InstitutdNfoclear Power Operations (INPO), EPRI, PWR
and BWR Owners Groups, NRC, and DOE, is to promobiaboration and coordination in:

* Addressing the lessons learned from the eventapanlabout the required durability and
capabilities of I&C systems during severe accic@nts.

* ldentifying the required parameters and abilityedctor and containment 1&C systems
to withstand severe accident conditions.

» Performing research to determine if the availapoit I&C can be improved so that plant
data are not lost during beyond DBAs.
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Hence, the TAG's role is primarily to facilitate@ange of information and research results.

Both the PWROG and the BWROG are developing Teah&apport Guidelines (TSGs) on
Instrumentation behavior for severe accidents togdement their post-Fukushima enhanced
SAMG [131,132]. These TSGs are based on comparsigimentation indications with other
key information including: alternate instrumentatior the same parameter, assessment of other
related, or linked, parameters (such as pressutreeamperature), other indications not directly
provided by instrumentation and expectations fending of plant parameters based on the
accident progression and mitigation activities.e3dTSGs provide a basis for the SAMG user
to determine the validity of the indications beprgvided by existing plant instrumentation
during a severe accident. The TSGs also provigenate methods to obtain information when
the primary indications for critical SAMG parametare determined to be unreliable.

Validation activities of enhanced PWROG SAMG inamgding instrumentation TSGs are
scheduled for the first half of 2015 at a plantireach of the three PWR reactor vendors
(Westinghouse, Combustion Engineering and Babcodk/dilcox). These validation activities
will be performed using simulated severe accideaharios in a table-top mode.

BWROG activities to develop TSGs are currently gmmlion obtaining insights from
detailed evaluations of available TEPCO instrumigedata from Daiichi Units 1, 2, and 3.
The BWROG has also performed extensive investigatjt33] of the instrument performance at
the Fukushima Daiichi units 1-3, including the manim which differences between indicated
and actual values may have influenced actions tak&ukushima. This included developing
principles for use to validate instrument indicai@as received. These principles were
demonstrated on validating RPV water level indaadifrom Daiichi Units 1, 2, and 3, on
identifying the presence of metal water reactiosiagialternate indications (no hydrogen
monitors) for Units 2 and 3, and on conflictingirations of RPV pressure on Unit 1 and
containment pressures on Unit 2. The purpose Hehia was to validate that the SAMG
revised to reflect lessons learned from Fukushimddcbe implemented, with proper training,
and utilized with the limited information the op&yes had at Fukushima.

There have been recent international activitighimarea also. The International Atomic
Energy Agency (IAEA) established an Action PlanMurclear Safety in response to the
Fukushima Daiichi events. One of the action itemthis plan was to provide guidance to
Member States on “Post-accident and severe acawenitoring systems.” Reference [134] was
prepared in response to this action item to reftactent knowledge, experience and best
practices in this area and is based on the resiudtseries of meetings. It provides a common
international technical basis to consider whenhdistaing new criteria for accident monitoring
instrumentation to support operation under desagisiand design extension conditions in new
plant designs and in existing nuclear power plants.

Reference [134] considers monitoring instrumentaind the associated instrumentation
support systems for accident prevention and mibgail he monitoring systems support onsite
staff in making decisions for the management of BBAd Design Extension Conditions
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(DECs). Severe accidents are included in DEC. Rafar [134] addresses instrumentation that is
directly used to implement accident managementegfies and instrumentation that may be used
to validate or backup the directly used instrumtoa This may include permanently installed
instruments that are designated for use in accia@nitoring, portable instruments, instruments
that are installed but not normally in service, arstruments provided to monitor temporary
equipment. Reference [134] recommends that a-glaatific process, similar to the processes
used in prior NRC and industry studies, be implei®@émo ensure that instrumentation with
adequate reliability is available for use duringeaere accident. At the end of the process, the
document advocates that the process should all@asonable assessment of existing or
contemplated plant capabilities for making decisicglated to the adequacy of available
instrument, gaps in available instrumentation, whédther additional testing or enhancement of
instrumentation systems are needed. The IAEA stmdyhasizes the importance of considering
the following key aspects of instrumentation systeaperating range of conditions, accuracy
over the anticipated range, response time, andatpgrduration. The IAEA study recommends
that accident monitoring instrumentation be devetband maintained in accordance with a
nuclear quality assurance (QA) program that corspligh appropriate guides and to the extent
possible, that instrumentation systems be prodestel separated from harsh environments (e.g.,
temperature, pressure, moisture, radiation, shodkvébrations, chemical exposure,
electromagnetic fields, voltage surges, etc.).

The Severe Accident - Instrumentation & MonitoriBgstems (SA-Keisou) program was
established in Japan to develop instrumentatiomaonitoring systems that could prevent the
escalation of an event similar to the accident titaurred at Fukushima Daiichi [134,135]. SA-
Keisou emphasizes the need to monitor importanabkes, such as reactor water level, reactor
pressure, and hydrogen concentration, that opsrasor use to prevent an event from escalating
into a severe accident, mitigate the consequerfsevere accident, achieve a safe state for the
plant, and confirm the plant continues to be iafe state over the long term. The SA-Keisou
program addresses BWR and PWR instrumentation reeeti;icludes representatives from
electric power companies, vendors, and instrumiemtahanufacturers.

In the SA-Keisou effort, critical parameters orriables’ are selected using somewhat
different processes than used in prior US evaloaticCandidate variables are determined using
a process that considers: a) required accident geament safety functions to prevent damage to
the reactor vessel and containment and to suppfissie radiation release (if the reactor vessel
and containment are damaged); b) internationalaguié; and c) a need for a sequence similar to
what occurred at Fukushima. SA Keisou also consigderasurement variables required for
confirming plant state and equipment operationvéotous stages of the accident, the required
instrumentation accuracy, and the required respmse Recent information indicates that
research is underway to provide new instrumentagystems for high priority measurements,
and new sensors will be ready for installation ¥2B15.
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Knowledge Gaps and Current Efforts Addressing the Gaps

Clearly, experiences at TMI-2 and Fukushima Dai4§&h,133,136] demonstrate that data
from plant instrumentation is critical for planteyators to accurately assess the condition of the
plant, diagnose what actions are required, andsadhe effects of mitigating actions that are
taken. Regulatory requirements are designeddarerthat instrumentation survives DBAs for
the existing fleet. Although some regulatory regoients are placed on instrumentation
survivability for new reactor designs prior to dgscertification, additional effort is needed to
ensure that reliable assessment of plant conditiensssary for severe accident management can
be completed using either instrumentation systemwheer means. These methods, in either the
existing or new reactors, must be able to withstawkre accident conditions.

As described above, the US DOE is addressingghigiby first completing an
instrumentation survivability assessment. For nmisgortant events, BWR and PWR pilot plant
assessments are underway to identify critical platd, determine what environment
instrumentation monitoring critical plant data wablave to survive, and identify any gaps in
existing instrumentation requiring further reseaadld development. It is currently expected that
these pilot plant evaluations and efforts to exdtaie results to other plant designs will be
completed during FY15. Both the PWROG and BWROGdaneloping guidance for validating
instrument indications to help ensure that appegerilecisions are made considering severe
accident effects on instrumentation. In additisaaNTTF action item, the NRC is evaluating
plant instrumentation needs for severe accidenditons. If these efforts identify that selected
instrumentation should be enhanced or that additimstrumentation is needed, it is expected
that DOE, NRC, and industry will take appropriaté@ns.
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APPENDIX C

EVALUATION OF EMERGENCY RESPONSE EQUIPMENT PERFORMA NCE
DURING THE FUKUSHIMA DAI-ICHI ACCIDENTS

C.1 Background

Design Basis Accidents (DBAS) are those anticighad@d potentially rare, accidents for
which safety systems have been designed to preigmficant fuel damage and to arrest
accident progression before a severe accidentsebal could result in core melting and
significant release of radioactivity to the envinoent. In “design basis space,” systems are
included that are designed to prevent significané aincovering for anticipated events such as
large or small break loss of coolant accidents (A®)Closs of primary or secondary coolant
circulation, and other system transients. The esrargcore cooling system (ECCS)
components are one example of such systems andiexcbmponents such as the accumulators
in pressurized water reactors (PWRs) and the Higedare Coolant Injection (HPCI) system in
the boiling water reactors (BWRs), whose purpoge reliably and quickly reflood the reactor
core following a loss of coolant accident. Thes&tays generally are classified as “safety
grade” systems, subject to strict performance requents in the “design basis space” as well as
to the “single failure” regulatory criteria wheraltire of any single system, active or passive,
cannot result in a severe accident. Typically, mpldtsystem failures are required in order for
core damage to result. Other non-safety gradersgsteowever, may be important in plant
response to accident initiators and to whethervameh an accident proceeds to core damage.
Notable in the recent accidents at the Fukushinmeligower station was the role played by
the Isolation Condenser (IC) and Reactor Core tsolaCooling (RCIC) systems, which are
non-safety grade systems capable of providing cooéing under emergency situations, as well
as the safety grade ECCS HPCI system. The potertiliyy of these systems under beyond
design basis conditions has generally been undaeajated in severe accident management
guidelines and procedures as well as under-crethitptbbabilistic risk analyses, as will be
described in the following.

The accidents at Fukushima Daiichi were well belythe design basis in a number of ways
including extended loss of offsite power, StatidadBout, loss of DC power at Units 1 and 2,
and extended isolation from the ultimate heat sinthie Pacific Ocean for all units. The crippled
reactors had very little operable equipment to ta@&nwater inventories in the reactor cores and
no effective means of rejecting decay heat to thverenment. The principal operative systems
that factored critically in the damage progressioaach reactor were the isolation condensers in
Unit 1, and the RCIC and HPCI systems in Unit 2 @anélso important was the functioning (or
not) of the RPV SRVs, which can function eithetomatically on RPV overpressure or
manually by operator actions involving DC power gnelssurized air. Finally, the operator
response to the plant parameters, as indicateddbyimentation, [132] is believed to have
delayed identification of core damage and hindaamdent mitigation.

79



The following sections describe analyses relateti¢ evaluation of emergency response
equipment performance at Fukushima; specificatlg,RCS responses for Units 1-3; BWR SRV
functioning, and BWR suppression pool behavior.

C.2 Unit 1 RCS Response

The isolation condenser of Unit 1, basically a leeathanger that extracts heat from the
RPV steam and rejects it to the environment is koown to have been operative for only a
short time while power was available to Unit 1 refthe arrival of the tsunamis that disabled all
power systems needed to operate the motor valvesotng the IC functioning. The effect of
the intermittent IC operation and its removal ofagheat from the reactor core is reflected in
the RPV pressure, shown in Figure C-1.
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Figure C-1. Fukushima Daiichi Unit 1 RPV Pressurdresponse as Indicated in Strip Chart
Measured Data and Compared with MELCOR Simulation d Isolation Condenser
Operation [2].

The HPCI system at Unit 1, potentially capabléengécting water into the reactor vessel,
could not be started owing to lack of DC power attl. With no way to inject water into the
RPV and no way to reject decay heat, a boilofhefiteactor inventory commenced following
the start of SBO conditions, resulting in core dgeyaore melt relocation and an assumed
breach of the lower head that resulted core mégegiiting the vessel and falling to the reactor
cavity region below. Based on modeling approacisesl in the NRC/SNL SOARCA analysis
of SBO in Peach Bottom [2], MELCOR predicted a wptof the Main Steam Line (MSL)
producing an RPV and Drywell containment resporssseuggested in Figure C-2. Several
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alternate theories concerning RPV depressurizétgwe been put forth, including one by
TEPCO where by failure of the gasket material assed with the cycling safety relief valve
flanges (one or two valves), producing a similaVREd drywell containment response. Other
theories include failure of in-core instrument tsibleat produce a less rapid RPV
depressurization [3]. The actual mode of RPV defrgzation in Unit 1 will not be precisely
known unless obtained from examinations performeathd reactor decommissioning activities.
However, it is noteworthy to say that the mode BMRdepressurization can have important
effects on both drywell pressure response andssiofi product scrubbing (no lack thereof) and
ultimately on the magnitude of fission product asle from the containment through likely
failure locations such as the drywell head flargggan. SRV functioning under severe accident
conditions could have important impacts on thisaw&r and will be discussed in greater detail
in the following section on Unit 3 accident progies.
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Figure C-2. Fukushima Daiichi Unit 1 RPV PressurédResponse are Revealed Through
Available Data and Compared to MELCOR Analyses of Wit 1 Accident Progression [2].

C.3 Unit 3 RCS Response

In Unit 3, the next reactor to suffer damage essalt of coolant loss, both the RCIC and
HPCI systems were operable because of the avajadiilDC power. The RCIC system is a
simple steam driven turbine that drives a centafygimp through a common shaft and is
capable of delivering water at full RPV pressurerider to maintain water level as decay heat
moves from the RPV to the suppression pool vieRE64C turbine exhaust and cycling SRVs.
The RCIC system which was employed initially teectjwater into the RPV from either the
condensate storage tank or the suppression podiprabout 21 hours maintaining RPV water
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level while the cycling SRV(s) (one or two of 8 warycling to vent steam and decay heat into
the suppression pool, the finite repository forajeenergy in the damaged plant (See Figure C-
3).
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Figure C-3. Fukushima Daiichi Unit 3 RPV Pressureé&showing Operation of RCIC and
HPCI Systems [2].

The exhaust steam from the operating RCIC andtétaam venting through the cycling
SRVs, which are directed into the suppression mpaklually raised the temperature of the water
in the pool to the boiling point, thereby gradualysing the pressure of the containment systems
comprised by the suppression pool torus and theestiad drywell volume. This gradually rising
pressure both threatened the integrity of the ¢comtent systems as well as the operability of the
RCIC system, and eventually, after ~21 hours of atp@m, the RCIC system shut down
automatically on a high turbine exhaust pressugeasj which was only possible because the DC
power energizing the shutdown signal was availalike. otherwise still-functioning RCIC
system was no longer available after that time.

The HPCI system, similar in design to the RCIQe&ysbut about ~8-times larger and
designed to replace water to the RPV following stplated LOCA, started up following the
RCIC shutdown. This system then re-commenced wajgtion to the RPV, but because of its
larger pumping capacity relative to the RCIC systtra operators, not wanting to be stopping
and starting the HPCI system for fear of failuredstart, operated the HPCI system in a
continuous mode by recycling much of the water ftbmmpump outlet back to the condensate
storage tank and thereby avoiding overfilling tHeVRand averting any need to periodically halt
HPCI operation. However, this continuous operahiad the unfortunate effect of producing a
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very deep depressurization (See Figure C-3) otthie3 RPV, reducing the RPV pressure so
low that the effectiveness of the HPCI steam twehiadlikely significantly affectedlikely
resulting in little of no water injection after tiRlPV pressure reached its lowest value of about
150 psig, and loss of RPV water inventory as alteld&Cl operation was terminated at ~35 hrs,
resulting in re-pressurization of the RPV to the/Sfetpoints and shortly later, core damage is
predicted to have occurred.

During the time of MELCOR-predicted core degradatmd hydrogen generation, the
cycling SRV was observed to stop for some reas@ees in the RPV pressure strip chart data
shown in Figure C-4. Thereafter, the RPV draméfic@as depressurized at a rate that exceeds
the capability of at least 6 simultaneously ope8BY/s. This rate of RPV depressurization is
consistent with a possible break in the main stiraen(MSL) due to high temperature loss of
strength, as predicted by MELCOR due to high terupee gases flowing from the RPV to the
suppression pool through the cycling SRV. An akéke explanation for the massive
depressurization is a possible inadvertent seigobss satisfying the triggering logic for the
automatic depressurization system, or ADS, whichdéed operable at the time could explain
the opening of 8 SRVs simultaneously and the oleskedepressurization rate. While some
simulations (MELCOR) suggest that core damage wadgmvay prior to the sudden RPV
depressurization, evidence of SRV gasket failusgaastulated for Unit 1, does not seem to be
operative in Unit 3 based on the steady RPV pressuring this time.
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Figure C-4. Strip Chart Data for Fukushima Daiichi Unit 3 RPV Pressure - Time
Advancing in Reverse Direction.

Although low pressure water injection in the RP¥swcommenced following RPV
depressurization, core damage is believed to hagr bxtensive with core melting, relocation of
debris to the lower head and possibly failure efldwer head, releasing core debris to the
concrete cavity below the vessel. The automatitdglwn of the operating RCIC and the
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degraded operating of the HPCI at low pressure wleaa key events in the timeline to RPV
water loss and core damage.

Summary observations from Unit 3 include: the fioming RCIC system was disabled by
system protection interlock based on high turbixieaest pressure — However, it is not clear that
such protection is warranted under such beyondyddssis conditions; HPCI functioning was
compromised by too-deep of an RPV depressurizatioen running in circulation bypass mode
— A better understanding of critical component perfance under BDBA conditions is needed;
and, strange SRV cycling behavior evident fronpsthart data suggests accident management
can be affected by critical components behavioreusdvere accident conditions in ways not
understood.

C.4 Unit 2 RCS Response

The last reactor to suffer damage at Fukushimacbiavas Unit 2. Prior to the LOSP and
SBO caused by the tsunami that arrived about 4bitesnafter the earthquake, the Unit 2 RCIC
system had already been started and was runniDg gmwer was lost. With the loss of DC
power, the controlling governor valve reverted folhopen position, allowing maximum steam
flow to the RCIC turbine and maximum water injenti@ate into the RPV, well in excess of that
required to maintain a steady water level aboveofative fuel (TAF). No water level control
system was operable to shut down RCIC on high RB¥mtevel. The RCIC system was
effectively running uncontrolled after arrival dfettsunami and the resultant loss of DC power.
As a result, the RPV water level began to risedskgantil finally reaching the level of the
steam lines high in the RPV, whereupon liquid watestead of pure steam, began spilling over
into the steam lines and accumulating at the intdkbe RCIC turbine governor valve. Prior to
the accidents at Fukushima Daiichi, this conditiesulting in water ingestion into the RCIC
turbine was assumed to result in failure of the ®€ystem and loss of water injection. In the
NRC/SNL SOARCA study on Station Blackout in Peadit@&m [82], the assumed depletion of
station batteries at roughly 4 hours was assumé&zhtbquickly lead to RCIC failure due to
flooding of the MSL and water ingestion; and in 8@ARCA study, core damage ensued
quickly following RCIC failure. In contrast, MSLdbding in Fukushima Daiichi 2 apparently
did not lead to RCIC failure, which continued taeogte uncontrolled for nearly 3 days. RCIC
function was ultimately lost at nearly 72 hours duéurbine over-speed interlock shutdown, a
mechanical system not requiring DC power and raBkettonly from the RCIC room. This may
have been due to pump cavitations resulting fragh Buppression pool temperature and
development of saturation conditions in the pump.

Analyses now suggest that the Unit 2 RCIC was dijpgran a self-regulating mode, where
water ingestion degrades RCIC functioning tempbyramd RPV water injection is reduced or
suspended for a period of time as RPV water lexagdsl followed by periods of RCIC recovery
as higher quality steam enters the turbine ungilRIPV water level recovers to the top of the
steam line, and the cycle then repeats itself. proposed mode of RCIC operation is shown in
the MELCOR simulation of Unit 2 RPV pressure regmsahown in Figure C-5. This reckoned
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operational mode is consistent with general knoggetthat the solid-wheel Terry Turbine in the
RCIC system is extremely rugged and has been shmWwa unaffected from a damage point of
view by short periods of water slug ingestion. sTtyclic mode of operation, however, has
never been observed in the past. Up to now, vilagesstion into the Terry turbine engine has
been assumed to lead to RCIC failure in probalulistk assessments and in the SOARCA
Peach Bottom SBO analyses [82]; and the Terrymerkngine system has not been considered
as a recovery system in severe accident manageiaeming to date in spite of its ubiquitous
use in both BWR installations (RCIC/HPCI) as wallia PWR auxiliary feedwater systems.
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Figure C-5. Fukushima Daiichi Unit 2 Pressure Respnse Compared to MELCOR Model
of Cyclic RCIC Operation with Water Ingestion [2].

This proposed fail-safe use of RCIC under extre 8B conditions potentially offers
additional time for responders to implement otlraergency actions such as FLEXo restore
cooling and long term water injection into the teawessel. This potential accident mitigation
measure has several promising aspects includinfathhé¢hat Terry turbine driven RCIC and

YFLEX is a strategy developed by the U.S. nucledustry in response to the accidents at Fukushiai!D
wherein portable equipment such as pumps and genefapt on site or delivered from one of two osgil FLEX
facilities and used in a “flexible” way to respotudvarious potential challenges to core cooling poder
restoration.
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HPCI systems are already installed in all but tiBB®¢R installation in the US; the self-
regulating mode observed in Fukushima Daiichi 2nigéquires no operator actions (that we
know of), and maintains a maximum RPV water le¥¢ha main steamline elevation, providing
the greatest heat sink and associated boil-dowa simould the RCIC system ultimately fail for
some reason.

The extraordinary operation of the RCIC systerDaiichi Unit 2 potentially could have
prevented core damage, as seemingly ample timddshaue been available to implement
FLEX-like water injection were it not for the pletta of simultaneous multi-unit accident
distractions and complications. Ironically, an gtiemal RCIC in Unit 3 was automatically shut
down on high turbine exhaust pressure owing tatfalability of DC power and the
functionality of the system protection featuresgwdas, in Unit 2, RCIC function was not
hampered by operating interlocks such as high RBtémlevel or high turbine exhaust, and
significantly delayed core damage as a result.

The functioning of the Terry turbine driven RCI@daHPCI systems needs to be better
understood in beyond design basis conditions, agdbss of DC and turbine control, so that
their utility in averting progression to core daraagn be realized and factored into severe
accident management planning. This includes cheniactg their operational characteristics
under conditions experienced at Fukushima Dailihit 2 where self-regulating behavior was
observed to preserve RPV water injection with nerafor interactions for nearly three days.
Such behavior can then be considered in SAMGsifggntly increasing the success likelihood
of accident recovery measures reflected in modeEXFemergency planning under the most
extreme beyond design basis conditions. This ighalmore urgent owing to the almost
universal use of this system in BWR installatioasvll as the TDAFW systems that provide
emergency feed water to the steam generators indPakRind the world and the relative low
cost of optimizing currently installed equipment.

C.5 BWR SRV Functioning

Little data exist concerning the failure mode aredjfiency of BWR SRVs under the duress
of protracted cycling to relieve RPV overpressundar design basis conditions. Under beyond
design basis conditions (i.e., severe accidentitiond) there are no data whatever aside from
what may eventually be revealed from the FukusHdaigchi accident decommissioning
activities. It is clear from the Fukushima accidestorded data that protracted SRV cycling
took place for all three accidents and under tlteeddluress of extreme temperatures cause by
core degradation processes. These added stréssfaclude high temperature hydrogen gas
and steam flowing through the steam lines, thrabglcycling SRVs, down the SRV standpipes
and into the suppression pool spargers.

In the SOARCA Peach Bottom study [82], the effddhés high temperature effluent (as
high as 1250 K) on the material strength of tharstéine piping was estimated through
application of Larson-Miller type failure modelinghich showed that if RPV effluent
temperatures exceed 1200 K that MSL rupture is lreely at the ~1100 psi SRV cycling
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pressures. The SOARCA study also considered tmen#ielegradation of the SRV valve itself
through thermal distortion of valve stem cleararanaes the potential for material strain that
could lead to SRV seizure in some intermediatetposbetween 100% open to 100% closed.
Lacking actual data on valve performance degradati@er severe accident conditions, these
modeling treatments were somewhat subjective, ased on engineering judgment given typical
gap clearances between moving parts and thermdilegita that were expected given the
geometry and cycling nature of the valve. Sengjtstudies in the SOARCA Peach Bottom
work suggested that if the SRV were to seize opamy position less than 50% open fraction
that RPV pressure could not be relieved fast endoigivoid MSL rupture; effluent gas
temperatures generally are predicted by MELCORxteed 1200K during this phase of the
SBO accident. The implications of SRV seizureauese accident conditions on the potential
for MSL rupture are illustrated in Figure C-6. SR®zure under severe accident conditions at
high RPV pressure in stuck-open positions less ®a could lead to MSL rupture and high
airborne fission product concentrations in the drjywith little suppression pool scrubbing
benefit.
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Figure C-6. Effect of SRV Seizure and MSL Ruptureon Fission Product Scrubbing and
Containment Airborne Concentrations [2].

In order to better understand the possible accidedtsource term evolution during a BWR
severe accident, it is desirable to better undedsg&RYV response to severe accidents, especially
the effects of increasing gas temperature on tihwéamode of the SRV. This knowledge could
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allow operators and SAM responders to better maS&)é deployment to control RPV pressure
and to minimize potential for MSL rupture that cinevents suppression pool scrubbing.

C.6 Suppression Pool Effects

In the Fukushima Daiichi accidents, the perforneaoicthe steam-driven RCIC and HPCI
systems has been shown to be highly significattierprogression of the accidents, the timing to
core damage, and their potential to arrest thedaotiby maintaining coolant inventory in the
RPV, provided they are operated optimally and atedefeated by common protection systems
such as high RPV water level and high suppressiohgressure that are intended to protect
systems in a design basis sense.

In the course of post-accident analyses, sevesiticipated behaviors in the BWR
suppression pool were observed in each of the agtsdnotably Unit 2 and Unit 3. The
extended operation of the Unit 2 RCIC that prevémt@e damage for nearly 3 days may be in
part assisted by an unanticipated event relatéaettnundation of the Daiichi site that destroyed
the AC/DC power systems and the pumps that seov&drisport heat to the Pacific Ocean.
Based on decay heat considerations alone, the2Unippression pool pressure should have been
considerably higher than was observed. Initiallg thas thought possibly due to a leak in the
containment pressure boundary, but subsequentlypustsilated to be due to seawater flooding
of the torus room. This may have provided an #oltél pathway for heat rejection from the
suppression pool water to the outside environménthis situation, some fraction of the decay
heat accumulating in the suppression pool from RéX{aust was evidently being rejected to
the water in the flooded torus room. This couldéhdelayed the development of saturation
conditions in the suppression pool water and pigeairthe operability of the RCIC system.

This discrepancy is shown in Figure C-7 wheregtkgected containment pressure response
is shown in the curve indicated “RELAP-5 withou&k& and the observed pressure response is
shown in the red symbols. (Note it was originalfypbthesized that a containment leak must be
responsible for the discrepancy).

The water in the suppression pool was appareeilygbcooled by the seawater in the
flooded torus room; however, another curious efieeiso evident in the measured data, and
that was the likelihood that the suppression paad aiso thermally stratified or in some way not
well mixed. This means that the observed pressasedsiven by the local maximum
suppression pool water saturation temperaturey g@ome uncondensed steam in the drywell or
wet well. It is notable that when the SRV beginslicyg again after failure of the RCIC system,
that the containment pressure drops significafthys is thought to be due to vigorous mixing
and equilibration of the stratified suppressionlpgater caused by the SRV venting low in the
suppression pool. Apparently, the steam enteriagtippression pool from the RCIC exhaust
prior to SRV self-actuation was insufficient to nthe stratified or localized hot regions.

In contrast to the suppression pool response df 2Jwhere expected pressure was lower
than expected, the trend for the Unit 3 suppregsamt was just the opposite where observed
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pressure was larger than expected for a well-msxggbression pool. This is postulated due
either to uncondensed steam venting from the RRWtire wetwell air space or directly into the
drywell, or due to thermal stratification or loc@d saturated conditions in the suppression pool.

The suppression pool response to protracted SB@itocans and isolation from heat sink
show that equilibrated pool response may not bedlse and that containment overpressure may
be strongly affected by non-equilibrium behavianisTcan influence containment venting and
pressure control strategies as well as the opégabilthe RCIC and HPCI systems.
Understanding of real-world response of this imaoirsystem (suppression pool) will be
important to proper timing of accident managemeatg@dures involving containment pressure
control and venting and the preservation of cafigtmf systems like RCIC, HPCI and response
of SRVs that reference drywell pressure in thegropg behavior.
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