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EXECUTIVE SUMMARY

This project, started on April 1, 1999, had the specific objectives of determining whether; (i) the
focus of the severe accidents (SA) research is consstent with that of the regulatory authorities,
(i) the results obtained so far by SA research satisfy the regulatory concerns, (iii) the future
programs, envisaged will address the potentia regulatory needs into next century, and (iv) how
much weight in the future SA research should be placed on preventive versus mitigative accident
management measures.

The project work conssted of Workshops to which the partners contributed. The partners
represented their respective regulatory organizations or their technical support organizations. A
Questionnaire based on the objectives, listed above, was prepared and sent to severd
European regulatory authorities. The Questionnaire was dso @nt to United States Nuclear
Regulatory Commission, Japanese Nuclear Safety Commission and the regulatory authorities of
Hungary, Slovakia, Sovenia and Czech Republic. Responses have been received from nine
European organizations, four Eastern European organizations, Japanese Safety Commisson and
the United States Nuclear Regulatory Commission. The responses showed differences between
the attitudes of the various regulatory organizations towards SA research accomplishment and
needs. Clearly, the responses obtained have satistica vaue since a wide spectrum of regulatory
organizations have contributed, athough no datisticd analyss was performed. Ingghts obtained
from their responses have been combined and are reported here.

In addition to the analysis of the responses to the Questionnaire, a critical review of the severe
accident phenomenologica research conducted in the World for the past 20 years was
performed. The accomplishments made by this research activity were examined and related to
the needs of the regulatory organisations as evidenced by the responses to the Questionnaire,
referred to above. The research accomplishments were also related to the requirements of the
severe accident management guidance and its implementation. The impact of the more recent
gpproaches e.g. the probabilistic safety assessment (PSA) and the risk informed regulations was
examined and their needs rdated to the accomplishments of the severe accident research
performed o far. In this context the accomplishments of the SA research, sponsored by the
European Commission in the fourth framework program, were reviewed. This has lead us to
summarize the date of resolution of the SA issues with repect to the needs of the regulatory
organisations. It was found that most regulatory organisations State thet they have employed the
results obtained, and the ingghts gained, from the SA research for regulatory decison making.
They have ds0 used the same for establishing greater confidence in ether the regulations they
have proposed or in reviewing the actions that the licensees (plants) have proposed for
preventing or mitigating the consequences of severe accidents. The specific needs for further
research, that the mgority of the regulatory organisations [or ther technica support



organisations (TSO's)] have indicated, have been classified in the report and recommendations
have been made on the future directions of the SA research. The highest priority for future SA
research has been assigned to the resolution of the issue of ex-vessd met/debris coolability to
achieve gtabilization and termination of the postulated severe accident.

The recommendations provided in the report, dthough, quite generd, may not goply to al
countries and plants. Some of the SA issues and recommendations, particularly with respect to
the application of the severe accident guidance (SAMG), may require plant specific
modifications.

A. OBJECTIVES and SCOPE
A.l.  Objectives

The European Commission has been sponsoring research into the phenomenology of postulated
severe accidents in reactor plants, and, in severe accident management measures, for severa

years. The Third Framework Program, primarily, collected information on the nationd research
programs in several specific areas and produced date-of-the-art reports. The Fourth
Framework Program dedicated substantia funds towards specific cost-shared research projects
on severe accidents, and on accident management. Some European countries, eg., France and
Germany ae pursuing large severe accident research programs with ther own funds.
Substantiadly similar and/or complementary research on severe accidents has been pursued in
USA, Japan, Canada and afew other countries.

Concurrent with these efforts world-wide, the regulatory positions (concerns) have adso been
evolving. As an example, the requirements on containment integrity, and the environmentd
release of radioactivity, have been srengthened. The USNRC has dtated the pogtion that
containment integrity should be maintained for a leest 24 hours, however, the emergency
planning includes evacuation of the population from the vicinity of a postulated accident. In
Europe, the French-German safety approach goes even a step further and requires that for new
reactor designs, after a postulated severe accident, there shal be no need for permanent
relocation and evacuation from the immediate vicinity of the plant, and long regtrictions in food
consumption. In Germany, this requirement has been turned into an extension of the existing law
(Atomgesetz). Differences in the U.S. and European regulatory approach are also apparent in
the backfit condderations for an exiging nuclear plant: the USNRC's backfit rule requires a
cost/benefit analys's, while the European regulatory authorities do not prescribe such arule.

Clearly, the nuclear regulatory postions and the findings from the research programs influence
each other. The former determine the research directions and topics, while the latter influence
the regulatory thinking, positions and concerns. It should be pointed out that the severe accident
research programs are to a large extent a function of the positions of the regulatory authorities
regarding the safety design of the nuclear power plants. Thus, there is mutua interaction
between the regulatory postions and severe accident research programs, that varies from
country to country in Europe.



The specific measurable objectives of the ISARRP Project are to determine;

(8) whether the focus of the present directions in the severe accident research is congstent with
that of the regulatory authorities,

(b)whether the results (findings) obtained in the severe accident research programs have
provided the information necessary to satisfy the regulatory postions (concerns) eg., with
respect to SAMG and,

(c) whether the future research programs, envisaged, address the potentia regulatory needs.

A.2. Scopeand Procedure

The ISARRP is a Concerted Action (CA) Project requiring a series of working meeting
(workshops) between the partners to develop the information to satisfy the objectives of the
Project. It turned out that the scope of the project envisioned at the time of the submisson to the
E.C., and at the gtart of the Project work was increased considerably. Many more regulatory
organisations were contacted than originaly contemplated. The work expanded to a review of
the SA research that has been performed so far and that which is scheduled to be performed in
the near future. Most of the previous and current important research programs pursued in the
World were reviewed and their accomplishments considered in the evaluations. The research
results obtained and the regulatory needs, as expressed by the responding regulatory
organisations and the TSO’s were compared. Intercomparisons were made between the needs
expressed by the various organisations to arrive at the findings that have been described in the
report.

The procedure for the work in the Project was to develop a Questionnaire of twenty-five
questions after due discussons between the partners. The Questionnaire was sent to the
regulatory and TSO organisations in Western Europe. Later, the Questionnaire was aso sent to
the USNRC, Jgpanese Safety commission and the regulatory organisations in Eastern Europe.
The responses obtained were discussed and anaysed by the partnersin the workshops.

Each of the partners was assigned the responsibility for developing a short report on one or two
of the work packages in the Project. These individua reports were reviewed by dl the partners
and served as the base-documents for thisfina report.

A trip was made by the Coordinator and the Swiss partner to Washington D.C. to discuss with
the USNRC their current podtions on severe accidents, in general, and on accident
management, in particular. Discussons were dso held on their views on the bendfits of the SA
research that they had derived and on the remaining SA issues for further resolution. These
discussions helped to clarify the responses they had provided to the Questionnaire.

The partner group for the ISARRP project is much smaller than those for the other E.C. funded
Concerted Action projects, however, the main nuclear countries in Europe are represented. We
believe, the small sze has helped in generating frank and lively discussons and afforded deeper



analyses of the SA issues, the research reaults, their usefulness in genera and ther utilization by
the regulatory and technicad support organisations. In addition, the smal group could openly
andyse the responses of the various regulatory organisations and comprehend the different
nationa philosophies and attitudes.

B. WORK PROGRAMME

The work Programme of the ISARRP Project was divided into several work packages. The
work was conducted in the form of presentations and discussions, held during severd mesetings
whose character was that of workshops. Short reports were prepared by the partners assigned
to each task.

Work Package 1: Critical review of the SA phenomenological research
The objective of thiswork package was to consider the progress made world-widein research
on the resolution of the outstanding phenomenologica issues posed by severe accidents.

Work Package 2: Relevance of severe accident research to SAMG requirements
and implementation

The objective of thiswork package was to relate the progress made in the resolution of the SA

issues to the practica matter of what results are required or have been used for the management

of severe accidents. Clearly, the SAMG is the mogt important avenue employed by the

regulatory organizations to assure themselves of the safe (from public perspective) performance

of anuclear plant in a postulated severe accident event.

Work Package 3: Relevance of severe accident research to PSA and the risk informed
regulatory approach

The objectives of this work package is to relate the results obtained by the severe accident
research to the requirements of a PSA and of the new trend of employing the risk informed
gpproach in promulgating regulations. early a PSA identifies vulnerahilities in the knowledge
base, however, their importance is decidedly plant specific. Nevertheless the uncertainties in the
phenomenology or in resolution of issues lead to uncertainties in the PSA conclusons and in the
adoption of therisk informed approach.

Work Package 4: Questionnaire and the evaluation of responses to the questions

The purpose of thiswork package isto solicit the views of the regulatory organizations towards
the results of the SA research and the benefits they have derived from it in terms of regulatory
actions, or in the confidence they have gained in assessment of plant safety. This work package
was aso designed to distinguish the differences  between the attitudes and gpproaches followed
by the various regulatory organisationsin Europe, Eastern Europe, U.S.A. and Japan.

Work Package 5: Relevance of example PSA results to SA research
The objective of their work package was to employ the results of some recent PSAs (preferably
for a PWR and a BWR) and relate their findings to the results obtained in SA research, and to
the effectiveness of the SAM mesasures aready taken or contemplated.



Work Package 6: The state of resolution of the SA issues with respect to the needs

The objective of this work package is to have another look at the state of the resolution of the
severe accident issues which have been identified over the years, and relae that to what the
needs of the regulatory organizations are in terms of their functions.

Work Package 7: Regulatory use of the results of severe accident research

The objective is to identify the results of the SA research which the regulatory organizations,
over the years, have used in ether defining specific regulatory actions or in not taking specific
actions.

Work Package 8: Remaining issues and concerns

The objective of the work here isto review the work in the previous work package and identify
what are the remaining unresolved safety issues and concerns for which sufficient results of the
SA research are not available.

Work Package 9: Recommendations on future directions of severe accident research

The purpose of this work package is to provide recommendations to E.U. (and to the readers)
by the authors of this report on the directions that should be followed, in the future for the
conduct of severe accident research. These recommendations are in essence the conclusions of
this sudy.

C. WORK PERFORMED and RESULTS

The work performed and the results obtained are described below in the various subsections
under Section C. We have not adhered one to one to the various tasks identified in the Work
Programme, however, we have performed al the work described in those tasks.

C.1. Critical Review of the Severe Accident Phenomenological Resear ch
Cl1l Introduction and Background

The light water reactor (LWR) systems engineered and congtructed in the Western countries
followed a definite design philosophy for ensuring a very low leve of risk to the public. Briefly,
the plant systems are desgned with the defense in depth concept. The systems are designed to
withgtand a single failure and prevent a severe accident in which core damage could occur. The
gods for core damage frequency range from 10™ to 10%/reactor year. The plant systems are
aso designed to withstand the loadings due to the design-basis accidents and incidents, and
specified externd events, e.g., earthquakes, fires, tornadoes, floods etc. In addition, with
characterigtic foresght, the designers provided a strong containment system to cortain any
fisson product radioactivity produced even in the beyond-the-desgn-bass accidents. The
containment structures withstand pressures much beyond those imposed by the energy release
during the design bass accidents. Mitigation measures are provided in the containment buildings
e.g., the suppression pool in the boiling water reactors (BWRs) and the sprays, fan coolers and
ice condensers in pressurized water reactors (PWRsS) for long term heat remova from the
containment buildings. The objectives of these containment safety systems is to keep the



pressure low and protect the integrity of the containment in the design and the beyond-the-
desgn-basis accidents.

In terms of public safety, it is perhaps sdlf-evident that if containment integrity is not violated
public safety is not compromised. The severe accident, even if it progresses to the core melt on
the floor, will not be a life-threstening event from the point of view of public sfety, if the
containment remains intact and leak-tight. Adequate performance of the containment in the
aftermath of a postulated severe accident, thus, is of vita concern. In paticular, it has been
determined that maintaining the integrity of the containment for the first few hours, after any
fisson product release in the severe accident, can reduce the containment airborne radioactivity
by orders of magnitude. Thisis a direct consequence of the time constant for aerosol deposition
on the containment wals and floors. Early containment falure, thus, has to be prevented by
design or by accident management. Late failure of the containment has also been questioned
recently. Perhaps, the public anathema to evacuation and to even a minor land and water
contamingtion is forcing a re-examingtion of the regulatory atitudes and safety philosophy.
Condderation of the requirement of 24 hours as the time for containment leek tightness for the
new plants in USA and the enactment in Germany of the extensgon of the exising law
(Atomgesetz) that there shdl not be permanent relocation, and evacuation, from the immediate
vicinity of a nucdear plant, are indicative of these new atitudes and philosophy. These
containment performance goas, laudable as they are, for the new plants, will be difficult to
achieve if the old evaluation philosophy of using conservetism at each step is employed. Thus, it
Is imperative, that the new containment performance gods are accompanied by rationa
eva uation methodologies.

A severe accident by definition involves severe damage to, and meting of the core, and release
of radioactivity. Clearly, the phenomena involved in a coremdt accident are extremdy
complicated, since the main characteristics of the accident scenario are the interactions of the
core mdt with Structures, and water, and the release, transport and deposition of the fisson
product carrying vapors and aerosols. The interactions of core melt may lead to (i) ablation of
dructures (ii) seam explosions, (iii) concrete melting and gas generation and (iv) disperson of
hest-generating mdt (debris). These phenomena involve the disciplines of thermd hydraulics,
high temperature chemidry, high temperature materid interactions, aerosol physics, among
others. Predictions of the consequences of a severe accident have to be based on
experimentation and models whose veracity may be limited by the scde at which the information
about the phenomenology is derived. Scaling considerations become very important snce large
scae experiments with prototypic melts are very expensve and difficult to perform.

Another aspect about severe accident consegquences should be mentioned. The LWR safety
systems for the design base accidents have an acceptance criterion: the pesk-clad temperature
has to be maintained below 1200 °C, while employing conservative methods of anayses. No
such criterion exigts for savere accidents, which would focus the research adequately. Recently,
the core damage frequency (CDF) £ 10™ to 10° and the conditional probability of containment
falure < 0.1, are becoming criteria for severe accidents. This, however, is a probabilistic
criterion and is subject to some interpretation. The CDF criterion dso is not used as a design



basis, but as a design god. In the same vein, the research accomplishments are harder to
evauate, Sncethereis no specific measure.

As mentioned above, it became clear quite early, and confirmed by the WASH-1400 { WA SH-
1400, 1975} and NUREG-1150 { NUREG-1150, 1987} studies, that the containment had a
centrd role in protecting the public againgt the consequences of a severe accident. Thus, the
focus of the severe accident research, became the evauation of the survivability of the
containment for the various severe accident scenarios. More recently, the focus has shifted a
little, due to the accident mitigation perspective, from the survivability of the containment to thet
of the survivahility of the vessd. Vessd externd flooding has been adopted in the AP-600
design { Theofanous 1995}, and has been back-fitted in the containment of the Loviisa Power
plant in Finland { Kymdainen-97} .

In this review, we will confine oursaves to describe the progress of the severe accident
research, in relaion to the public safety issues posed by the hypotheticd severe accident
scenarios. Severd issues were identified previoudy and the research work was focused towards
resolution of those. New issues have been identified due to the changing attitudes about public
safety, and by the designs of new reactors. We will attempt to briefly describe the status of the
research work focused on the resolution of the issues. We will not be able to provide references
to the many many fine investigations performed. We gpologize for this.

C.l2 In-Vessal Accident Progression

It is perhaps indructive to delineste the time scales involved in the various phases of the in-
vessdl accident progresson. The core boil-off and the initid heat-up process are relatively
lengthy (1-3 hours), before sgnificant core damage takes place. Accident termination during this
timeisrdativdy sraghtforward, if operator is able to add water to the reactor vessd.

Clad meting, fuel melting, core blockage and core mdt pool formation are reatively shorter
duration processes (1/2 to 1 hour), during which access of water to some of the blockages and
debris beds formed may become limited. The interaction of the core melt with the lower head
water and structure, and the fallure of lower head may be relatively longer duration (3 hours)
processes if the melt quenches and rehests. Alternatively, if met @oling/quenching does not
occur, the lower head may fal reaivdy fast (minutes). The character of the mdt discharged to
containment is different in the two scenarios.

C.1.2.1. Early Phase of In-Vessdl Accident Progression

A severe accident in a PWR darts with core uncovery initiated by loss of reactor coolant
inventory and failure of some of the reactor safety sysems. The in-vessd progression of the
accident, from that point on, is determined by therma-hydraulics and materid interactions. If
accident management actions are not successful, the rise in core temperatures due to
undercooling leads to exothermic Zircaloy oxidetion trangent which ddivers heet to cdad and
fue a avery large rate (upto 10 times the decay energy rate), a large amount of hydrogen is
produced and released to the containment. Core temperatures rise at the rate of 1 to 10K/sec;



melting starts with the structura and control rod materials and progresses in turn to clad, fue

eutectic, and fud. Substantid loss of geometry takes place, and a met pool may be formed
within the origina core boundary as happened in the TMI-2 reactor. Eventudly, the molten core
material may be discharged, as a j&t, to the lower plenum as occurred in TMI-2. Alternatively,
the core dumps and eventudly attacks, thermaly and mechanicaly, the core support structure.
Failure of the support plate or core barrd brings the corium (molten fue-structure mixture) to
the lower head. This ends the early phase of thein-vessal accident progression.

During the early phase of in-vessdl accident progression the parameters of interest to the
containment integrity are:

the magnitude and rate of hydrogen genertion,

the elgpsed time before the onset of core melting, and

the temperature levels of the reactor coolant system (RCS),

Information about hydrogen generated (and released to containment) is required for its
management and for edablishing that srong deflagrations, trandtions to detonation or
detonations will not occur. Information about the elgpsed time before onset of core melting
provides the time window, available to the operator, for terminating the accident without core
damage or fisson product release. During core-heat-up, a consderable fraction of energy
generated may be transferred to the RCS by naturd circulation of the steam generated, which
may become hot enough to induce locd falures. This could change the risk-dominant high
pressure accident scenario, thus, accurate prediction of RCS temperature levels is essentid in
determining the consequences of some of accident scenarios.

Much research has been performed for the early phase of the in-vessd met progresson. A
representative experimenta research program is CORA {Hagen-97} in which severd bundles
representing PWR and BWR fud arrangements were heated eectrically and observations on
fue degradation were obtained. Previoudy, experiments were performed with the PBF
{McDondd-83} and LOFT {Carbonea-89} reactor fecilities, and, currently, PHEBUS
{Livolat-96} experimental program is directed towards in-vesssd mdt progression, and fisson
product release, transport and revolatalization.

Clearly, the above research programs have produced results which have reduced uncertainty.
The state of knowledge with respect to the PWR in-vessel core mdt progression confirms the
picture conveyed by TMI-2. It is believed that a mdt pool will form in the origind core volume
and will drain dong the sde of the core into the lower plenum to commence the loading on the
lower head.

The gtate of knowledge regarding BWR in-vesssl mdt progression, in particular, for the higher
probability depressurized dry core scenario, is rdatively confused. Core wide blockage
formation could occur smilar to that for a PWR; however, there is not enough data, or andysis
to delineste the conditions, under which it could occur or not occur. It is concelvable that the
BWR in-core melt progresson may terminate with failure of the core support plate. There are
a0 posshilities of earlier relocation of control rod and other core materid to the lower head for
the dry core scenario.
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The effects of accident management actions, e.g. water addition to a hot core, have been
considered recently. It was found in the CORA tests { Hagen-97} that this increases the core
damage and the hydrogen generation, due to the increase in Zircaloy oxidation by the steam
produced. A new facility QUENCH {Sepold-99}was constructed with European funding to
further investigate the increase in hydrogen generation as a function of the clad surface
conditions. It was found that if a reasonably thick (~ 300 mm) oxide layer is present on the clad
surface, the release of additiona hydrogen during the quench processis not large. The converse
istrue if there is no oxide layer present on the clad surface. It is expected that the clad surface
which has undergone some oxidation during normd plant operation and prior to the accident
management action of bringing water to the hot core, will be covered by a reatively thick

(~300 mm) oxide layer. The oxide layer in the QUENCH experiment suffered some cracks,
which adlowed some hydrogen generation. The fresh clad tested produced much hydrogen and
damage to the fud bundle resulted due to the exothermic energy generated. In al cases fud

bundle quenched eventudly.

An invessH issue reated to the BWR accident management is that of addition of unborated
cold water to the partidly damaged core in which the control rods may have mdted and the
boron-carbide accumulated on the core support plate. Investigations on the reactivity effects of
this scenario have been pursued in an EU Project {Frid-99}. There are many uncertaintiesin
this evaluation; nevertheless the Doppler and the void feed back mitigate the core damage.
Adding boron separatdy, as it is prescribed for the anticipated trangent without scram
(ATWS) event may be beneficid.

C.1.2.2. Late Phase of InVessdl Accident Progression

Accurate description of the late phase of the in-vessel severe accident scenarios has assumed
greater importance lately, ance it has become evident that the assumptions made in its modelling
determine the compaosition, amount and the rate of corium discharged to the containment, to
which the containment loadings are directly related. In particular, if the projected loadings are
severe enough to fall a containment soon after the vessd falure, eg., due to direct containment
heeting or hydrogen detonation, the "source term” consequences of a severe accident can be
very severe indeed.

The late phase of in-vessdl accident progression did not receive as much attention before,
except for some specific evduations eg. tha of the AP-600 in-vessd mdt retention
{Theofanous-95}. Recently more generic invedtigations have been pursued in, a recently
concluded, EU Project in which the following questions were addressed { Sehgd-97a} { Sehgal-
99} :

1 Can the lower head fail immediately, in spite of the presence of water, due to the attack
of amdt jet rdleased from the core?

2. Can the melt debris be cooled by the water in the lower head to preclude vessd failure?

3. If the water can not be supplied can the mdt be retained within the lower head by
cooling the externd surface with water?
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4, In the absence of water, insde and outside of the lower head, how long will it take to
fall the lower head by melting and creep processes?

5. What is the mode and location of lower head failure and isit affected by the presence of
the penetrationsin the lower head? and findly

6. What is the rate of enlargement of aloca lower-head-falure-site caused by the flow of
melt through it?

The mdt jet discharged from the core during its interactions with the lower head water would
fragment and could generate a steam explosion. The questions relevant to that process are:
What is the fraction of the melt jet that fragmentsin water?
Can the steam explosion cause the failure of the lower head?

It is recognized that there is a rdatively broad consensus that an in-vessd steam explosion will
not cause containment fallure, however, there is no consensus that a steam explosion can not
cause lower head failure, particularly at the location of a penetration.

The investigations performed for establishing the feasbility of the in-vessd mdt retention for the
Loviisa plant {Kymdanen97} and for the AP-600 desgn {Theofanous-95} and those
performed in the EU projects, Mdt VessH Interactions (MVI) and Molten Fud Coolant
Interactions (MFCI) have provided quite well-validated responses to some of the issues raised
above. Thee are

1 It appears {Sehgd-97a that the immediate falure of the lower head due to the
impingement of a melt jet dropped from the core is physicaly unreasonable. Only in the
case of along-running thin melt jet attacking the lower head wal without weter, there
could be an ablative fallure. This, however, isa physcaly unreasonable occurrence.

2. The FARO experiments { Magdlon, 1997} have shown that between 40 and 60% of
the melt jet would fragment, and the remainder could form a cake of very low porosty
a the bottom of the debris bed. The long-term coolability of such a bed has not been
established

3. Much work performed recently {Sehgd, -98a} and ongoing in the RASPLAV Project
{Asmolov-97} has clarified the limitations on the power leve of a reactor which would
be amenable to met retention in lower head by the cooling of the vessdl from outside. It
appears that the plants with electrica power generation level beyond 1000 MWe may
not have sufficient margin. Recent results from RASPLAV have added the uncertainty
of melt pool dratification, whose effect on the margins has not been clarified so far.

4, Many experiments performed in the KROTOS facility {Huhtiniemi-99} with jets, and
one very recently in the FARO facility, have falled to produce strongly-propagating
steam explosons. On the contrary, spontaneous explosions have been observed when
AlLO; mdt jets are employed. It appears from the experiments that the explosivity and
efficdency of a gdeam exploson with UO,-ZrO, mdt interacting with saturated or
subcooled water is much lower than that of Al,O3, which was, previoudy, considered as
agood smulant for the UO,-ZrO, corium mixture.

5. The ablation of the vessd failure ste was measured and scding andys's developed
{Sehgd-97b}. It was found that a crust layer perdsts, reducing the heeat transfer from
the melt stream to the vessd wall. The mogt probable hole size, after ablation by the
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mdt in a prototypic scenario, may be in the range of 15 to 20 cms. These are much
lower estimates than those derived earlier.

6. Considerable experimentation { Sehgal 1998a} { Sehgd, 1998b} and analyses { Sehgd
1999b} have indicated that globd vessd falure is highly unlikdy for both PWRs and
BWRs. The most probable mode of failure for the vessdl is the creep of the lower head
and the likely location of fallure would be around a penetration. For the scenarios in
which mdt pool convection is established in the lower heed, the likely location of failure
Is near the upper eevations of the hemisphericd head, where the temperatures are the
highest.

The results described above have been obtained in the last 57 years and the technology

developed provides a rdatively good basis for the description of the processes occurring in the

|ate phase of the in-vessel melt progression. More work is needed, in particular, to

1 understand the reasons for the low explogvity of UO,-ZrO, mdt. Thisisdso necessary
for the evauation of the consequences of ex-vessel steam explosions,

2. explore the coolahility, in vessd, by ether gap cooling (for met pool) or water
ingression ( for adebris bed),

3. determine the fragility of lower head againgt dynamic loads,

obtain confirmatory results on the timing, mode and location of the lower head failure for

the commonly-used pressure vessel stedls. It has been observed that the creep

deformation laws for the various pressure vessdls stedls are quite different from each

other and

5. determineif there are adverse chemica reactions between the met/debris (crust) and the
vessd wall which may cause vesd failure.

>

C.123. Fission product release and transport during in-vessdl accident progression

The "source term”, i.e., the magnitude, the chemicd and the physica form of the fisson product
source digtribution in the containment atmosphere received greet attention right after the TMI-2
accident and currently the PHEBUS Project is providing confirmatory data on this subject.
During thein-vessdl accident progression phase, the parameters of interest are:
- thefraction of the core fisson product inventory released

the fisson product chemical species

the fraction of released fisson products deposited on the reactor coolant system (RCS)

surfaces

the revaporization of the fisson products from the RCS surfaces

The research work pursued made great progress and provided good estimates for the
parameters above. It was found that, in genera, 70 to 80% of the volaile fisson products
inventory is vaporized from the core, except for tellurium, some fraction of which isretained by
the unoxidized Zirconium in the core and is reased as Zr oxidizes. The fisson product vapors
change into aerosols as they cool down in the cooler parts of the RCS and aerosol physics
determines the fisson product depostion on the RCS surfaces. A subgtantia fraction of the
fisson products released from the core will deposit in the primary system before exit from the
breek location to the containment. The deposited fisson products, thus, are not immediately

13



avalable as the source term; however, as the temperatures in the RCS increase due to the
continued decay heat generation by fisson products, the revaporization of the deposited volatile
fisson products occurs and, in time much of the deposited volatile fission products will leave the
RCS and enter the containment. Early on, the importance of the re-vaporization process was
not fully redized, however it has become quite clear that re-vaporization plays a sgnificant role
in determining the fisson product "source term” for the cases of late containment failure, and for
some containment bypass sequences.

The totd release of relaively low volatile fisson products, eg., oxides and hydroxides of Ba,
S, Ru, Ce etc., during the early phase of in-vessel accident progression, is of the order of afew
percent of the inventory at most. The Molybdenum is an exception since its release is Sgnificant.
However, the rdlease estimate is based on very uncertain knowledge about the chemistry of
Molybdenum.

During the late phase of the in-vessd accident progression, the vessdl lower heed may be full of
a convecting high temperature melt pool, which may contribute a release of the non-voldile
fisson products. The in-vessd mdt retention accident management scheme results in the high
temperature met pool resding in the lower head for hours or days. There are very little data on
the release of the less-volatile fisson products from a high temperature melt pool. The melt pool
upper surface will have a crust. The efficiency of the crust in stopping the fisson productsis not
known. Such information will be needed for estimation of the source term if the in-vess
accident management scheme is adopted, for new or existing plants.

The chemicd character of the fisson products released is an important element in the estimation
of the source term. The research work conducted after the TMI-2 accident identified the
compounds formed by the various fisson products during ther release in the core and dso
during their trangport in the RCS. The dominant species for lodine and Cs releases were found
to be Cd and CsOH, which are extremdy soluble in the water present in the containment and
the sump. The recent PHEBUS tedts { Ktorza-99} have found that a few percent of the total

lodine release may bein the form of lodine gas, and that slver lodide may be formed. The smdll

amount of the gaseous iodine, released from the core, was found to diminish rapidly during its
gay in the containment. Nevertheless, the PHEBUS data indicates that interaction of theiodine
with the various materias in the core to form different compounds needs greeter resolution.

C.13. Ex-vessal accident progression

The ex-vessdl accident progresson is basicdly the interaction of the products of the in-vessd
accident progresson, namey steam, fisson products, hydrogen and corium met with the
contents of the containment. The pressure (and temperature) loadings exercised during these
interactions on the containment sructure may cause falure of the containment, which as we
discussed in Section 1 should be prevented. Thus, the study of the ex-vessd accident
progression is primarily that of the containment loadings, and of the evaduation of the probability
of its falure. In this respect two time zones can be defined namdy "early” and "lae" for the
falure of the containment. This distinction results from the observations on the radioactive
aerosol source in the containment, which diminishes, exponentidly with time, due to its
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deposition on the containment floor and surfaces, and its dissolution in water. It has been
observed that with steam in the containment atmosphere 99.9% of the aerosols in the
containment atmosphere are removed in 4-6 hours. [ Schock-84] Thus, the time span of interest
for the early fallure of containment is 4-6 hours and for the late fallure of containment more than
4-6 hours. It should be obvious that the greater public hazard is posed by the early failure of the
containment.

C.1.3.1. Early falure of containment

After a prolonged review of the severe accident scenarios, initidly by the Containment Loads
working Group, formed by the USNRC and later by the expert panel working with the Sandia
laboratories on the NUREG-1150 { NUREG-1150, 1987}, the following magor chalenges,
which may lead to an early failure of LWR containments, were identified.

direct containment heeting as aresult of mdt discharge a high pressure from avessd breach

inaPWR.

melt atack on the liner of the BWR Mark | containment,

hydrogen detonation, and in-vessel and ex-vessd steam explosion.

Each of these challenges, in turn, became a severe accident issue and led to severd years of
concentrated research. Some of these issues are resolved, or close to resolution, while others
dill are far from resolution. By resolution, we mean a technical consensus is reached on ether
the adequacy of the existing containment systems to meet the chdlenge posed with a very high
degree of confidence, or, atechnica consensus is reached on the necessary measures (accident
management and/or back fit), which would impart that character to the existing containment
systems.

C.1.3.2. Late falure of contanment

The time span of interest is beyond 4 hours after the initid release of radioactivity in the
containment. In this time pan, if the met is discharged into the containment, it is essentid that a
heat transport system is established within the containment, i.e., the containment hest removal

sysems, eg., fan coolers in PWRs and suppression pool coolers in BWRs are functioning.
Otherwise, the dow pressurization resulting from ether the prolonged hest addition to the
containment atmosphere, or the generation of steam from melt (debris bed) cooling, or the non
condensable gases generated from the molten corium concrete interaction (MCCI) can reach

pressure levels a which the containment may fall or lesk excessvey. This may occur after

severd hours (more than 4), or a few days, depending upon the water availability, the type of

concrete and the pressure-bearing capacity of the containment.

Another potentid radioactivity pathway to the environment can result from the containment
basemat penetration when the melt can not be cooled and it keeps attacking the basemat. This
may occur after a day, or after many days, depending upon the heat remova from the melt
debris, the type of concrete, and the thickness of the basemat.

The outdtanding safety issues, identified for thistime span are:
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melt spreading

melt (debris) coolability,

concrete ablation rate,

non-condensable gas generation rate,
dtabilization and termination of accident and
performance of venting (filter) systems.

C.14. Direct containment heating

The direct contanment heeting (DCH) issue was around for a long time. Subgantid
experimental and analytical research, sponsored by the USNRC was performed in the ‘80s and
early’90s. Accompanied by a stringent peer-review-process this resulted in a focussed effort
whose reaults led to the resolution of this issue; for the Westinghouse pressurized water reactor,
and more recently for some of the other PWR plants. This resolution is, however, plant specific
and DCH loads model { Pilch-93} could be used for evauation of thisissue for individua plants.

Another finding { Denny-83} which has a direct bearing on the DCH issue is the high probability
of unintentional depressurization occurring during the high pressure severe accident scenario.
The reason is the establishment of naturd circulation flow loops in the vessd, hot legs and the
seam generators, which can transfer the energy from the core, during the heet-up phase, to the
piping syslem. An eaborate program of 1/7 scae experiments performed at the Westinghouse
laboratories, corresponding scaling andyss and the computer code smulations dl point to the
high expectation of the creep rupture of the surge line to the pressurizer before the vess
rupture. The depressurization induced will aso bring water from the accumulators to the dry and
hot core and change the high pressure scenario completely.

The DCH issue has been muted with the SAMG requiring depressurization in PWR plants by
the operator and automatic depressurization systems available in BWRs. Reduction of vessd
pressure to the level of £2Mpa reduces the potentia of DCH very significantly.

C.15. Melt attack on BWR Mark-1 containment liner

This safety issue was raised due to the short distance between the vessel and the containment
liner in the Mark-1 BWR dry well. The contention was tha the corium met will be able to
traverse that distance and mdt the sted liner to fail the containment., soon after vessd fallure.
This issue stood as one of the mgor sources of risk for the Mark-1 BWR. The expert opinion
obtained during the NUREG-1150 probabilistic safety andyss (PSA) work split on the
assgnment of the probability of the liner mdt-through. The probability vaues, with water present
in the dry well, ranged from 0.001 to 1.0. The authors of NUREG-1150 averaged these results
to obtan a point estimate of 0.33, which cetainly was a very abitray esimate of the
probability of a sequence which has mgor source-term consequences for the Mark-1 BWRSs.

The ROAAM methodology { Theofanous-93} was employed to decompose the scenario into

the individua components of melt release, melt spreading, melt concrete interaction and attack
on the liner. The formaism employed three causa reations and five probability distribution
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functions to arrive a the probability of liner fallure. The andyss was quite comprehensive and
the causd rdations employed phenomena modds vdidated agangt experiments, with
conservatisms added wherever modd uncertainties dictated that. The conclusions derived were
that the probability of liner fallure, without water present in the dry well, is close to 1.0, while,
with the water present in the dry well, the liner failure probability decreased to the range of
0.0001. After peer review, the

latter was subsequence changed too 0.001, which can be labeled as physicaly unreasonable.
Thus, we bdieve this issue has been adequately resolved.

C.16. Hydrogen combustion

The hydrogen combustion loads on the containment were the first to be addressed by the
USNRC, since the hydrogen combustion event in TMI-2 triggered a heightened awareness of
these loads. The hydrogen rule requires management of hydrogen concentration in the
containment resulting from the oxidation of up to 75% of the heated Zirconium clad. This has
aready been incorporated in the ice condenser, BWR Mark 111 and BWR Mark |1 and | plants.
The BWR Mark | and Il plant containment are inerted, while the ice condensers and BWR
Mark 111 plant have been fitted with igniters. The large volume U.S. designed PWR containment
were judged to be immune, since the hydrogen concentration did not reach high enough to
produce combustioninduced pressure loads, which would thresten containment integrity. The
hydrogen combustion loads issue for these plants relates to either high local concentration, or the
trandtion to detonation, which can occur for specid geometries (ducts, accelerating flow regions
efc.) a reativey low (@0%), compared to stoichometric hydrogen concentrations. Most
European countries consder 100% of Zr clad content in the core for estimating the hydrogen
generation during a severe accident.

Hydrogen mixing research has been peformed a severa laboratories and severd large
experiments have been peformed {Takumi-93}{Wolf-93}. The overal concluson derived
from these experiments and from andytic sudies is that hydrogen mixing is quite efficient and
local non-homogenities do not persst for long periods, except when they are coincident with
therma dratification effects. Recently many caculations, including some very large scde CFD
cadculations have been performed for severad accident events in the complex geometry of an
actud containment. These calculations do indicate some local concentrations of hydrogen
greater than the average. Such complex andyses have been employed to determine the
preferred locations for hydrogen cataytic recombiners, the hydrogen control option thet is
preferred by Europeans. There has been extensive proprietary research, and testing, on the
hydrogen cataytic recombiners to determine their performance in different environments that a
containment may be subjected to during the course of a severe accident.

The current focus of hydrogen combustion research is on the issue of trangtion to detonation
and for what geometrical conditions and hydrogen concentrations this phenomenon can occur.
Experiments were performed a BNL {Ciccard|i-93} and are currently being performed a the
RUT facility near Moscow, Russa The main difficulty is in scaing the experimenta results
obtained to the prototypic geometries in containment, which could be prone to such trangtions.
Very recent work {Dorofeev-99} has indicated that flame accderation and fast combustion
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(leading to detonation) can occur under favorable conditions, at sufficiently large scale, for only
srong mixtures. Such mixtures have a vaue of expandon raio greater than a criticd vaue,
which is afunction of the Zeldovich and Lewis numbers. Measurements performed so far have
dready provided some estimates of the critical vaues, inspite of the uncertainties. More
measurements are scheduled to cover the influencing parameters for which the data are lacking.

C.17. In-vessel and ex-vessel steam explosion

The steam explosion loads on the containment were first considered in the WASH-1400 and,
because of the assumptions made about the nature of this event at that time, the falure of
containment (due to in-vessd steam exploson generated missles) contributed a substantial
fraction of the probability for early contanment falure The work on steam explosons
{Theofanous-87}, since that time, led to more redisic esimates of the probability of
containment falure due to in-vessd seam explosions. A steam explosion review group (SERG)
established in 1995 { SERG2-95}, ddiberated on the phenomenology of the steam explosion
and provided expert estimates on the probability of the containment failure as a result of anin-
vessd steam explosion. Although there were some differences of opinion, the vast mgority of
the experts concluded that the conditiond probability (i.e, if there is a core melt) is less than
0.001, i.e, the containment failure is physically unreasonable. Recent tests in the BERDA
program a FZK, also, have shown that for a scaled upper vessel head subjected to impact
loads, smulating those from a very strong steam explosion, the head and the bolts survived.

Much experimental and analyss-development work isin progress, presently, on in-vessel sleam
explosons. Experiments have been performed with severd kilogram quantities of smulant
material heated particles and molten materids. Elaborate three-fidd anadyss code MC3D
{Berthoud-97}, IVA {Kolev-99}, ESPROSE.m {Theofanous-96a} and PM-ALPHA
{ Theofanous-96b} have been developed. Some of the ingghts gained are (1) steam explosion
probability is much reduced due to the extensve water-depletion that occurs around the
fragmented particles of ajet in the premixture, (2) super-critica steam explosions, however, can
not be excluded.

Ex-vessa steam exploson loads on PWR and BWR containments are dso an issue, Snce @) in
some PWRs, water discharged from the reactor primary system accumulates in the reactor
cavity under the vessd and b) in some BWRs, a degp water pool is established under the
vessd, prior to vessd falure: an accident management strategy employed in the Swedish BWRs.
The ex-vessd water is generdly highly subcooled and the extensve voiding, that developsin the
premixture in a saturated pool, may not occur in the subcooled pool. Additiondly, it has been
found that the median particle Sze, obtained during the break-up process, may be much smaller
for the subcooled water than for the saturated water. Contrary to these effects, which may
argue, on heurigtic grounds, for alarger probability of a steam exploson, there are the effects of
cooling and solidification which argue for areduction in the probability of asteam exploson. The
corium met may be a complex mixture of metds and oxides, however, predominantly it is a
mixture of UO,-ZrO,-Zr, whose phase diagram, in generd, shows aliquidus curve and a solidus
curve, which are gpart from each other by at most 200 to 300 K. For the UO,-ZrO, mixture
the difference between the liquidus and the solidus curve is only 50 to 75K. As the corium
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mixture solidifies its properties change radicaly. In particular, the viscosty, which isinfinitein the
limit of solidus, changes radicdly. The process of bresk up of a corium mdt jet during its
interaction with water results in many corium melt droplets of complex shgpe undergoing
solidification from the exterior surface to the interior of the droplets. The changes occurring in
the physical properties of the droplets affect the potentid for the participation of the dropletsin
the steam explosion process. For example, it has been found that a thin high viscosity layer on
the surface of a gpherica droplet will greatly impede its subsequent fragmentation by a pressure
wave, or shear forces.

The most remarkable experimenta observations derived from the experimental program
employing prototypic corium melt (UO,-ZrO, ) in the FARO {Magalon-99} and (UO,-ZrO,)
and Al,O3 inthe KROTOS { Huhtiniemi-99} facilitiesat Ispra, Itdy are:
UO,-ZrO, mét jets dropped in subcooled and saturated water at low pressure do not
generate spontaneous steam explosions
grongly-triggered UO,-ZrO, mét jets n subcooled and saturated water at low pressure
may develop a propagating event, however, of very low efficiency (£ 0.15%)
AlL,O3; mdt jets (serving as a smulant for the corium fud) generaly experience spontaneous
strong steam explosions when dropped in low pressure subcooled water
AlL,O3; melt jets dropped in saturated water at low pressure, in generd, have to be triggered
to experience strong steam explosions.
These ggnificant observations point to the important role that the melt physica properties may
be playing in the seam exploson process. Much research on this aspect is being pursued in
Europe under the auspices of the European Commission. Some physica mechanisms have been
identified. Nevertheless, it gppears that the prototypic corium mixtures may not be as explosve
(very low efficiency and /or explosivity) as previoudy assumed to be.

C.18. Melt spreading

Inadry or practicdly dry containment, the mdt discharged from the vessdl will spread on the
concrete floor, which is the basemat for the LWRs. The spreading process determines the height
of the mdt pool that will have to be cooled subsequently. The importance of the spreading
process is in its connection to the mdt cooling process. A well spread melt will be of lower
depth than an ill-spread mdt and, thus, easier to cool. With this objective, efficient mdlt
spreading has been employed as an accident management scheme in the proposed containment
of the European pressurized water reactor (EPR). The EPR containment contains a specid area
where the mdt discharged from the vessdl, and held in a concrete crucible, is spread, after the
failure of the holding crucible.

The corium spreading process is controlled by the hydrodynamic flow behavior which is a
function of the mdt pouring rate, the surface tenson and the viscosty, and by the mdt
solidification process controlled by the heat loss from the mdt to its surroundings. The hegt is
logt from the melt by radiation at its upper surface, and by convection, conduction and ablative
process & its bottom surface. The heat of fuson and the increase in the melt viscosty as the
freezing-crystdlization processes sart with the melt temperature dropping below the liquidus
temperature are important parameters. The physics of al these process acting together is very
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complex and it is very difficult to predict the dynamics of the spreading process eg. in terms of
the pogition of leading edge (in 1-D) or the surface area (in 2-D) as a function of time. On the
other hand, it is possible to predict the average thickness of the spread melt (and from there, the
spreading length in 1D and the spreading area in 2-D) { Sehgd-98c}. Such a scding analysis
was developed and validated againgt data obtained from spreading of various met materids,
ranging from cerrobend a low temperatures to corium at prototypic temperature { Dinh-98} .
The scding anadlysis was normalized to one parameter, which is that the melt loses 1/2 of its heat
of fuson to sop soreading. This implies that the increase in mdt viscodty is S0 large a the
leading edge or at the surface of the spreading melt, when it loses 1/2 of its heet of fusion, that
the melt can not move any more.

It was found both from experiments performed by different researchers and from anadyses that
the 2D mdt spreading is much more efficient than 1-D melt spreading for the reason that the
melt has one more degree of freedom to move in the transverse direction { Sehgd-98c} .

The data base on mdt spreading { Konovaikhin-99} has increased greetly in the last 3 years,
obtained under the auspices of the European Commission in the CSC Project. The database has
very large mdt property variaions, snce many different melts were employed.

C.19. Molten corium concrete interactions (MCCI)

In a dry contanment, the mdt discharged from the vessd, after the short-time-spreading
process, will atack the basemat concrete. The concrete ablation (melting accompanied by gas
generation) occurs a much lower temperature than the met temperature, resulting in substantial
eroson of the basemat. The ablation process can continue, indefinitdy, if a crugt is formed on
the melt upper surface, practicdly diminating the heet loss from the melt upper surface. The rate
of ablation in this limit would be governed by the melt heat generation rate and the ablation
enthdpy of the concrete employed in the basemat. Thus, basema medt-through can be
envisoned. Concurrently, the gas generated during the concrete ablation process keeps
pressurising the containment and late containment failure can be envisioned.

Molten corium concrete interactions (MCCI) research has been conducted over many years. A
substantiad body of experimenta data have been accumulated from quite expensive programs
eg. SURC, BETA, ACE, where experiments were performed with heated corium and iron
melts. Anadlys's development culminated in the codes CORCON { Cole, 1984} and WECHSL
(Reimann, 1990), which have employed 2D and 1D andyss with primarily empirica hesat
transfer correlations. These codes have aso represented the mgjor chemical reactions taking
place during the interactions.

The experience in vaidating these codes has been, bascdly, not as satisfying as one would like.
The codes predict the measured ablation rate and total ablation within 30%. The same is true for
the prediction of the combusgtible (H,,CO) and non-combustible (CO,,steam) gas generation
rates. There are severa uncertainties in the choice of parameters and there is the fear that some
phenomenon is not being modelled or incorrectly modelled.
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One phenomenon, which has been recently identified { Froment-99}, isthat of melt segregation,
which may have a greater contribution in the late phase of concrete ablation than in the early
phase. This phenomenon may lead to higher concentration of Uranium oxide near the bottom of
the met pool resulting in nontuniform heat generation in the pool. Incluson of the mdt
segregation moddling in the overal MCCI process has led to prediction of pool temperatures
which were close to those measured in the ACE tests employing prototypic melt compositions.
Complete influence of the melt segregation phenomenon on the consequences of the MCCI
process has yet to be determined.

C.1.10. Basemat M elt-Through

The mdt deposited in the containment, if uncooled, will continue to ablate the concrete basemat.
The MCCI process ablates the basemat in radia and axid directions and can lead to sufficient
axid ablation that the melt penetrates the soil below the concrete basemat. This condition caled
“basemat mdt through”, athough not as severe as the release of aerosol, vapor and gaseous
radioactive source term to the environment, in the event of containment falure, has to be
avoided since it leads to ground contamination and, possibly, contamination of the groundwater.

It is important to predict, reasonably well, the long term progresson of the MCCI process so
that (@) any structural damage in the containment due to its radid ablation of concrete can be
assessed and (b) the time to basemat melt-through can be estimated for the purposes of the
management of the accident consequences through emergency evacuation and/or other
measures to cool the melt, and terminate the accident.

The currently available MCCI codes, i.e. WECHSL and CORCON provide very different
predictions for the MCCI progression process in the long term. The WECHSL code predicts
much grester ablation of concrete in the axid direction than the radid direction from that

predicted by the CORCON code. Unfortunately, except for the MACE scoping test, there is
no MCCI experiment in which two dimensiona ablation has been measured. Certainly, there are
no tests where the long term MCCI process (low heat generation rate and insulated) has been
modelled. There is a need to peform carefully-designed low decay hest, two dimensiond

ablation tests for along duration to provide bench mark data for vaidation of the modeds in the
CORCON and WECHSL codes. This need has been recognized and there is a proposa to
perform such tests with the imestone-common sand and the silecous concretes in the MACE
fecility a ANL. Such an experimenta program is, presently, being consdered at OECD for
initiation in 2001.

C.1.11. Melt debris stabilization and coolability

Mt coolahility is perhaps the most vexing issue impacting severe accident containment
performance in the long term. As mentioned earlier, melt coolability is essentid to prevent both

the basemat mdt-through and the continued containment pressurization, thereby, to sabilize and
to terminate the accident, without the fear of radioactivity release from the containment.
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Provison of deep (or shdlow) water pools under the vessd may not assure long term
coolability/quenchability of the mdt discharged from the vessd. Interaction of the met jet may
lead to very smdl particles (in the event of a seam explosion), which may be difficult to cool in
the form of a debris bed of low porogty. Incomplete fragmentation will lead to a mdt layer on
the concrete basemat under a particul ate debris layer and awater layer.

Coolability of a mdlt pool interacting with a concrete basemat by a water overlayer has been
under intense investigation in the MACE Project \cite{ Sehgd-92}, sponsored by an
internationa consortium and managed by EPRI. The experimenta work is being performed at
ANL. Three experiments were performed successfully in which melt pools of 30 cm x 30 cm X
15 cm depth, 50 cm x 50 cm x 25 cm depth and 120 cm x 120 cm x 20 cm depth were
generated on top of concrete base-mats and water added on top. The melt materia contained
Uranium oxide, Zirconium oxide, Zirconium and some concrete products. The decay heet
generation in the melt was smulated through dectrical heeting. It was found that for these three
tests, the effect of the Sdewal dominated the phenomena, Snce an insulating crust was formed,
which atached itsdf to the Sdewdls. The crust prevented intimate melt-water contact and the
heat transfer rate dowly decreased from approximately 2 to 0.1 MW/nt, which is less than the
decay heat input to the melt.

Three modes of heat remova from the met pool have been identified. These are the (1) initid
mdt-water contact (2) the conduction through the crust and (3) melt eruptions into water, when
the heat generated in the melt is greater than that removed by conduction through the crugt. In
the large test (120 x 120 x 20 cm), it appears that sgnificant water ingresson occurred since
after the test the crust (or cooled melt) was 10 cm thick, i.e., about haf the met was cooled.
Continued concrete ablation leads to the separation of the melt pool from the suspended crugt,
and the conduction hesat transfer decreases substantialy.

A 50 x 50 x 25 cm integrd melt coolability test with sliceous concrete was performed recently
whose results were gpproximately the same as for the earlier tests. Further separate-effects tests
are planned. Presently, no definite experimenta proof of met pool coolability with a water
overlayer can be offered. However, it appears that crust can not be maintained as a solid body
for gpans of severd meters found in prototypic-geometry containments.

Mt coolahility has been investigated a FZK in the COMET facility (Alsmeyer, 1998)
employing water entry at the bottom of the melt pool. This new gpproach works since it has
been found that the injected water creates sufficient porodity in the mdt pool to cool the mdt in
arddively short time. Severa experiments have been performed at different scales with AlL,O3
and iron melt pools to prove the concept. The concept has been directed towards the design of
a core catcher for a new containment design at FZK. The core catcher top face is made of
some tens of millimeters of sacrificid concrete, under which nozzles are embedded in the
basemat. These nozzles open when the concrete is ablated and inject water from the bottom into
the melt pool. The COMET concept has been optimized through many experiments. No steam
explosons have been experienced. It gppears that addition of the sacrificid concrete in the
Al,Os-iron met consderably reduces the explosivity of the mdt.
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Presently, the physicd mechanism that creates porogity in the mdt with water injection from
below is not known. Research towards understanding of this physica process is underway with
the support of European Union.

C.1.12 Fisson product release and transport during ex-vessel accident
progr ession

The fisson products and the core materids released during the core heat up process arrive into
the containment, as aerosols. Their trangport in the containment is governed by aerosol physics,
which determines the fisson product concentration in the containment atmosphere as a function
of time. As mentioned earlier, if there is steam atmosphere in the containment (as it should be for
a savere accident), the fisson product aerosol concentration in the containment atmosphere
decreases exponentidly with time, largely due to the process of aerosol particle sze growth (due
to steam condensation), agglomeration and sedimentation. Another aerosol deposition process
active is that of Stefan flow carrying aerosols to the walls of the containment where the seamis
condensing. As mentioned earlier, typicdly, fisson product concentration in the containment
atmosphere can decrease by a factor of 10 in about four hours.

The release of fisson products during the ex-vessd accident progresson can occur during the
MCCI due to the gas parging and the high temperatures in the melt. The releases of interest are
those of the less-volaile fisson products eg. Ba, S, Ce, Ru, MO, since the volatile fisson
products have aready been released.

The ACE experiments provided systematic data on the release of the above-mentioned fisson
products. In generd, it was found tha the releases were much smdler than what were
previoudy caculated. The measured vaues for reeases were less than 1% of the inventory for
dl of the less-voldile fisson products. Recently an andysis of the ACE experiments points out
that these releases occurred after adl of the Zr contained in the melt had been oxidized. If such
was not the case, the fisson product releases could be larger. Thus, some uncertainty has been
created with respect to the implications of data obtained in the ACE tests. One or two
transpiration experiments may be able to determine the effect of the unoxidized Zirconium on the
release rates of the less-voldtile fisson products.

Management of the iodine concentration in the containment immediately after the accident and
for the long term is essentid in order to reduce the potentia of harmful relesses due to
containment leakage or other events. In this respect, the processes of concern are (i) the
interaction of iodine with paints on containment surfaces to form organic iodine, which is difficult
to remove and (ii) the radiolytic formation of iodine. Thus, iodine chemidry in the contanment is
important and the use of p-H contral to reduce the iodine concentration is needed for the long
term management of the iodine concentration.

There has been much research performed on the iodine chemistry over the years, particularly in
Canada. Recently some additiond work on iodine chemidry in the containment has been
initiated in France. A thorough review of the past and currently on-going research is needed.
Theiodine-paint reaction chemistry may be a plant- specific issue.
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C.1.13. Filter ed-vent performance

The PWRs and BWRs in many European countries have dl been fitted with filtered vents.

Similar plans are under condderation at other plants. The performance of different filtered vent
designs was confirmed in the tests performed during the LACE Project supported by a
consortium of internationa organizations and managed by EPRI. Full-scade prototypic filters
were employed and the decontamination factors (DF) measured were very large (10°-10°).
Further tests with specific full scale filters have been performed, more recently, eg., a Paul

Scherrer Inditute. In generd filtered vents provide ardatively safe way of relieving the pressure
in containment. Some large PWRS, however, have not chosen to consider filtered vents.

C.1.14. Conclusions

The intensive research work on severe accidents initiated world-wide after the TMI-2 accident
has borne fruit in saverd ways. The work identified new vulnerabilities for the LWR vessd and
containments, but also provided answers to severa questions and increased knowledge to the
extent that amgority of the in-vessel and ex-vessd accident progression issues are resolved.

The mogt important remaining issues for the current plants are concerned with accident
dabilization and termination, and with the containment loads. In the former category are the in-
vessel and ex-vesse coolability; whether the corium is in the form of a melt pool or of a debris
bed or a combination thereof. In the latter category are the steam explosion and the hydrogen
trangtion to detonation or detonation loads. Current indications are that with more
experimentation, understanding of the phenomena and modd validation, the seam explosion ad
the hydrogen loads issues could be resolved. Of particular importance is to understand the
reason for the very low explosivity of the UO,-ZrO, mdt.

Invessd mdt retention concept is rdatively wdl-investigated for medium power reactors
(E600MWe). Regulatory approval has been granted for the Loviisa plant €500 MWe). Its
feasbility for reactors of high power densty ¢ 1000 MWe) does not, currently, appear to be
promisng. Ex-vessd met retention concepts based on smilar idess as the in-vessd mdt
retention concept hold promise. Their feasibility for new reactor designsis worth examining.

Invessd coolability, if it can be proven to be effective would, perhaps, be the best solution for
melt gabilization and accident termination since it precludes the consderation of the mdt-
containment interaction processes and the loads they impose on the containment. The concept
of water ingression in the corium debris, and of gap cooling which may occur, while the vessd
may be undergoing creep deformation, should be investigated further.

The concept of spreading the melt and cooling a low-depth met pool with awater overlayer has
merit. The work performed so far on melt spreading has provided reasonable assurance for this
concept. However, for the EPR, the holding crucible design and time of failure are quite crucia
for the success of the spreading concept.
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The issue of ex-vessdl melt pool coolability by awater overlayer has not been resolved yet. The
COMET concept appears to have promise for achieving mdt quenching and sabilization and its
gpplication could be considered for new plants. Perhaps, backfits involving downcomers may
be effective for current plants.
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C.2. Relevanceof SA Research to SAM Requirementsand | mplementation
C.2l Introduction

Severe accident management (SAM) is the use of existing and aternative resources, systems
and actions to arrest and mitigate accidents that exceed the design bases of nuclear power
plants (8)

Most European nuclear plants have implemented or are in the process of implementing SAM
measures. The objective of this chapter is the andlysis of the rdevance of SAM and the results
of severe accident research. Also, this task will attempt to determine whether additiond
research resultsin the field of severe accidents are needed to back up the SAM.

c.22 I mplementation of Severe Accident Management

A report published by NEA-OECD in 1996 (1) gives agenerd overview of the sate of SAM
implementation and technica approaches followed by some NEA-member countries. Also, it
contains an evauation of uncertainties and open items related to SAM.

Westinghouse and BWR Owners Groups (6, 7) have published generic severe accident
guidelines (SAMG) which were adapted to individua plants. Some nuclear plantsin Europe will
closdy follow these guiddines produced by these Owners Groups, and the implementation of
SAMG for those plants will be essentidly limited to adepting the set points, curves and
computing ads to the specific plant features. No subgtantid plant backfitting is foreseen. In
France, Germany, Sweden (for BWRS) and Finland, the approach is much more open, since no
generic standard guidelines are used and more individua plant work is required to devise and
implement SAM. Some other countries are using a combined approach which is open to the
possihility of backfitting the plant with new equipment specidly designed to ded with severe
accidents. The SAMIME EU-Concerted Action is providing information on this question.

In the following paragraphs, the structure presented in the OECD report has been employed to
group the SAM actions under four main functions. Cooling a degraded core, managing
combustible gases, managing containment temperature, pressure and integrity, and managing the
release of radioactivity.

C.2.2.1. Cooling a Degraded Core

Adding water to the reector vessd (RPV) isan action that is very smilarly implemented in many
countries. There is a generd agreement that the hazards posed by increased hydrogen
generation; possible recriticaity and increased steam production do not outweigh the benefits of
retaining the degraded core in vessd. The criteria generdly followed for this action is to supply
to the reactor vessel with water as soon as injection capability is available. Westinghouse
Owners Group (WOG) standard guidelines contain warnings about the side effects of increased
hydrogen production, and their computing aids take into account in a amplified way the
additiond risk of hydrogen combustion in the containment. The issue of recriticdity is generdly
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consdered to affect more the BWR, where borated water sources are less available and early
control rod materid meltdown and relocation is a possbility. Generd eectric (GE) standard
guiddines specify the use of the Liquid Control System in case of core mdt criticdity, but no
criteriaare given on the water flooding rate.

RCS depressurisation is aso a generic SAM action that can be accomplished in a variety of
ways. The preferred way for PWR is the "feed and bleed" system, adding water to the steam
generators and depressurising the secondary sde thereby cooling down the primary side and
reducing its pressure. If this action is ineffective, depressurization can be accomplished by direct
opening of pressurizer vaves. There are numerous benefits to intentional depressurisation, i. e,
dternate means of cooling become available, and high pressure melt gection is avoided,
athough there are also possible drawbacks, like increased H2 production and higher probability
of invesse energetic fud-coolant interaction. All PWRs have pressurizer valves that can be
used, dthough sometimes pressurizer oray is a posshility. All BWR are designed to be easly
depressurised through dedicated systems (Automatic Depressurisation System) and can be
manualy depressurised in case of ADSfallure.

The action of containment initid flooding in order to dday vesd falure by means of cooling
through the vessdl wall, is one where there is consderable variation among countries. It is
recognised that the action can not by itself guarantee vessd integrity, epecidly for reactors with
higher power (3), but the action may delay vessd fallure.

The reactor cavity of PWR, or the drywell of BWR, must be flooded up to the upper levd of
the active core in the reactor vessd, for this action to be effective. The existence of non-vented
vesd skirts in most BWRs will imply the accumulation of noncondensable gases below the
vesse wall and preclude wall-water contact in some aress. Plant specific questions, like specific
heat transfer phenomena, and potentid of fud-coolant interactions must be addressed in any
assessment of this action. Heat transfer must consider the plant specific design, the reduction of
heat transfer due to degradation of vessd insulaion, and the unavailability of flow path (3) to
evacuate steam. Containment flooding to severd levels is recommended in the slandard WOG
Severe Accident Management Guideines (5), dthough specific implementation will depend on
the design of the reactor cavity. Generic GE standard guiddines (6) recommend drywell or
primary containment flooding as an integrd SAM action that could provide a means of core
cooling through the vessdl wall, and aso as a possihility of dternative vessd flooding through the
relief vave tal-pipes. German plants do not consder cavity flooding and continue the concept of
“dry cavity”. Finland has implemented the strategy in Loviisa plant. Swedish and Finish BWR
have dso implemented the strategy that a water poal is created under the vessdl as soon as the
water level may fals below the top of the core. However, the level of water does not reach the
vesse and the vessd wdl is not cooled. In case of BWRS, thereis aforest of control rod guide
tubes under the vessd, with their drives (both hydraulic and eectricd in some plants).
Degradation of their operation may occur due to submergence in water.

C.2.2.2. Management of Combustible Gases

There are consderable variations in the strategies followed to reduce H, and CO inventory in
the containment, because of the differences in exising equipment and the daus of

30



implementations. Many countries have decided on the use of cataytic recombinersin PWR
containments, which can reduce H, and CO concentrations while kegping containment pressure
low. Some BWRs and some PWRs use igniters to produce intentiona H, or CO burns. Venting
of the containment is a strategy considered also for the reduction of combustible gas inventory.

Catdytic recombiners have demongtrated their capability of reducing H, concentration under
steam-inerted atmospheres, very low H, concentrations, and presence of agrosols (1).
Ingdlation of recombiners has been decided in Belgium, Germany, France and the Netherlands
and in some Eastern European countries. Finland has decided on the ingtdlation of a new H
management system using recombiners, dthough currently igniters are being used. G.E. BWRs
with Mark | containments and KWU German BWRs of old design are inerted and do not use
ignition devices. G.E. BWRswith the larger Mark 111 containments have ignition systems.

C.2.2.3. Management of Containment Temperature, Pressure and | ntegrity

Automatic or manud initiation of containment sprays to condense steam released  exigts in most
BWRs and PWRs dthough there is a sgnificant variation in the equipment dedicated to the
implementation of this action. Sprays are aso used, in the longer term, in conjunction with heet
exchangers, which can extract heat from the containment to avoid pressurisation. Spray systems,
usualy, are an operationa mode of the safety grade core cooling system. German plants do not
have spray sysems. Many plants have dternate spray sources, such as the fire protection
sysem. Swedish plants have an independent dedicated spray system. Laiivisain Finland and
Zoritain Spain have externd spray systems for their stedl containments.  Externd sprays have
been inddled in two Begium plants with sed contanments.

Fan cooler systems in PWRs can extract heat and avoid late pressurisation due to release of
non-condensable gases during MCCI, but not al plants have fan coolers as qudified safety
grade equipment. The initiation of fan coolers for SAM in PWR containments is consdered in
Belgium, Spanish and UK plants, and it isincluded as a sandard action in WOG SAMG.

Containment flooding is considered both in PWRs and BWRs. Also, a consensus is developing
thet initid containment flooding will improve the chances of ex-vessel mdt coolahility (12) in
case of vessd breach, in spite of the higher risk of energetic ex-vessd melt water interactions,
and will reduce ex-vessd radioactive rel eases. Here we have to distinguish between PWRswith
ther larger and relaively strong contanment and BWRs with their smdl containments and
perhaps vulnerable vessdl support structures, whose integrity may be threatened by a highly
energetic steam explosion.

There is a condderable variation in the actud implementation of the preemptive containment
flooding strategy. Some consderations which must be taken into account are: (1) time needed to
flood a large volume, (2) side effects of the type of water available, (3) structurd capability of
the containment, and (4) effects of containment venting. Build-up and leakage of contaminated
water isaconcern in the long-term (2), management of the accident.
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Flooding of the containment up to the leve of the active fud is consdered as a standard action
in WOG, dthough its implementation will depend on the plant specific design. GE standard
SAMG dso recommend flooding of the drywell or primary containment above the leve of the
active fud, coupled with containment venting if necessary to facilitate water injection and reduce
containment overpressure, Belgium, France and Finland do not, presently, consider this as an
accident management option. In Germany, injecting cold water is recommended, in combination
with filtered venting, to prevent sump water evaporation due to de-pressurisation and to reduce
vent opening duration. However, the containment cavity itsdlf is not filled with water. In Finland
and Sweden for ther BWRs this drategy is implemented using an independent dedicated
sysem.

Many European plants include the strategy of containment venting, to avoid late falure due to
over-pressurisation.  Scenarios like complete loss of containment hest remova capability, or full
power ATWS in BWR, are typica examples where containment venting becomes essentid.
This accident management action can avoid late fallure due to pressurisation by non
condensable gases released during MCCI, for which containment heat remova systems are
ineffective. Venting can be used aso to ease containment flooding, and to reduce the inventory
of combustible gases. Consderable variation exids in the implementation of this SAM feature
(1). The slandard WOG SAMG do not include containment venting as a SAM  srategy.
Venting of containment with specidly designed filtered vent sysems isimplemented in dl PWRs
and BWRs in France, Germany, Sweden, Netherlands and Switzerland. U.K., Begium and
Spanish PWRs do not have venting. Spanish BWR have a dedicated manudly operated venting
system, which connects the suppression pool airgpace to the off-gas stack, withoui filtering.

C.2.24. Management of Radioactivity Releases

Standard drategies for mitigeting the rate of radioactivity release through openings in the
containment boundary include reducing the contanment pressure, by means of avaladle
containment heat remova systems and through the venting systems. At later times in a severe
accident revolatdization releases from the deposited agrosols in the RCS become a concern.
Mitigation of those releases will involve cooling of the RCSwalls.

A common drategy, for reducing the inventory available for release in the contanment, is the
initiation of containment sprays in PWR and BWR. Sprays were designed for early operation
and steam condensation after LOCA, and not for long term operation during severe accidents.
However, sprays can produce effective aerosol deposition (8) due to interception of droplets.
Also, sprays can remove some of the gaseous molecular lodine as long as they do not become
saturated with |. The effectiveness of sprayswill depend on the availability of AC power and the
extent of the area covered by the soray system. lodine volatility in many PWR is reduced by
means of additives that are included in the design of containment sumps, or the containment

Soray system.

Engineered filtering sysems are inddled in most PWR and BWR, with HEPA filters generaly
designed for conditions of norma operation. Use of engineered filtering systems during severe
accident environmenta conditions is possible, but the efficiency of the filtering may be reduced
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(8), if additiond technica festures have not been provided (i. e emergency filtering systems). A
number of containments have a filtered venting system (see above) specidly desgned to dedl
with severe accident Situations.

Removd of radioactive aerosol, by means of scrubbing in BWR suppresson pools, is a
beneficid sde effect of the suppresson pool functiond design. Aerosol scrubbing by means of a
water pool overlying the core debris is dso consdered, n standard WOG and GE standard
SAMG, as a strategy to reduce ex-vessd releases to the containment.

Secondary dde flooding is a sandard strategy, included in WOG SAMG, for mitigation of
releases to the environment due to SGTR accidents, and protection of SG tubes from creep
ruptures.

C.2.3. Uncertaintiesand Open Issuesin SAM

According to (1) there is sufficient information available to proceed with the implementation of
SAM, but some issues are not yet closed, and countries should perform periodic reviews and
updates of their SAMG, to incorporate new information. New knowledge about uncertainties
probably will not change the presently recommended operator actions substantialy, however,
further research results will increase confidence in the robustness of current SAM drategies,
reduce uncertainties about SAM actions, and aso improve SAM training (1).

The perception of exising uncertainties is influenced by the different gpproaches followed by
member countries and, consequently, expert opinion on uncertainties can vary consderably.
However, there is a consensus that areas where research programs may provide information
that could influence SAM implementation are;

In-vessal core debris coolability

RPV falure

Ex-vess flooding to provide in-vessel core debris cooling,
Ex-vessd debris coolability and

Fuel-coolant interactions

According to (1) there are dso a number of open SAM issues that should be potentialy
condgdered in SAM guidelines, and they could cause current SAMG to be supplemented a
modified. Examples are accidents occurring from a low power or shutdown condition or
accidents where the reactor is not scrammed. Long term recovery aspects of accident
management have been discussed in a recent OECD report (2), and they should aso be
conddered in SAM decison-making, as well asthe effects of plant ageing.
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C.2.4. Severe Accident Management Objectives and Their Reationship to Severe
Accident Resear ch

A comprehensive lig of individua SAM objectivesisincluded here, both for PWRs and BWRs.
Each objective is compared to the state of knowledge obtained from research, and a judgement
iIs made on the need of additiond data. The information on research knowledge has been
obtained from programs which are generdly available to European countries, such as the NRC-
supported CSARP, the OECD-NEA reports, and the EU 4" Framework Program.

Some phenomena discussed here are directly related to SAM effectiveness. In other cases,
phenomena are related to SAM only in that they can cause a dynamic change in the accident
conditions or the integrity of the safety barriers: RPV and reactor containment.

1% Objective: Achieve a coolable controlled core state

A coolable controlled core is defined as core conditions under which no sgnificant short term or
long term physical or chemical changes would be expected to occur. The core temperature
must be wdl beow the point where chemica or physica changes might occur, and along-term
heat Snk must be available for trandferring al energy being generated in the core.

OBJECTIVES

RELATIONSHIP TO SEVERE ACCIDENT RESEARCH

Thecoreistotally
within the reactor
vessel

1. Mantan sub-
critical degraded
core.

The issue of re-criticaity has been addressed in severe accident research,
especidly for the case of BWR, where unborated water sources are more readily
available, and early control material melt-down may be expected. Examples are
EU-SARA project, and NRC-CSARP.

Conclusion of CSARP research (7) is that an eventud recriticdity event would
result in low power spike, which in turn would induce faster core degradation.
The nuclear fisson reaction would be findly stopped, ether due to boron
injection, or to depletion of water inventory in the core or to loss of core critica
geometry due to core degradation. However, a continuous supply of unborated
water might result in a power levd in the core, limited by the thermd baance
defined by in-vessel water geaming and fission power generation.

The SARA Project results are smilar, however of more severe consequences.
For example for water addition rates of 500kg/sec, it is possible to have the core
power reach ~50% of nomind. Theinitid power spike may aso be large enough
to exceed the threshold values for the energy deposition of 280 kcd/gram for
fresh fuel and 70 kcal/gram of burned-up fue, which may have the consequences
of fue fragmentation and dispersal.

34




OBJECTIVES

RELATIONSHIP TO SEVERE ACCIDENT RESEARCH

Some additiond eva udtive type research may be necessary.

2. Cooling the
damaged core
by in-vessd
flooding.

The effect of water addition to a core which may have suffered loca damage but
has kept its geometry relatively intact, has been addressed in the EU supported
QUENCH experimentd program, which investigaes the increese in H,
generation due to quenching as a function of the clad surface conditions.

The issue of coolability of a core which has mdted and the mdt may have
relocated to the lower plenum is much more uncertain. The FARO experimenta
results show that deep low porosity debris beds may be formed for whom the
dryout hesat flux is very low and they may be difficult to cool, even if reflooding is
accomplished a that stage. In case of continued lack of water avallability the
debris bed will dry out and remelt and a convecting oxidic pool topped by a
meta rich layer may be formed. Reflooding at that point in time could involve the
possibility of a dratified stem exploson whose yield and consegquences have not
been completely evauated.

Studies have been and are being performed on the mechanism of gap cooling as
may have occurred in the TMI-2 accident. Experiments performed in U.SA. and
Japan have indicated the possbility of quenching the segment of the vessd wall
just below the water overlayer. Experiments in Germany with a partidly filled
vessal and a pre-exigting few millimeter gap have indicated successful cooling of
the vessdl wall. The Swedish experiments have indicated that even with up to
10% creep, no gap could be maintained between the crust of the molten pool and
the vessdl wall. Experiments on gap cooling are currently being performed in
Korea with high temperature duminium oxide in sed vessds. Experiments on
gap cooling will aso be performed in Sweden. The present expert opinion on gap
cooling, as a practicd in-vessd coolability mechaniam for the exigting reectors, is
that it is subject to too many uncertainties to be consdered as a robust reliable
concept for prevention of vessd falure. Further experiments on both the
quenching of the in-vessel low porosity heat generating particulate beds and on
the gap cooling of the vessd wadl should be pursued, to obtain definitive
information about this concept.
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3. Codlingof a
damaged core
by externd
reactor vessal
flooding.

This is the accident management drategy of in-vessd met retention (IVMR)
which has been promulgated in Loviisa and is in the design of the AP-600. The
research results on melt pool convection obtained with Smulant materids have
been complemented by the RASPLAV™ experiments which have exhibited the
possihility of met pool dratification. Stratification increases the therma loading on
the vessd wal and may affect the focussng effect. Experiments are being
performed in the SIMECO fadility @ a RIT in Sweden to obtain quantitative
data on these differences introduced by the melt pool dtratification. The MASCA
program ® will perform experiments to determine the existence of gratification in
various reactor compositions.

The experimental programs MASCA, SIMECO, COPO may attempt to obtain
some relevant data in next 2-3 years. Additiona smulant materia and prototypic
material tests may be required. Physical properties of the sratified layers would
have to be measured. The solidus temperature of the upper layer determines the
radiative heat transfer to the vessdl environment above the melt pool.

2" Objective: Maintain Containment I ntegrity

The objective is to keegp the containment intact so that the last barriers to release of the radioactivity to
the environment is maintained.

4. In-ves steam
explosons.

In vessal steam explosion research results has led to the consensus of experts that
the dpha mode falure of the containment is extremely unlikely (conditiona, on
core mdlt, probability of <10). Some ongoing programs e.g. BERDA and ECO
a FZK ae directed towards a deterministic demondrating of the same
concluson. Experiments have been performed in the BERDA project with a high
velocity dug impacting on the upper head. The continued integrity of the upper
head and the bolts for very large nomentum dugs provide a convincing argument
againg dphamodefailure.

The dffect of the in-vessdl steam explosion on the vessdl penetrations has not
been evauated. This could lead to an early vessd failure, if the weld around the
penetrationsfails.
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When a
substantial
amount of the core
has relocated out
of the vessdl

5. Ex-vessd steam
explosons

Ex-vessdl steam explosions can not be ruled out, if a pool of cold water is
maintained, either in the lower dry wall of aBWR, or in the cavity of aPWR. The
conditions of low pressure and the high subcooling of the coolant, actudly are
more conducive to the occurrence of a steam explosion.

The experiments conducted in FARO and KROTOS facilities have found thet the
prototypic fud mixture of UO,+ZrO; is very hard to explode even with a strong
trigger, while discharged into subcooled water a low pressure. Further research
on this aspect is essentia to support low yield estimates for ex-vessd steam
explosons, otherwise for the ABB BWRsiit could be an early containment failure
issue. Consequences have not been evauated for the Westinghouse PWRS in
which an explosion occursin the cavity very coseto the faled vessd.

6. Cooling of core
debrisin the reactor
cavity, and corium
melt Soreading.

The issue is critica, dnce it defines mdt abilization, accident termination and
containment survivd in the long term. There are severd scenarios of core melt
coolability ) depending on the timing of the availability of water in the cavity of a
PWR or in the dry well of aBWR.

If there is no water available, or it can not reach the cavity (as possbly in the
German PWRs), the core melt/debris will attack the basemat and melt-through
may occur at atime depending on the thickness of the basemat.

If there is subgtantid pre-exiding water in the PWR cavity, or in the BWR
drywdll, then, a particulate debris bed could be created, whose porosity could be
quite low. Occurrence of a smal steam explosion would generate very smdl sze
particles which could worsen the porosity and create Stratification. Such beds are
not easy to cool snce the dryout heet flux is very low.

Concurrent with the formation of a particulate debris bed, there could be some
fraction of met which did not fragment and forms a met pool. Alternatively, a
poorly cooled particulate debris bed could melt and form a melt pool.

Addition of water from top would lead to the configuration, which has been
invetigated in the MACE and the COTELS experiments 2. The MACE
experiments have not demondgrated complete coolability, while the COTELS
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experiments have shown coolability for the specific configuration employed. Mdlt
pool coolability has aso been demongtrated in the COMET experiments in which
the water is added to the pool from bottom. The mechanisms of coolability are
quite different between water injection from top and bottom. Employing the
COMET concept would require backfits to the existing LWRs. Downcomers
have been suggested *® as rdatively smple backfits in the LWR containments.
They have been found to enhance the coolability of particulate beds.

Méelt spreading has been employed in new designs (EPR) to reduce the height of
the mdt layer that would have to be cooled. This is helpful towards coolability
potential.

The physica properties of the met are important for its coolability. The MACE
experiments show that addition of SO, from the concrete into the met
composition make the crugts formed tough and dmost impermesble o that a
crust layer is able to isolate melt pool from the water coolant and preclude melt
coolability.

Mélt/particul ate debris bed coolability is a critica issue and further research work
is highly warranted

7. Obtain a short-
term heat snk, for

Containment spraying, or vent opening, are the actions to mitigate a short-term
pressure and temperature rise. No specia research programs or additiona date

certain severe are deemed necessary to better delineste this particular challenge.

accident sequences

8. Obtain along- A long-term heat sink can be ether the containment fan coolers, or the RHR
term heat Snk exchangers via ECCS and/or spray recirculation. Containment venting is also

available for avoiding long term overpressure for mogt plants in Europe. No
speciad research programs or additional data are considered necessary to better
delinegte this particular chalenge.

Phenomena which
can contribute to
dynamic changes
of containment
conditions

9. H, burns.

Concerning the generation of combustible gases, there are sufficient data to cover
generation during initial core damage. Existing models to caculate H, generation
during late phase degradation or core quenching are il uncertain. Additiona
data could be ussful to make amore redlistic assessment of H, generation. All the
meta will be oxidized eventudly.
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Ex-vessal H, generation during corium quenching by weter has been identified as
a source where uncertainties remain (11) and additiona data are necessary, due
to the generation potentid of this phenomena.

Concerning H mixing and digtribution, research programs have been conducted
in different countries, and analytical methodologies for detailed mixing calculations
have been developed, which have been employed to determine location of
passve recombiners (PAR) in the containment. Efficiency of PAR under adverse
environmental conditions seems proved. Additiona research programs in this
area are not needed.

Concerning H2 combustion, the issue of possible trangtion from deflagration to
detonation (DDT) in containment rooms is consdered of sgnificance for SAM.
The issue has been and it is il being investigated extensvely 9. Simple
empirica models (Dorofeev, Sherman-Berman) are available for evauaing the
probability of DDT in a given room, conddering geometry and mixture
composition. Additional understanding and review are needed to extrapolate
research results to prototypic geometry. Research programs currently active
should be pursued to completion.

10. Deébris-liner
contact

This safety issue was raised for Mark | BWR, due to the short distance that the
corium melt would have to traverse to attack the containment liner, in case of
vess rupture at low pressure. The conclusion of research done in the frame of
CSARP weas that the probability of liner failure with water present in the drywell
was too low to consder the phenomena physically reasonable. No additiona

research is necessary.

11. MCCI

Prediction of basemat attack can be performed by means of available smplified
models (CORCON and WECHSL). A new mode (12) exists that couples
therma-hydraulic and physca chemica effects. Additiond work would be
needed to implement the new modd in exigting predictive codes. Also researchis
needed on the development of predictive models for long-term MCCI.

12. Direct
Containment Hesating

Containment

The issue has been resolved (CSARP) for Westinghouse plants, with finding of
no significant falure probability, based on evauation of containment loads and
fragility. Models are available to determine containment pressurisation and hegting
due to DCH, which have been developed in the frame of CSARP for PWR-
typicd geometry. SAM action of vessd depressurization for mitigation of DCH is
effective.

No additiona research programs are needed
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3rd Objective: Fission Product release prevention, termination and mitigation

SAM actions are directed at reducing the inventory of radioactivity available for release, or
reducing the release rate.

CHALLENGES

RELATION SHIP TO SEVERE ACCIDENT RESEARCH

13. Reduction of
arborneinventory in
the containment by
“naturd” deposition

Research about deposition mechanisms ®? indde the contanment is being
conducted in the frame of Phebus FP project and other facilities in the EU, such as
PITEAS and AHMED. Project STU has performed research on uncertainties
related to source term, and concludes that aerosol deposition physics in
containment is farly wel underg¢ood, and man uncertainties arise from the
prediction of flow conditions and the coupling of aerosol physics to therma-
hydraulics in multicompartment geometry. EU project APC identifies hygroscopy
and diffusophoress as sources of uncertainty. In large containments, gravitationa
sedimentation is the predominant “natural” decontamination mode. From the point
of view of SAM, additiona research is only judtified if a subgtantid reduction of
uncertainties can be achieved, because naurad depodtion is a reatively dow
decontamination process, and usudly engineered systems (Sprays) are initiated for
SAM, when there are threats to containment integrity (8).

14. Removing
suspended aerosol
by means of pray.

Sorays were origindly intended for reducing steam pressurisation of the
containment, and not for aerosol remova, and they are not designed for the
prolonged release of radioactivity expected in a severe reactor accident (8).
However, they can be very effective in paticle remova. Physics of aerosol
removal by sprays seemsto be well understood, and vaidated models are available
(EU-STU project). However, chemigry effects are less well understood, and it is
important from the point of view of SAM to preserve the remova efficiency of the
spray system over the long period of a reactor accident (8). Chemistry plays a
magor role in oray efficiency in thelong term.

An example of uncertainty isremova of organic | species, which according to result
of Phebus FP tests could be the species predominant in the long term. Thereisaso
uncertainty on the long-term capability of spray systems, after they become
saturated with | (8).

Additiond research on the efficiency of spraysin the long-term is judtified.
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15. Reduce release
rate by FP scrubbing

Scrubbing is applicable to the flooded secondary side of the SG during a SG tube
rupture accident and to BWR steam suppression pools.

FP scrubbing is a very complex phenomenon. According to EU project STU,
pool-scrubbing modds are well vaidated for low-pressure differentia injection into
containment pooals, asin BWRs. Good experimenta studies have been conducted
(8). There are less data available to vaidate models in the jet injection regime
applicable to SGTR accidents, where pressure differentiad is grester.

Research on retention of FPs in the pool for high injection velocities, and the
influence of surfaces present in the injection area will be performed in the EU-
SGTR project

18. 1 removd,
incdluding reduction of
long term release of
gaseous |

Some plants have been traditiondly equipped with systems able to remove lodine
expected under DBA, when only some limited gap release is expected (i. e. HEPA
filters). Other plants rdy only on naturd deposition mechanisms to mitigate airborne
l.

During a severe accident a substantia | release can occur, and long term generation
of gaseous | is a concern because of the ability of | to partition from water into the
containment atmosphere. Mogt plants have ingtalled measures to control the pH or
to fix volatile | in water, by means of additivesto the spray or sump water, in order
to limit the gaseous iodine generation.

Maintaining high vaues of pH in the water bodies present in the containment, is an
effective measure to prevent conversion of | compounds into gaseous volaile form

9.

According to EU-STU project, |1 speciation could be of sgnificance only for

accident sequences where filtered venting is expected, due to the different filtering
efficiencies of | gas species compared with aerosol species. However, presence of

gaseous | forms in the containment atmosphere is dways a concern, especidly for
plant Ste operators. | behaviour in the containment has been the subject of two
current EU projects (IC, OIC). Also, much work has been done to explain findings
of Phebus FP tests FPTO and FPT1.

Generation of volatile organic | compounds, in chemica reactions with containment
paints, has been identified in Phebus FP tests. Additiond research would be
needed to delineste the phenomena, and to study efficient ways of reducing the
release of organic gpecies.
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4™ Objective: Maintain Monitoring and Forecasting Capability. Maintain
Equipment Capability.

These objectives are concerned with the usability of the instrumentation to monitor and forecast
the progression of a severe accident. Severd factors determine the usability of instrumentation:
especid environmental conditions created by the severe accident, submergence in water, and
the availability of dectricad power. Other factors are the range of the vdidity of instrumentation

and the capability to repair equipment.

EU project ASIA of the 4" FWP has addressed the development of a methodology to assess
the survival potentid of certain insruments during severe accidents, and aso the development of
agorithms for the purpose of signd vaidation and accident identification. However, no other
projects in the research literature have been found. In principle, research on the survivability of
Specific ingrumentation and equipment is the repongbility of vendors. However, the question of
forecasting and diagnosis capability of plant operators during severe accidents, is more generic
and can be the subject of research.

New projects, addressed to the development of generally applicable algorithms and tools to
improve forecagting and diagnoss capabilities, would help in the implementation of SAM and
operator training.

C.25. Conclusons

There is sufficient information available on the subject of severe accident phenomena to
implement adequate SAM guiddines for exigting plants.

However, additiona knowledge gained in some areas where uncertainty ill remains, will

contribute to a better assesment of SAM, and to an increase of confidence in SAM

effectiveness, and dso to an improvement in plant personnd training.

Some phenomena discussed here are directly related to SAM effectiveness. In other cases,
phenomena are related to SAM only in that they can cause a dynamic change in the accident
conditions or the integrity of the safety barriers: RPV and reactor containment.

The rdationship between SAM chdlenges, for both PWRs and BWRs, and the dtate of

“open” severe accident research programs has been andysed. Research programs exist on
most phenomena which condtitute chalenges to the effectiveness of SAM for present
reactors. However, needs of additional data and analyses which would help to clarify some
questions on SAM effectiveness have been identified.
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APC:  Aerosol Physicsin Containment
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C.3. Relevance of SA Research to PSA and Risk-Informed Regulatory Approaches
C.3.1 Background

Higtoricaly, the Western nuclear reactor licenang process has been based on deterministic
regulatory requirements, involving defence-in-depth, and the use of multiple barriers to fisson
product release (i.e., fud, reactor coolant system boundaries, and the containment system). To
account for the uncertainties associated with the design, operation, and phenomenologica
processes impacting the conformance with deterministic regulatory requirements, sufficient
conservatism were built into the anadlyss tools, and the determinigtic regulatory criteria  Plant
design requirements have been derived through the andysis of Design Basis Accidents (DBAS),
supplemented by the single fallure criterion to ensure an adequate level of rdidbility for safety
systems [1].

DBAs are a set of occurrences selected to envelope credible accident conditions, and to ensure
that these accidents could be accommodated within the desgn envelope. The probabilistic
safety assessments (PSAS) have confirmed that the risks of nuclear reactor accidents result from
events that occur outsde of the desgn bass domain, and are due to multiple falures, human
errors, and externd initiating events [1].

The western nuclear regulatory process has evolved from the initid “engineering judgment”
framework of the 1960's, the prescriptive deterministic requirements of 1970s, the trandtion
years of the 1980s, to the present day movement toward risk-based approaches.

In recent years, events that were and would be contributors to risk in PSAs have become a
greater focus of regulatory efforts than in the past, but quantifying the Sgnificance of these events
and a subsequent redlocation of utility and regulatory resources have not fully been redized. The
deterministic design basis of the 1970s is just being revisted in some of the western countries
(eg., United States). This is because; the deterministic design basis has grown to cover the
ever-broadening events and requirements, whose benefits are not dways clear. A few
examples might be gppropriate;

1. Fres are typicdly found to be sgnificant contributors to risk (especidly in older
plants). In the United States a very prescriptive requirement has been developed
(10 CFR50.48/Appendix R) and implemented, with the objective of reducing the
consequentia impact of firesin nuclear power plants. Despite dl the requirements
and plant changes, safety assessments conducted since implementation of this rule
dill shows firesto be sgnificant contributors to risk in some plants.

2. Environmentd Qudification (EQ) of equipment requires a massve testing and
documentation, using licenang basis accident conditions, and alows no recognition,
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that not al safety related components are equaly important. The redity is thet the
relative importance of components and equipment subject to the EQ varies by
orders of magnitude. The risk is dominated by a reative handful of equipment. In
addition, the radiation doses used for EQ-purposes have been established based on
non-mechanistic bases. These could be re-evduated based on the current
knowledge-base.

3. Because of the large degree of conservatiam in the origind design, many plant
systems operate on the edge of the “acceptable performance.” This has resulted in a
large expenditure for testing, maintenance, and replacement of mgor components to
persevere performance a licensing-based limits not related to risk.

In recent years, as PSAs are becoming more wide spread and their benefits more transparent;
PSAs are being used with increasing effectiveness to enhance plant safety in a more integrated
and consgtent framework. Use of risk assessment in regulatory safety would alow the industry
and regulators to focus on the "important” systems and issues and, at least by implication, stop
wasting those resources, which have been devoted to unimportant uses.

C.3.2. Risk-Informed Regulation

Regulation is defined as the entire process of interactions between the licensee and regulatory
authority, encompassing legd, design, and operating requirements; ingpection activities;, and
performance assessment [2].

Risk-informed regulation involves the whole area from implicit probabilitic consderations in the
traditiona determinigtic requirements, to an intensive use of probabilistic safety and risk andysis
results in optimization of regulatory attention, enforcement of regulatory requirements, and for
more efficient utilization of resources to enhance safety improvements by plant owners and
utilities

Closdy reated to risk-informed regulations is the concept of performance-based safety
requirements or rules, which are intended to focus the regulatory process on the desired safety
results instead of on the methods used to achieve those results [3].  Such requirements or rules
do not specify the process, but instead they establish the desired goals to be reached, and how
the achievement of such goals can be judged [4]. The inspection and enforcement activities are
then to focus on the confirmation of whether the overal gods have been attained.

The generd objective of risk-informed regulation isto define requirements, which are consstent
with the risk importance of the equipment, events and procedures to which the requirements
aoply. The gringency of the risk-informed requirements should be directly related to the risk
and safety importance of the contributor being regulated.

The genera objectives of risk-informed concepts are consstent with the overdl objectives of

the exiging nuclear power regulations and safety philosophies in many European countries.
However, the concept of risk-informed regulation differs from the exising, by in large
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deterministic gpproach to regulaions, in terms of the approach to implementation of nuclear
safety objectives. Most current regulations have been devised without explicit consderation of
risk importance of the contributors. Instead, the existing regulations have been developed based
on a reativey ad hoc quditative perception of important contributors, usng subjective
engineering judgment with large degree of conservatism built into the deterministic regulatory
requirements. What sets gpart the concept of risk-informed regulation from the exiding
gpproach is that risk-informed regulation is based on a strong dependence of the regulatory
decisons on ingghts based on plant-specific PSA results. The regulatory requirements are
specifically tied to the risk importance of the contributors through the PSA; therefore, providing
asysematic, condstent, judtifiable and audit-able basis for regulatory requirements.

The objectives of risk-informed regulation dictate that the regulatory requirements are
commensurate with the risk contributors (i.e,, regulations should be more dringent for risk
important contributors, and less sringent for risk unimportant contributors).  Therefore,
provided risk-informed regulatory criteria are gppropriately developed, a systematic and
efficient expenditure of resources are to be expected, while, smultaneoudy, a bdance in overdl
safety of nuclear power plant can be achieved. These objectives would further strengthen the
traditiond multi barrier (i.e,, “defense-in-depth”) safety philosophy, and provide a quantitative
means of demongtrating compliance (or degree of non-compliance) with regulations.

There is a difference between risk-based and risk-informed regulatory concepts. In the risk-
based regulatory concept, the focus is placed predominantly on the results of plant-specific
PSASPRAS in a more dringent and rigid fashion. On the other hand, the concept of risk-
informed regulatory process would not necessarily demand such a rigid reliance on the PSA
results, ingteed, the ingghts drawn from plant-specific PSAYPRAS could be utilized to assess
the relative importance of the various safety issues.  In such an gpproach, the uncertainties
associated with the numerical results of the PSASPRAS are expected to have a less sgnificant
impact on the decison-making process. In either concept, increased emphasize is placed on the
qudity, completeness, and the methodologicd vintage of these studies. Therefore, it is very
crucid that the methodological and scope of PSASPRAS is consstent with established
PSA/PRA dandards.  This necesstates the development of risk standards for use in
performance of plant-specific sudies to be utilized in regulatory gpplications. This is not be
interpreted that al the existing PRASPSAs will need to be redone, but it is to emphasize that the
living PSASPRAS need to stay abreast of the recent development, and by definition, they need
to be consigtent with established methods, data, and other standards.

To summarize, the overal objectives of risk-informed regulaionsinclude [5]:

1. Enhancement of safety by focusing regulatory attention and licenang resources in
areas commensurate with their importance to public hedth and safety.

2. Process by which regulatory overdght can be rendered within a framework that
usesrisk ingghts and information.
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3. Process by which risk information can be utilized to provide flexibility in plant
operation and design, which can result in reduction of burden without compromising
public hedth and safety.

The gods of risk andysis are to estimate the severity and likelihood of harm to human or the
environment occurring from exposure to arisk agent. Mathematicdly, risk is defined as.

R = Freguency of undesirable events x Consequences

Specificdly, for a complex system (i.e., a nuclear reactor), the frequency of the undesirable
event could be divided into its congtituents, and provided the consequence measure is defined,
the risk can then be estimated.

Devedopment of a PSA modd is very specidized. It requires the build-up of Boolean logic
models of the various systems; collection and andysis of higtorica events/data; collection and
use of component failure data; detailed knowledge of engineering systems and their operations,
development of system success criteria and analysis of accidents usng models based on
uncertain physica and chemica processes, and incorporation of man-machineinteractions (i.e,
human factors), to list afew. One of the mogt difficult problemsin the quantification of risk isthe
assessment of consequences of severe accidents. These consegquence measures can be defined
in many forms, induding:

1. Typica consequence measures defined based on the results of the so-cdled “leve-
2" PSAssuchas:

- Radiologicd release quantities

- Activity associated with radiological releases (which can be estimated by extending
the cdculations of releases to include radioactive decay and transmutation leading to
assessment of release activities).

2. Typicd consequence measures defined based on the results of the so-cdled “leve-
3" PSAssuch as.

- Ground contamingtion leve
- Prompt and latent fatdities
- Radiation dose

- Economic impeacts

Therefore, it is obvious that the uncertainties in quantitative estimates of risk are directly related
to the uncertainties in the severe accident and source term phenomenological prediction
cgpabilities, anong other things.

Risk-based regulations require well-identified risk targets, which can be and used to assess plant

and design performance. The probabilistic safety criteria (i.e., safety gods) should be viewed as
economic optimums [6-7]. These criteria are typicdly viewed as aspiratory targets. Therefore,
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risk reduction well below these targets will impose great economic burdens, including large
capital and operating cogts. On the other hand, exceeding these criteria Sgnificantly could have
large economic and socia consequences as a result of nuclear accidents, with the congraints
that an adequate level of safety that must be assured without regards to cost. However, beyond
this level of safety, cost and socid implications must be consdered in dedling with sfety
Improvements.

SAfety gods and probabilistic safety criteria have been proposed by vaious regulatory
organizations, and for use in various industries. Results of recent PSA studies show that the risk
of severe accidents are for the most part, mitigated by the existing defense-in-depth approach to
design, and by-in large, the existing gpproach to regulaions has been effective in protecting
public hedth and safety. On the other hand, these studies dso show that the potentid for very
large, rare, radiologica releases cannot be ruled-out. Therefore, given the public perception of
nuclear reactor accidents, it is difficult to gain the confidence of the genera public, unless both
the frequency and the consequences of such accidents can be shown to be at inggnificant levels
with a large degree of confidence. Accident and radioactivity release frequencies could be
reduced substantidly, through a balanced, risk-informed improvements and/or design,
commitment to a defense-in-depth, proper atention to accident mitigation, and operationa
safety culture. Accidents of rdatively large frequency could be prevented through plant
modifications and/or design. On the other hand, research results will be very useful in providing
additional confidence that accidents of increasing consequences can be shown to be very
improbable (based on acceptable probabilistic methods), and to the extent economica, should
be designed to be mitigated by engineered systems.

The PSA dudies have adso shown that the regulatory decision-making could be piece-med and
there is a need for achieving a baance in the approach to the implementation of the exising
licensing requirements in most of the Western countries. On the other hand, the same studies
have dso largely confirmed the adequacy of the defense in-depth safety philosophy whichis
certainly quditatively probabiligtic, and risk-based, even though the actua implementation of this
process has been based on deterministic requirements.

If rik-informed and performance-based regulation is to take hold, there will be grester reliance
on the results of plant-specific PSAS, and the use and application of PSA numerica vaues. This
necessitates grester emphasis on the better understanding of the governing uncertanties,
including phenomenological uncertainties. The most prudent approach to closure of severe
accident and source term uncertainties, could be based on the principle that even though the
resolution of al outstanding uncertainties may not be an achievable objective; enough knowledge
should be gained through continued research so that the potentia benefits and/or detriments of
accident management measures, could be assessed.

C.3.3. Current Trendsand Out-L ook in Europe

The exiding regulatory framework in most European countries has dways been quditatively,
risk- and probabilidic-based, even though, by esablishing the fundamentd deterministic
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licensing criteria, it was argued that the probabilities of occurrence of severe accidentsis zero or
acceptably low [10].

Mogt of the European regulatory authorities do not use forma risk-based acceptance criteria
with respect to the find numerica results of plant-specific PSAS, even though severa European
countries have formulated and established probabilistic safety criteria, not o much as mandatory
safety limits [10], but rather as aspiratory targets supporting the overdl licensng decisons.
These criteria are typically not legdly binding requirements. The Netherlands is by far the most
progressve with respect to the adaptation of a globa safety policy, where the nationa
“acceptable risk limits’ need to be respected by al potentidly hazardous industries and
activities, even though these risk limits do not have any legd satus[10].

In most European countries, as in the United States, plant-specific risk results have been utilized
by the regulators to justify regulatory actions (e.g., requirements for plant-specific or generic
improvements), or by the utilities, to judtify plant-gpecific modifications (eg., judtifications to
support arguments againgt specific regulatory decisons and/or actions). All in dl, the current
approach could be viewed as “risk-informed” but not “risk-based.” So long as potentia
changes in the plants or exemptions from regulatory requirements, do not dter the fundamentd

determinigtic bases on which the operating licenses are granted, risk-informed arguments have
been found to be generdly acceptable. However, in ingances where the “the fundamenta

deterministic bases’ are to be atered, problems have surfaced. For ingtance, if a change in the
plant technica specifications can be judtified on the bads of risk arguments, it becomes difficult
for the regulators to grant the modifications, as this may violate the origina deterministic bass. A
fundamentd change in the exising regulatory bass smilar to that currently underway in the
United States, has to be discussed and agreed to.

The results of the severe accident research are starting to be utilized in some of the European
countries. These reaults are generdly included as part of the Severe Accident Management

Guiddines (SAMGs) that are being implemented, by varying degrees by various European
utilities. The regulatory authorities have dso been instrumenta in requiring certain plant hardware
and procedura modifications that have been guided by the results of severe accident research.
Examples include, cavity flooding to provide for external cooling of the lower heed, externd

containment cooling (for long-term heet removal), in Finland, to name afew.

C.34. Potential Requirements on Severe Accident and Risk Assessment
Resear ch

The degree by which the regulatory decisiornrmaking process is tied to the quantitative risk
information, will dictate the requirements that will be placed on the results of severe accident
research.

In the early, in-vessel phase of severe accidents, the unresolved issues that require additiona
research ded with release, trangport and chemica forms of volatile fisson products. In generd,
even though the exiging uncertainties are not fully quantifiable with the results of the available
data; neverthdess, it is believed that from the standpoint of accident management actions and
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regulatory decison-making, it would be very difficult to expect that additiona research will
necessxily ater the decision-making process. On the other hand, for accidents occurring at
shutdown (with the reactor head removed), or accidents involving spent fud pools, the potentia
for ar-ingress and additional oxidation of the cladding and revolatization of some of the
otherwise non-volatile fisson products (eg., Ru), requires additiona research, as there is
currently no information available in the literature that could be useful for the purpose of risk
Studies.

In the late, in-vessal phase of severe accidents, the most significant outstanding issues that could
benefit from additional research and are dso rlevant to regulatory decison-making, especidly
in evauating the impact of SAM actions, include (See Table 1):

1. Médt/Debris Coolability in the Lower Plenum by Internal FHooding

2. Mdt/Déebris Cooldhility in the Lower Plenum by Externd Cooling of the Lower
Head

3. Mode, Location & Size of Lower Head Failure

In addition, the current database for andysis of the release of volatiles and semi-voldile fisson
products inside the lower plenum is not adequate, and it is desrable to develop the additiona

data and models for release of fisson products in a molten pool configuration. This was dso
recommended as part of the recent peer review of the Phebus experimenta program [11]. On
the other hand, this issue is not as important to the overal regulatory evduation of SAM

srategies, and/or other relevant regulatory actions, because, it is not expected that any of the
percaeived SAM actions could exacerbate the melt conditions that could lead to higher releases
of fisson products, nevertheess, it would be desirable to have a better technica basis.

In the ex-vessdl phase of a severe accident, the issue of molten debris pool coolability remains
unresolved. Provisions for a deep or shdlow water pools under the reactor pressure vessd

cannot be demongrated to ensure long term debris coolability, following mdt discharged from
the reactor pressure vessd. Interaction of the mdt jet may lead to very small particles (in the
event of a seam explosion), which may be difficult to cool in the form of a debris bed of low
porosity [12]. Incomplete fragmentation will lead to a melt layer on the concrete basemat under
aparticulate debris layer and awater layer.

Coolability of amelt pool interacting with a concrete basemat by an overlaying water pool has
been under intense investigation in the MACE Project, sponsored by an internationa consortium
and managed by the Electric Power Research Indtitute (EPRI). Three experiments wang met
materid containing Uranium oxide, Zirconium oxide, Zirconium and some concrete products
[12] that have been performed to date that have shown that the sSdewall dominated the
phenomena, since an inaulating crust was found to form that atached it to the sdewadls. The
cust prevented intimate melt-water contact and prevented long-term debris coolability.
Therefore, given the importance of achieving a stable debris configuration following a severe
accident with the resultant impact on containment integrity, this issue remains one of the vexing
and unresolved severe accident issues with potentid impact on the manifedtation of the
effectiveness of the potentia ex-vessd SAM actions, and regulatory resolution of severe
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accident issues. On the other hand, it should be noted that the effectiveness of overlying water in
retaining fisson product aerosols is established and DF factors of the order of 10 [13] have
been reported (for typica ex-vessd pool depths); however, any additiona research would only
help in narrowing the range of uncertainties for the expected decontamination factors at
prototypic depths, water subcooling, and gas sparing rates.

Other issues with a high importance to regulatory decisions, and where additional research could
improve our technica basisinclude:

1. Retention of FPsin the secondary side of damaged steam generators (following
aSGTR event)

2. Fud Falure Criteria

3. Fisson Product Revaporization

4. Volatization Potentid of Refractory Groups

Since SGTRs have been found to be mgor risk contributors in most PWR risk assessments,
and the current SAM drategy involves the refill of the damaged steam generators. Substantial
retention of aerosols due to this added water is predicted usng any of the available computer
codes. There is no reason to suspect that additional experiments would not generdly confirm
these predictions; however, in order to buttress the current position, it is desirable to provide an
adequate basis of the current understanding. Studies underway in Switzerland in an EU project
are expected to contribute to our understanding of fisson product retention due a water-filled
steam generator.

It would be worthwhile to assess the current requirements for fud fallure criteria that could
impact the more redigtic prediction of design bas's accidents, and radiologicd activity andyss.

A subgtantid fraction of the fisson products released from the fudl are expected to be deposited
on the reactor coolant system (RCS) sructural surfaces during trangport of fisson products
from the core into the containment. Some of these fisson products may be chemicaly
absorbed, while others may adhere as aerosol deposits to various surfaces. Following reactor
pressure vessd fallure, these fisson products will continue to heat-up the various surfaces,
eventudly leading to conditions where vaporization of nortchemically absorbed species and/or
compounds will lead to their release into the containment, and possibly into the environment.
PSA dudies have shown that this revaporization component has a mgor contribution to
accident source term, especidly for accidents involving late containment falure. The current
modelling of fisson product revaporization is not supported by an adequate database, and
needs to be improved. This could dso be hdpful to establish additiond containment protection
and mitigation drategies that would circumvent the uncertainties associated with the late
radiologica releases.

The increased use of risk assessment in regulatory decision-making requires improvements of
probabilistic safety assessment studies in anumber of areas, including modelling of :

1. Organizational and safety culture aspects

2. Passve components (e.g., piping, steam generators, resctor pressure vessd, etc.)
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Equipment aging

Operator actions (i.e., human rdiability),

Software reliability and digital systems (e.g., digital control and protections-systems, and
State-of knowledge uncertainties.

oo Aw

Management direction, control and overdght plays an important role on both equipment and
human rdiability esimates. Quantitative incluson of organizationa and safety culture aspects are
important factors leading to completeness of PSAS, and assessment of plant performance (14).
Methods have been proposed )e.g., see (14) that require specific data collection and analysis,
including development of aternative and improved approaches to inclusion of organizationa and
safety culture influences in PSAs. This research could dso help in the development of
approaches to risk-based or risk informed, peformance indicators for assessment of
performance of nuclear power plants as well as regulatory authorities (e.g., assessment of
regulatory effectiveness and regulatory oversight process).

The rdiability of passive components and equipment aging require additiona research in order
to clearly establish a more mechanigtic basis to the current gpproach. Modeling improvements
would enhance the current datisticaly empirical gpproach.

Inclusion of human reliability and operator actions with PSASs is currently based on softer and
less rigid scientific moddling approaches. It is unlikely that future research in this area could
eliminae the judgmental and subjective aspects of this important PSA dement. However,

improved methods for incorporation of plant and operator performance data, including methods
for collection and application of increasingly more sophisticated smulators, would benefit PSAs.
This includes development of semi-empirical modes for incluson of abroad spectrum of human
errorsincluding errors of commissions and omission.

The increased use of digital insrumentation, control and protection systems in nuclear power
plantsis introducing some unique religbility and risk issues. In addition, incorporation of software
and digitd rdiability issues within the PSA modeing framework needs additiond research.

Experience in other technologies and industries (e.g., aircraft, aerogpace, etc.) may be useful to
development of any future research programs.

Use of risk ingghts for regulatory decisonrmaking dictates and adequate knowledge of the
range of uncertainties associated with estimated results of plant-specific PSAs. Assessment of
uncertainties in mogt of the current PSAs is ether non-existent, or focused primarily on data
uncertainties. Quantification of modeling and date-of-knowledge uncertainties has received
condderably less attention. However, increased use of risk results, especidly, the bottom-line
risk contributors demand a much better treatment of al potentid uncertainties within plant-
specific PSAs. A longer-term research amed at developing mathematica techniques, and
procedures for quantification and propagation of uncertainties within a PSA framework is
desirable.

In addition, in anticipation of the move towards risk-based decision-making, it is important to
further develop the technica basis for PSA applications by deveoping:
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Detailed procedurd guides for full power, non-full power and externa events PSAS,
including issues relevant to new generation of power reactors

Guiddinesfor PSA quaity assurance and peer review requirements

Graded approach to risk-informed regulatory activities, including In-Service Inspection
(1S1), In-Service Testing (IST). And plant maintenance and backfit actions

Guidelines for cost/benefit andyses associated with any proposed changes in plants either
to modernize or to enhance safety (based on new insights of safety research)

This will ensure direct gpplication of risk and severe accident research results by end-users,
incdluding regulatory organizations and power plant operators.

C.35. Summary and Concluding Remarks

There is a red impetus to complement the current traditiond, deterministic-based approach to
reector regulations. Even though in many countries, an explicit change in the regulatory
approach has not been codified, neverthdess, risk-ingghts and results of plant-specific PSAs
are increasingly being utilized for regulatory decisortmaking, and to respond to request from
utilities for exemptions from certain determinidic-based regulatory requirements.

This trend will pose additiond requirements on the qudity, and the technica foundations of the
exiging PSA results.

Substantial progress has been made over the last 20 years in resolving many of the important
severe accident issues. In addition, generic procedures have been developed by various owners
groups and are being implemented by various plants, in order to circumvent the existing severe
accident uncertainties, and as away to overcome the potential severe accident vulnerabilities. In
some cases, these procedura modifications are aso implemented aong with hardware changes.

Therefore, the current severe accident research needs to be focused towards addressing those
issues that will help increase the confidence in the viability of the various severe accident
management actions.
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C.4. Questionnaire and the Evaluation of Responsesto Questions
C4.l Questions and Responses

A Questionnaire based on the objectives of the Project was prepared and sent to the nuclear
regulatory authorities or their technical support organizations in Czech Republic, France, Finland,
Germany, Hungary, Japan, the Netherlands, Slovakia, Slovenia, Spain, Sweden, Switzerland, United
Kingdom and the United States. All of the country representatives contacted provided responses to
the questionnaire.

The following provides an overdl summary of the responses provided by the respondents to each
question ligted in the ISARP Questionnaire.

1. What or ganisations ar e supporting you?

All the authorities are supported ether by dedicated and independent indtitutions or industria
contractors and universities. It should be noted that, some of the respondents only provided ther
funding sources, instead of ligting their Technicad Support Organisations (TSOs).

2. Whoisresponsble for funding the SA research?

Most respondents indicated that SA research funding is elther provided through governmenta budget
or shared by utilities. However, it was pointed-out by some, that ultimately, al cogs fal upon the
licensees. All countries commented that modest funding has been obtained through the CEC (4™
Framework Programme), or other CEC-sponsored programs.

3. What isthe safety policy/philosophy to support decison making?

All inditutions concord that safety policy is based on guiddines, i.e, a prescriptive approach,
developed either independently on state-of-the-art knowledge, or based on guidelines developed in
the countries of origin of the plants. The Finnish gpproach aso requires an adequate understanding of
the plant behaviour under al gpplicable operationd conditions. In addition, it is gpparent that one of
the outcomes of SA research isto buttress the "defence-in-depth” that is embodied within the current
Western reactor design and licenang bass. However, the overal regulatory decisonmeking
process continues to be based on "determinigtic” philosophy, which is being increasingly supported
by risk ingghts.

4. Would you like to have the support of the SA research?

Most responding indtitutions favour the continuation of nuclear safety research to support safety
decisonr-making. The focus of safety research varies amongst the various countries, due to the

influence of nationa nuclear safety research budget, organisationa and other nationa priorities.

5. How do you use theresults of SA research?
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Mogt of the responding indtitutions appear to employ the results of SA research to improve the
modes embodied within SA computer codes. In addition, SA research is found to be ussful for the
development and implementation of plant specific Severe Accident Management (SAM) drategies
and guidelines, as wdl as instrumentation and mitigeative sysems (e.g., locations of recombinersin
containments, filtered vent ingtalation, etc.) for use under severe accident conditions.

6. Areyou satisfied with the SA resultsthat you have used so far?

All indtitutions are only partidly satisfied with past results. It is worthwhile to note that some of the
respondents believe that the results of past research may have actudly contributed towards
increasing phenomenologica uncertainties, rather than reducing them.

7. How have such SA research results affected your decison making related to protection
against severe accidents?

Opinions are divided amongs the responding ingtitutions. Some believe that uncertainties in key
phenomena eg., seam explosons, in-vessel and ex-vessd mdt coolability, are Hill large thus
impeding regulatory decison making in some aeas.  The others contemplate gpplications of SA
research results mainly to the development and implementation of SAM measures (pre- and post-
core damage) eg., RCS depressurisation, containment venting, hydrogen control, in-vesse mdt
retention, and melt spreading, etc.

8. Where and why do you see further needs of SA research?

Severa respondents do not foresee the need for continued general research just to gain further
academic phenomenologica understanding. While most others foresee the need for continuation of
research as a way to improve our understanding and to reduce overdl uncertainties associated with
key phenomena. Overdl, there gppears to be genera support for continuation of some SA research
in order to maintain competence and expertise in reactor safety. However, the focus of such
research should be increasingly on issues rdated to accident management, including a better
understanding and qudification of instrumentation and systems during severe accidents.

9. Which areas of SA research would you like to be investigated further and why?
Could you prioritise?

All respondents follow the response to the previous question. There appears to be a generd
consensus on the need for additional research as related to in-vessdl and ex-vessd mdt coolability,
inrvessd corium retention, steam explosions, and phenomena related to potentid issues arisng from
SAM implementation.

10. What are your requirementswith respect to severe accidents?
There is a Sgnificant variation amongst the various countries regarding requirements with respect to

severe accidents. In most countries, SAs are consdered to be beyond the design basis accident
envelope; while in other countries, specific guiddines exist regarding SAs. Overdl, SA risk isto be
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demonstrated to be low, and the vulnerabilities to severe accidents are expected to be diminated
through procedurd and/or plant-specific modifications.

11. Isthefocus of SA research consistent with what you deem appropriate?

Some responses were negative, either because the research carried on thus far has been too generic,
or because it was pointed out through their responses, that the current SA research is unduly focused
on the needs of future reactor designs, not addressing the needs of the existing operating plants.
However, severd respondents indicated that the closure of some of the more important SA issues
has been achieved primarily based on the results of the past SA research programs; and therefore, it
was judged by some of the respondents that the SA research has been appropriately focused over
the last few years.

12. What isyour view: should SA research focus on prevention or mitigation actions?

Prevention (especidly of energetic phenomena which could chalenge containment integyrity) is of
primary interest to most of the respondents. However, most recognise that research on mitigative
phenomena (including improved operator training and instrumentation for use during SA'S) is essentid
in order to provide the technica bases for management of potentia accidents and mitigation of
radiologica releases.

13. What is your view of backfits in existing plants to enhance safety and on the issue of
benefits/costs?

In general, al appear to agree that backfits based on risk reduction are, and have been,
implemented. Some backfits have been peformed on the bass of deterministic considerations,
some on the basis of systems andyss (PSA level 1) only. However, even though cost-benefit
arguments are useful, nonetheless, most ingtitution agree that to some degree, cost- benefit arguments
are of rdaively lower importance, especiadly considering the prevailing public opinion.

14. Do you feel that there are sufficient SA research resultsto satisfy your needs?

Most respondents fdt that either the exiging data is not totaly sufficient, or it is of limited use to
regulatory applications. Instead, some of the respondents believe that SA research to date has not
been respongve for gpplication to plant specific issues, and that research in the future should
concentrate more on the needs for SAMs. Some of the respondents noted that some of the accident
research database has been proprietary, and the results of those programs have not been shared
expeditioudy amongst the nuclear safety community.

15. Do you see whether future SA programs envisaged will satisfy your needs in the next
century?

In generd, the respondents indicated that any new research program must pass a test of importance
of the expected results in light of actua current and future safety needs, commensurate with any
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future nuclear power developments. Thereisagenera consensus for continued research in order to
maintain expertise and to enhance overal technica undergandings. Additiond emphasis should be
placed to co-ordinate future research programs, in order to ensure their relevance to issues of
regulatory and safety concern. Future research may aso be needed to support upgrading of older
generation of Eastern European nuclear power plants. In addition, as the safety requirements on
future reactors are increasingly focused on the incluson of severe accidents within the design basis
envelope, additiond research to support the qualification of severe accidents design bases for future
reactors will become necessary.

16. Will there be a changein regulatory demands on SA research if theregulatory decison
making is based on risk analysis?

Most respondents do not foresee a change, since ether risk information has aready been used to
support regulatory decison-making, or smply because regulatory decisons are being, and expected
to be, made solely on determinigtic bases.  On the other hand, the move towards risk-informed
decison-making may entall additiond demands for reduction of SA uncertainties and thereby
continued research in some areas of SA may be warranted.

17. Is gaining knowledge to reduce uncertainties in risk assessment of value to
regulatory decison making?

There appears to be a general consensus that at least to some extent gaining knowledge to reduce
uncertainties in risk assessment is of value to regulatory decison making, provided that research is
appropriately focused.

18. Some regulatory and research organisations have concluded that the following SA
issues have been resolved:

a modefailure

DCH for Westinghouse PWRs

liner failurefor G. E. Mark 1, BWRs

while some of the following issues ar e consider ed unresolved:

vessel failure modes

fuel-coolant interaction (steam explosions)

melt debris coolability in-vessel and ex-vessel
hydrogen combustion (DDT, global detonation)
source term (revolatalisation, ex-vessel release)

What are your views on each of the above statements? Please prioritise the importance of
each one of these and the needsfor further research if any?

All inditutions fed that dpha mode falure, DCH for Westinghouse PWRs, and liner falure for G.E.

Mark | BWRs have been resolved. However, dl point out that the last two are not generic issues,
and can be resolved only on a plant-specific basis. The combined result of prioritisation of the other
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issues to be resolved appears to be that:

1. Mod respondents attach the highest priority to the issues of in-vessel and ex-vesse cooling.

2. At least 4 respondents attach ardatively high priority to resolution of hydrogen issue.

3. Two respondents attach a high priority to resolution of fisson product release and transport
ISsues.

4. Mog respondents include al of the listed issues where there is a need for additiona reduction of
uncertainties.

19. Are you using any of the SA computer codes or models to support your decison
making? What areyour viewson further development of SA codes?

All of the surveyed organisations gppear to be usng SA codes to support their decison making
process. Most consider that SA codes should be improved or further devel oped, using results from
experiments for vdidation, and thus reducing uncertainties in caculated results. None of the
ingtitutions, however, recommended development of a new large system code, since existing codes
appear to be satisfactory for the purposes of andysing SAM dirategies.

20. What is your current estimate of the contribution of human error to the SA Risk?
Do you fed further research isnecessary or appropriate to reduce this contribution?

All respondents identify human error as being a large contributor to severe accident risk in nuclear
power plants. However, most point out that the probability of human error used in the analyses may
be sgnificantly overestimated, due to lack of gppropriate credit to recovery actions, in most existing
andyses. Furthermore, the respondents appear to support the continued research in human reiability
andyss.

21. What are the outstanding SA issues that require additional research to ensure proper
credit for Severe Accident Management Guidelines (SAM Gs) being considered by various
Owner’s Groups? For ingtance, is it required to know the decontamination factor (DF)
associated with water, under conditions of steam generator reflood following a tube rupture
scenario, within more than one order of magnitude? What is the conservative value of
water DF level for which confirmation isnot needed?

Some fed that snce AM is yet to be completely defined or agreed upon between regulators and
operators, it may be premature to indicate which outstanding issues should be addressed. Debris
coolability or hydrogen control (but in some cases not both at the same time) appear to be at the top
of some of the respondents lists. The issue of DF in the SGTR was only addressed by some of the
respondents.  The respondents were divided on the need for additional research to improve our
understanding of DF vaues for flooded SGs to within more than one order of magnitude.

22. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam and aer osol concentr ations?

Most respondents point to the fact that the catalytic recombine technology is aready developed and
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tested (or should be tested) by the vendors under prototypic accident conditions; therefore, research
in this area should be I €&ft to the vendor organisations and not through publicly funded programmes.

23. What should be the main focus of safety, as it related to SAs? High frequency low
conseguence (but highly uncertain with regards to fisson product releases) accidents, or
low frequency (highly uncertain with respect to frequency of release) high consequence
(i.e., largereleases) accidents?

The respondents to this question differed in opinion. Some indicated that the focus should be on risk
and risk done. Others believe that the focus should be on high consequence low frequency
accidents.  Yet, othersindicated that accident prevention should be the top priority. However, most
of the respondents indicated that mitigation of large releases is an important aspect of sfety
considerations.

24. Do you think that the focus of SA research should be on reducing the remaining
uncertainties or on devising ways that SA uncertainties could be circumvented through
SAMG procedures?

Thereisagenerd consensusthat circumvention through SAMsis the main objective of SA research.

25. What design related fixes do you foresee that requires additional SA research, that if
implemented could substantially reducetherisk of SAs?

Some respondents list hardware provision to introduce core catchers as an important measure to
reduce the risk of severe accidents. While others list hydrogen control devices, provisons for
flooding as useful fixesto reduce SA risk.

C.4.2. Conclusons
Conclusons reached during discussions between the partners are described below.

The responses from the regulatory organizations show definite attitudes which are quite different
from each other, but dso smilar.

Mogt regulatory organizations appreciate the results achieved through SA research, eg. the
resolution of many of the severe accident issues and the knowledge and understanding achieved
of the severe accident phenomenology. Most regulatory organizations recognize that the
“sharpening of pencil” that research work has achieved, generdly, has led to reduction of the
risk of the severe accidents.

Regulatory organizations aso gppreciate that some of the results of SA research
have been employed in devisng AM measures eg filtered vents,
depressurization, feed and bleed, hydrogen recombiners, in-vessd melt retention
etc.
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Regulatory organizetions which dedl with a large number of plants tolerate more generic or
phenomenology-oriented research in which understanding and reduction of uncertainties is
emphasized.

It appears, however, that regulatory organizations which dedl with 1 to 6 plants, would like to
conduct more plant-specific research, or receive research results, or methodology, which can be
readily applied to resolve plant- specific issues.

The regulatory organizations are unhappy about nonapplicability of some research or andyss
results which should be gpplied for formulation of accident management (AM) guidelines or
resolution of AM issues, since they believe thisto be their primary responsbility in terms of safe
guarding the public from the consequences of severe accidents.

The dtuation is somewhat confusng, sSnce deviang AM guiddines and decison- making e.g. on
depressurization, feed-bleed, containment venting, hydrogen recombiners, measures for melt
(debris) coolability etc. may require broad research results, but more importantly it requires
andyses for many scenarios for specific plants, which have to be peformed with codes
employing modds for those plants.

The regulatory organizations want very much to have improved, validated, less uncertain and
quality-assured codes for the resolution of plant-specific AM or safety issues, and for the Level
2 Probabiligtic safety Andyses (PSA).

It is dso the am of the SA research to develop redistic modds which would have the same
qudlities as above. These models could be used to construct system codes having the attributes
mentioned above.

It gppears that the regulatory organizations recognize the contributions of the SA  research
towards that purpose, however they think that:

-The research ams are not as well-focussed as they could be,

-Research results are not timely,

-The research some times raises new questions,

-Research coordination is not optimum.

Ancther aspect, becoming clear, is that the regulatory organizetions, adthough ill asking for
determinigtic andlyses, with redigtic parameters and models, are getting used to PSA, and have
developed a poditive dtitude towards it. This is, perhgps, mainly due to the success of level 1
PSA, which isamog universdly useful in finding plant system vulnerabilities.

The regulatory organizations want Smilar successes from Levd-2 andyses. Leve 2 andyses
require SA system codes. Existing codes 4iill have large uncertainties in their models and in the
interactions of the modes. Perhgps some generic conclusions could be drawn about the efficacy
of accident management measures and procedures. However there isavery large user effect.
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Regulatory authorities think that some safety issues have been neglected by research
organizations, e. g. SA risk during reector shut-down and refueling operations, containment
bypass.

Some regulatory organizations would like more focussed research on fission product relesse
gnce that is of primary concern to the public, and to them, for emergency planning and for
developing safety gods, which some countries have established as limits of the releases to the
environment. In generd the regulatory organizations do not condder that there are any
outstanding fisson product release and trangport issues for which extensive further research is
needed. They would like to obtain research result on short and long term management of fisson
products in the containment e.g. through sprays, through p-H control, through specification of
paints which reduce formation of organic iodine etc.

Most regulatory organizations state that any SAM measures or backfits should not
be evaluated only from the point of view of cost/benefit, but from the perspective
of risk reduction.

Regulatory organizations have tougher atitudes about new plants. In generd, the regulatory
organizations would like the designers to incorporate design features, which would circumvent
the severe accident concerns. In this respect, design of improved containment, core catcher,
containment vent, passive heat remova systems, melt (debris) coolability measures etc. are dl
encouraged. Both preventive and mitigative measures would be considered for the new designs
and passive safety measures would be preferred.

C.5.  Relevance of Example Level 2 PSA Resultsto SA Research

C.5.1. Introduction

Results from PSA-level 2 from individud plants could be used in principle for the prioritisation of
research issues and the alocation of limited resources available. However, specific design features
may be the cause of specific plant vulnerabilities to savere accidents, and they should be taken into
account in the assessment of research issues.

Level-2 PSA dudies of individua nuclear plants have the following objectives. assessment of severe
accident chalenges and containment response, quantification of containment failure likeihood and
risks of radioactive releases to the environment. Also, level 2 PSA must assess the uncertainties
impacting the containment response and radiological releases.

An integrated full scope system code is generdly used for the quantification of severe accident
progression, containment loads and source term.

USNRC sponsored NUREG 1150 (1) presents summary results of PSA leve 2 performed in the
late eighties for 5 commercia plantsin the US. It was dready recognised in this document that PSA-
based information, because of its integrated nature and discussion of uncertainties, could be used to
guide and focus activities designed to improve the state of knowledge.
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According to NUREG 1150, the importance of a given research issue can be evauated in terms of
the number of plants affected, the risks impact of each plant, the effect of modifications in reducing
the risk, and the effect of additiona knowledge on improving the prediction of plant risk or on
defining or reducing the associated uncertainties.

C.5.2. Summary of Level-2 PSA Results
Level 2 PSA resultsfor two specific plantswill be presented in this chapter:

BWR of 1000 Mwe, GE design with Mark 111 containment
PWR of 1000 Mwe, Westinghouse design with large, dry containment.

Reaults presented here are specific and they are not necessarily gpplicable to other plantsin Europe.
The end products of PSA level 2 studies are the probabiilities of containment failure for each of the
identified containment faillure modes, and aso the frequency of each “reease class’, in terms of
events per reactor-year. A measure of the risk posed by individua plants is the risk of release of
activity to the environment in the vicinity of the plant, for each release class. The risk of release of
activity is defined as the product of the release class frequency (eventslyear) times activity (BQ)
released. Activity released is cdculated in PSA level 2 by means of consequence codes.

Risk of released activity includes the aerosols and noble gases, but aerosols are mgjor contributors
to radiological risk and they are a better indication of the risk posed by each failure mode. Here, the
risk from aerosol release will be presented for each release class.

Ch.2.1. Generd Electric BWR with Mark 111 containment

The following containment failure modes were considered. In every case, the effect of possible SAM
actions was not consdered.

In-vessel steam explosion

PSA shows that the probability of containment fallure due to in-vessd seam explosion is very low
and it is not congdered any further. Thisis due to the effect of the lower plenum structurestypica of
BWR desgns, which reduce the fraction of the core which would mix with water and cause the
exploson.

Ex-vessel steam explosion

PSA condders the loss of integrity of the drywell and containment penetrations, as a result of an ex-
vessd seam explosion that can damage the RPV pedestd and impose mechanica stresses on the
pipes connected to the reactor. However, mitigation of the damage due to the existence of
intervening dructures is conddered in the andyss. Conditiord falure probakilities for the drywdl
and containment are calculated to be 0.06 and 0.01 respectively.

63



Containment Pressurisation loads

In the time frame after RPV breach, loads due to the flashing of water inventory are consdered, but
this load is not expected to be great, unless the RPV remains a high pressure, due to the fallure of
the Automatic Depressurisation System. In the late time frame after RPV breach, the release of gases
due to MCCI will continue to pressurise the containment, and andyses show that over-pressure
cannot be stopped with available systems, and late venting will be necessary. For high energy
anticipated trangents without scram (ATWS) sequences, containment falure is dominated by
suppression pool saturation and boil off, leading to possible loss of the containment function prior to
core damage.

Direct Containment Heating (DCH)

Loads due to DCH after vessdl breach is aso consdered, but it is assumed that debris will be
trapped in the pedestal and drywell areas, and camnot produce containment failure, due to DCH. The
reason for this assumption is that the debris entering the suppresson pool is quenched in this area.
However, there is alack of models of the mitigating effects of the suppression pool in the avallable
codes (i. e CONTAIN) which can be used to vaidate this assumption.

Molten Corium Concrete Interactions (MCCI)

Containment failure due to axia and radia erosion of the RPV pedestd, due to molten debris, isaso
consdered. The analyss shows that the pedesta region is flooded with water in dl of the scenarios
congdered, but it is assumed that debris will not be coolable. Caculations predict axid melt-through
after 4.3 days and complete radia melt-through after 3.4 days.

Hydrogen Combustion

The drywell is not threstened with failure due to H combustion, since little or no H reaches the
drywdl during the in-vessdl phase, and H; is ineted by seam damost immediatdy after vessd
breach. The impact of H, combustion on containment failure is only an issue for the small set of cases
dominated by station black out (SBO) accidents where the Hydrogen Ignition System (HIS) has
faled. The operation of the HIS is not chalenging to the containment or drywdl integrity, and late
build up of H, to chalenging levels can be prevented by containment venting.

Containment failure mode/Release class Frequency Risk of pf Percent
aerosol |of total
(Events per | radio- risk  of

reactor- activity | release
year) %
r eleased*
(Bg/react
or-year)

Very Ealy failure, prior to core damage, dueto| 9.17 E-7 59E12 (710
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suppression poal failure caused by ATWS

Early falure, at the time of vesse breach, by | 2.3 E-9 57E9 0.07
DCH or ex-vessd steam explosion.

Early falure around the time of vesse breach | 2.8 E-9 7.0E9 0.08
due to H2 combustion.

Late falure due to pedesta methrough,|3.4 E-9 3.7E9 0.04
suppression pool bypass and penetration failure

Late falure due to H2 combustion (mgor| 3.0 E-9 3.7E9 0.04
contributor from SBO accidents)

Late contanment venting. Sup. Pool not| 7.6 E-7 12E11 |1.44
bypassed

Isolation failure due to SBO 1.7E7 15E12 |18.0
Bypass due to intefacing sysem LOCA|4.7 E-8 72E11 |867
outs de containment

Intact containment, 48 hours after core damage | 1.0 E-6 4.1E8 0
Tota risk 8.3E12

* Risk of agrosol radioactivity released/reactor year = events/reactor year x aerosol radio-
released from containment for the particular event (scenario)

More than haf of the release of aerosols is represented by accidents involving faled containment
prior to core damage. The second largest contributors to risk are the SBO accidents with non
isolated containment and the containment bypass sequences. All other failure modes are found to be
much less important in terms of radioactivity released.

C.5.2.2. Westinghouse PWR with large dry containment

The following containment failure modes were congdered in the evduation. As before, no SAM
actions were considered.

In-vessel steam explosion

PSA takes into account the probability of containment failure due to a missile generated by in-vessel
steam explosion. The probabilistic approach takes into account the processes from the time of core
relocation up to the time of missile impact with the containment wall. Parameters which are subject to
quantification of uncertainty are: fraction of core relocating to the lower plenum, melt therma energy,
energy conversion ratio, disspation of dug energy by the in-vessd structures before they fall. Even
with consarvative initial conditions, the calculated conditiond probability of containment fallure is
below 1.0E-3.

Ex-vessel steam explosions

If there is water in the cavity a the time of vessdl breach, there is a possibility of explosve ex-vess
mdt-coolant interaction, which would be confined to the cavity and would not thresten the

65



containment. However there could be an indirect mode of containment failure due to shaking of the
reactor vessd, piping and steam generators following cavity wal damage. This indirect mode of
containment failure is caused by the falure of the containment penetrations. The impulse loads on the
cavity wal can exceed the wadl fragility, especidly for cases when the lower heed fals a a 9de
location. However, since the piping and the steam generators are saismicdly quadified, the shaking
falure of the seam generator supports is extremely unlikely, and the probability of containment
falureis extremely low. The existence of water in the cavity at the time of vessd breach is dependent
on the design of the cavity and the strategy followed for severe accident management. In the case of
dry cavities, water will be present only if adecison istaken to flood the cavity prior to vessel breach.

RCS Blowdown and Generation of Non-condensable gases

Ealy-phase containment loads are dominated by seam, while in the late time frame the
pressurisation  loads include nonrcondensable gases produced during MCCI. However,
pressurisation due to steam could become more significant if water is made available for ex-vessd
debris cooling. The operation of the containment heet remova system reduces the pressurisation
loads significantly. Spray can effectively condense steam, and fan coolers are able to reduce pressure
loads impaosed by non-condensable gases. The highest contribution to the probability of containment
failure comes from asmdl LOCA not involving the operation of containment heet remova systems.

H, and CO Combustion

There are congderable uncertainties associated with in-vessdl Zr oxidation and generated H2.

Variations between 20 — 40 % of initid core mass are noted, the lower figures correspond to low-
pressure accidents. Ex-vessel H generation accounts for the remainder of Zr inventory, plus the
contribution from oxidation of sted. As a best estimate, in the late phase of severe accident, close to
100% of the Zr is assumed to be oxidised and, in the absence of steam, it isamost certain that a H,
combustion event will occur if an ignition source is availdble. In addition, large quantities of CO are
produced from MCCI. However, cdculations with smple combustion models show that the
probability of containment fallure is zero, both in the early and late phases of the accident. Thereisa
smal conditiona probability of early containment falure due to core reflood (0.002), and of late
falure due to sarting the containment heat remova system (0.006).

The containment has a congderable height, and this produces sgnificant entranment of gases and
mixing with the H2 plume is expected, and the concentration of H2 in the domeis not expected to be
much different. Therefore the risk of failure due to loca combustion eventsis very low.

DCH
The andyds of high pressure mdt gection (HPME)-induced DCH, based on the work carried out in
the US for Westinghouse plants, show that the conditiona probability of containment failure due to

DCH is dmos zero. This result is obtained even without the consderation of naturd circulation
induced creep rupture that would lead to RCS depressurisation prior to RPV breach.
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Vessel rocketing

Following failure of the vessd head at high pressure, the debris and gases in the lower plenum can
escape through the hole at the bottom of the RPV, and the vessdl can be accelerated upwards. If the
thrust forces exceed the restraining forces, there is a potentia of the vessd impacting the containment
boundary. The factors that impact the energy release are the vessdl pressure at vessdl breach and the
sze of the lower head falure. The andysis show that the probability of containment failure due to
vess thrugt forcesis amost zero.

Liner attack

Débris dispersed from the RPV at high pressure can be transported to the lower compartment of the
containment through the ingrument tunnd. Thus, there is a possibility of direct contact between the
dispersed debris and the liner in the annular compartment. Heet up and mdting of the liner is possible
without the mitigating effect of any water adjacent to the liner. The principa uncertainties are the floor
area of concrete over which the debris can be assumed to spread, and the heat transfer coefficients.
Liner failure would not necessarily involve large releases, Snce the containment structure would be
present asabarrier.

Basemat melt-through

For PSA, it is assumed that cooling of the molten debris by an overlying pool of water remains
uncertain and therefore it is difficult to assign a higher than 0.5 likelihood for debris coolahility.
Andyss of concrete adlation with avalable codes show that met-through of the basemat can be
expected between 4 to 5 days. Therefore, melt-through is very unlikely within 48 hours after core
damage, which is the period normaly covered by PSA. Mdt-through before 48 h is assgned a
conditiona probability of 0.01.

Frequency | Risk of release | Percent of total

Containment Failure Mode (Release| (events per | of aerosol | risk
Class) reactor- radioactivity of release, %
year)
Bqg/reactor-
year
Containment bypass events SGTR|239E6 |9.92E12 72.9

accidents initiated or temperature
induced, containment isolation failure

Rupture at or before vessdl breach 404 E-8 23E11l 1.69
Liner falure 568E-8 |[2.09E10 0.15
Late rupture (within 48 hours from core| 10.96 E-6 | 3.45 E12 25.36
damage)

Basema penetration (within 48 hours| 4.74 E-7 1.04E9 0.00
from core damage)
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Containment intact 48 hours after core | 5.1 E-5 8.2 E10 0.60
damage

Tota risk 1.36 E13

From the point of view of risk the bypass category contributes to 73 % of the totd risk of activity
released, due to the high frequency of containment bypass events, and the large rel ease of associated
radioactivity. Although the activity released in early containment failure events is large, the risk of
activity released to the environment corresponds to only 1.69 % of the tota radioactivity released
risk, due to the low frequency of early containment falure events. The liner fallure category is a
negligible contributor. The late falure category is a subgtantia contributor (25 %) to the tota risk,
especially for sequences without the operation of containment sprays. This is due to the fact that for
sequences corresponding to 66% of the core damage frequency, containment sprays are not
available to scrub the releases, and the cavity is dry for sequences corresponding to 65 % of the
core damage frequency.

C.5.2.3. Impact of accident management on risk for PWR plants

The impact of successful SAM drategies on the caculated frequency and risk of release can be
evauated. An example of evaluation will be presented here. For each SAM dtrategy considered in
the andysis, information is given about the impact on risk reduction for each release category.

Isoletion of faled SG before in-vessel releases occur can reduce the risk of activity for bypass
sequences by 63 %. FHooding of SG secondary, prior to sgnificant in-vessdl release, with a constant
decontamination factor of 100 assumed for al releases, reduces aso significantly reduces (by 62 %)
the risk associated to bypass sequences. The reduction of overdl risk of each SAM action is about
40 %.

Recovery of water injection before substantia core relocation occurs, has been consdered in the
PSA, but there is consderable uncertainty associated to degraded core coolability. A conditiona
probability of 0.5 was alocated to degraded core coolability by reflood after recovery of AC
power. One of the detrimental effects is increased H production, which has been caculated to
increase the conditiond probakility of early containment failure, and to decrease sgnificantly the risk
associated with late containment failure. The overall impact on total risk is about 10 %.

Flooding of the cavity before vessal breach, with the spray systems has been considered, assuming
that the action is unconditionaly successful in cooling the core in-vessd. The risk of radioactivity
release from late failures decreases by afactor of 33, and the risk of radioactivity release from early
failure decreases by afactor of 3. The totd risk decreases by 3.6 %. However, if it is assumed that
flooding isindependent of the availability of AC power, the overall risk isreduced by 25 %.

Cavity flooding after vessel breach reduces the risk of radioactivity release for the late containment
falure category by a factor of 10, due to the increased probability of core debris coolability and
reduced generation of non-condensable gases. The impact on overdl risk is substantia, with a
reduction of 23%.

68



The impact of RCS depressurisation after core damage reduces the risk of radioactivity release from
early containment failure and liner fallure to zero. However the overdl impact on risk is negligible,
dueto the very low contribution of these failure modes to totd risk.

C.5.3. Relevanceto SA Research

For this specific PWR (Westinghouse), the research issues which impact the overdl risk Sgnificantly
are related to containment bypass accidents, followed by issues related to late containment failure. In
particular, issues of retention and re-vaporisation in the RCS, faled SG, mdt attack and ex-vessd
coolability are important. Also in reation to SAM, efficacy of SG secondary flooding to reduce
releases, of reactor cavity flooding to prevent vessd rupture, and of reactor cavity flooding to cool
debris discharged from the vessdl, are important for reduction of risk of releases.

For this specific BWR (GE MARK-II1), research issues which impact the overdl risk sgnificantly
are related to accidents in which containment isolation falls and the full power ATWS sequences.
Issues related to the need of late containment vent, i. e. generation of non-condensable gases during
MCCI have some impact. Issues related to early containment failure, such as DCH, steam explosion
or H, combustion do not have alarge impact since the probability of early containment failureis very
amdl. Issues reated to late containment faillure by RPV pedestd mdt-through due to MCCI, or H;
combustion aso not have alarge impact on overdl risk.

SAM action Release Category Risk of radio-
activity release,
consdering SAM

Bg/reactor-year

Isolation of faulted SG Containment bypass events:| 3.70 E12
SGTR accidents initiated or
temperature induced,
containment isolation failure

Flooding the steam generator | Containment  bypass events: | 3.76 E12
secondary side SGTR accidents initiated or
temperature induced,
containment isolation failure

Recovery of sprays before|Late rupture (within 48 hours | 1.50 E12

vessel breach from core damage)

Intentiona RCS 31E3
depressurisation  after core

damage

Cavity flooding after vessd 3.6 E1l
breach

Invesse recovery by core 4.57 E8

flooding before  vesd
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| breach | | |

C.6. State of Resolution of Severe Accident Issues with respect to Regulatory Needs
(concerns)

C.6.1. Objectives

The aim of this task isto evauate the State of resolution of the severe accident issues with respect to
regulatory needs (concerns). Research results from the Fourth Framework Programme of European
Union have been employed. Other sources of results are the nationd  programmes developed in
countries of European Union or abroad. Some of these results are available through international
agreements because some of these programmes were conducted under multilateral collaboration or
through international organisations such as OECD (eg., the RASPLAV programme).

In the following, different topics relevant to the severe accidents are discussed.
C.6.2 I ssues

C.6.2.1. In-Vessal Core Degradation Progresson

The uncertainties are on the accident scenario (corium progression) and on some physical

phenomena

As uncertainties on the scenario of the accident, it may be noted :

- the relocation of the corium in the vessdl (eg., Sde or bottom discharge, meta
content of jet)

- physica state of the corium in the vessel bottom head (melt pool, debris bed)
- the timing of vess failure
Severd uncertainties remain aso on physica phenomena:

- physico-chemica properties of the corium (compostion, chemica reactions,
viscosity...),

- structure heat up and structure-corium interaction,
- 3 D behaviour of the molten corium and of the cooling,
- water progression in the debris bed and between vessdl bottom head and corium.

Taking into account the actua knowledge, it seems necessary that the studies cope on the one hand
with the different phases of relocation of the molten corium from the core to the vessdl bottom heed
and on the other hand with the form of the corium in the vessdl bottom head. Emphasis has to be
placed aso on composition and physico-chemica properties of the corium.
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The conditions of the failure of the vessd are strongly related to the characteristics of the corium:
amount, composition, physico-chemica properties.

As actions of the 4" Framework Programme, the Projects COBE (investigation of core degradation)
and CIT (corium interaction and thermochemistry) can be cited.

Experiments will aso bring additional knowledge as, for example, MADRAGUE (IPSN, France),
PHEBUS (IPSN, France in collaboration with EU and the most important nuclear countries),
CORA and QUENCH(FZK, Germany), RASPLAV and MASCA (KI, Russia under the auspices
of OECD).

At the moment, numerous results exist or will be available in the short term and they have to be
interpreted and reconciled. Also sufficient facilities are avalable for conducting experimentd
research. No new facilities are needed.

C.6.2.2. Retention of the Corium in the Vessal Bottom Head and Ex-Vessel Cooling

Retaining the molten core materid in the vessdl can be an objective for the severe accidents
management even if, up to now, the knowledge is insufficient to assure that the vessal bottom head
would not fail. To reach thisaim it is necessary, if putting water indde the vessdl is not possible, to
have an ex-vessd cooling.

The possibility of flooding is plant specific because it depends on the reactor pit geometry, the vessdl
bottom head form and the possible supply of water. It could be studied in order to cope with an
optimal solution for severe accident management and new reactor concept.

Besde the design related aspects of the externd cooling of the vessd, the physcd phenomena
concern essentidly the heat exchange coefficients, between water and vessdl lower head bottom.
Some experiments have been made about this question with the projects SULTAN and CLIAU
(CEA, France), CYBL (SNL, USA) and ULPU. Some results are available dso from the 4" FP
action IVCRS (In Vessel Core Retention Strategy).

Concerning the posshility of cooling of a debris bed indde the vessd bottom head, large
uncertainties remain. Some experiments are under development, but the uncertainties about the
ingresson of water indde the debris bed and of gap-cooling are S0 large that it seems difficult that
these phenomena could be taken into account in the frame of the safety andysis.

An issue of some concearn is the chemica interaction of the mdt/debris with the wdl of the vesd at

the prevailing temperatures during melt pool convection. Recent data from RASPLAYV indicates mild
or very little interaction.
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C.6.2.3. Rupture of the Vesd

The objective for the studies related to the rupture of the vessd is to know when and how this
rupture could occur during a severe accident. This problem is related to the in-vessd cooling of the
corium and the fallure of the vessd at high pressure.

The failure modes of the vessdl can be creep of the sted, corium jet and interaction between stedl
and corium.

There are uncertainties about the mode of failure. Some results will be available through the 4" FP
actions MVI (Core Médt Pressure Vesse Interactions During a LWR Severe Accident), RPVSA (
On the Prediction of the Reactor Vessdl Integrity under Severe Accident Loading) and REVISA
(Reactor Vesd Integrity in Severe Accidents). The LHF programme first developed by the
USNRC at the Sandia National Laboratory and now continuing in the frame of an OECD
programme will bring some results about the vessd failure. The FOREVER programme conducted
under the 4™ and 5™ FP programme will provide information on vessd creep failure,

The mechanicad behaviour of the vessd is invedtigated in severa  experiments and the informetion
derived may be sufficient for regulatory purposes.

C.6.2.4. Direct Contalnment Heating

The direct containment heeting is a problem strongly related to the specific geometry of the reactor.
The corium dispersion is related to the reactor pit design and ways to communicate between the
reactor pit and other part of the containment.

Studies and experiments have been made about severd designs and it seems now that there is no
need for additiond action for the actud reactors.

This issue has been closed by the NRC for the US plants. For the European safety authorities either
this issue is closed or the tests under development will provide sufficient knowledge for the actud
and future reactors.

C.6.2.5. Steam Explosion

The phases of a steam explosion are successvely :

- the pre-mixing phase : the molten corium is mixed with the coolant. The characteristic
time of this phenomenon is about one second and the Size of the debris is the order
of few millimeters,

- the triggering phase and fine fragmentation of the corium with a characteridtic time of
around one millisecond,

- the propagation of the explosion to al the materid leading to the production of ahigh
amount of steam.
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In the domain of the steam explosion, uncertainties remain because the studies have been made with
amplified computer codes whose qudification is based on ardatively limited number of experiments.

The main uncertainties affect particularly :
- the fraction of the totd amount of corium fragmented in the water,
- the trigger,
- the efficiency of the steam explosion,
- the probability of creation of amissle,
- the consequences of amissile impact on the structures and on the walls of the containment.

It has been observed that the efficiency of the steam explosion depends on the materid. For
example, thermite creates very efficient seam explosion, whereas corium containing UO, leads to
very low efficiency steam exploson, even with a drong trigger, as the lat FARO test has
demonstrated in July 1999. This behaviour has been observed, but the phenomenology has to be
further demongtrated.

To take this difference of behavior into account in the safety andyds it is necessary to wdl
understand the physica phenomenon and demondirate that it is not possible to obtain an explosion as
such efficient with corium, whatever the compogtion, asin the case of other materids like thermite.

Severd experiments are under way in order to study exploson and to quaify the modelling of the
severe accident codes. One can cite the MFCI action of the 4" Framework Programme and tests
like PREMIX (FZK, Germany), ALPHA (JAERI, Jgpan), MSWI (RIT, Sweden), TREPAM and
MICRONIS (IPSN, France).

A specia mention must be made about the JRC programmes FARO and KROTOS. Both these
experiments have up to now brought numerous results about steam explosons. FARO particularly
was the largest test facility in the world to perform fud coolant interaction experiments with red

materias. Unfortunately it has been closed. No other ingalation is able now to make such large scale
tests. Some results could be obtained with KROTOS but at a smdler scale. This facility has been
moved to CEA-Cadarache.

In conclusion it seems that there are sufficient experiments for separate effect test facilities. The
guestion remains open for the effect of materiad composition and properties on steam explosion and
for the effects of scde, both geometry and materid.

C.6.2.6. Hydrogen Exploson, Mitigation

The physical phenomenato be taken into account for the hydrogen issue are :

- magnitude and release rate to the containment,
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- digtribution in the compartments of the containmernt,
- combustion : deflagration, deflagration to detonation trangtion (DDT), detonation,
- loads on the structures.

Uncartainties remain on the amount of oxidation of the metds insde the vessd. The actud sate of
the at do not dlow to define an upper limit of the oxidation of the zircdoy which may be
consderably lessthan 100 % of this materid present in the vessd.

One important topic for the analyss is the production of hydrogen in case of late reflooding. Some
experiments are under way, i.e, QUENCH at FZK, to study the production of hydrogen during
guenching of the fuel. This phenomenon is aso observed during the PHEBUS tedts.

In the domain of the digtribution of hydrogen, the uncertainties, are concerning the concentretion in
the compartments, which depends on the release rate from the primary circuit, the mixing of the
gasss, the influence of spray and the effect of the mitigation devicesi.e., recombiners or igniters.

Numerous tests have been performed studying the mixing and the digtribution of hydrogen e.g. tests
in Germany, or NUPEC tests in Japan. Other are planned in order to study the mixing behaviour of
geam, air and helium (representing hydrogen), particularly the condensation phenomena including the
effect of spray. One can cite TOSQAN and MISTRA in France or PANDA in Switzerland.

All these tests will contribute to the knowledge of the physical phenomena and to the validation of the
codes.

The combustion of the hydrogen includes the phenomena of deflagration and detonation and the
trangtion from deflagration to detonation.

The knowledge-base on the deflagration process gppears to be adequate. The flammability limits
depend on severa parameters (gas proportions, pressure, temperature, turbulence). Fast
deflagration could damage the structures and the containment.

The knowledge-base on the detonation phenomena for hydrogen mixtures adso appears to be
adeguate, i.e., the conditions necessary for a detonation to develop are reasonably known. What is
not known is whether conditions in the containment will exist which will supply the energy to initiate a
detonation event for a particular hydrogen-ar-steam concentration.

The exact conditions under which the deflagration-detonation transition occurs are, up to now, not
well understood. Consequently, no complete modelling, of DDT exists. However, limiting conditions
for DDT are being formulated based on data obtained recently.

In terms of experiments, many tests have been made under various conditions and others are being
performed a the RUT facility on hydrogen combustion, sponsored by IPSN and FZK and
performed by the Russan Kurtchatov Inditute. This very large scde experiment dlows to study
phenomena in a more representative Sze even if the volume of the compartments insde reactor
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containment is il larger. It is hoped that on completion of the experimental programmes under way,
adequate knowledge-base would be obtained. The modelling of the DDT combustion phenomena,
however, may not be completed.

In the domain of the mitigation of the hydrogen during a severe accident, many experiments have
been made about recombiners, like the KALI and H2PAR experimentsin France. It is not necessary
to develop new experiments.

The measurement of the concentration of hydrogen during an accident remains an unresolved issue.
Some instruments have been developed, but none of them is entirdy suitable. Sme research is
necessary in this domain, but it should be the responsibility of the plant operator.

C.6.2.7. Corium Spreading, Molten Corium Concrete Interaction (MCCI)

The phenomena related to the behaviour of the corium out of the vessdl are:

- drop of the corium in the reactor pit with or without water and possibility of a steam
exploson,

- goreading of the corium is the containment with crust formation and physico-chemica

phenomena,

- interaction between corium and concrete and release of gases and aerosols,
particularly long term interaction,

- basemat mdt-through
The pertinence of the caculation of behaviour of the corium outgde the vessd, asinddeit, is srongly

related to the knowledge of the physico-chemica properties of the corium which is a complex
mixture of core components.

The remaining uncertainties on the scenario of the accident are :
- the state of the corium in the reactor pit : molten bath, debris bed,
- the risk of steam explosion, as examined above in paragraph 2.5,
- the time at which the basemat mdt through could occur.

Here are uncertaintiesin the physical phenomenaeg. in:
- corium properties,

- cooling of the corium by injection of water insde the reactor pit,

- spreading and formation of a debris bed, consequences on the integrity of the
containment and the basemat, melt through.
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For the future reactors, use of a core catcher is envisaged, in order to avoid the corium concrete
interaction and the possbility of the basemat, mdt through.

The research related to this new system should be the responsibility of the vendors.

Considerable efforts have been spent in the 4™ framework program of EU on melt spreading
research. This has completed some of the programs started earlier in nationd programs e.g. KATS
in Germany and CORINE in France. Large scde (=2 tonnes) experiments, employing nearly
prototypicd melt were performed by Simplekamp and a lower scde a the FARO and the
VULCANO facilities. Smulant materid experiments were peformed a Royd Inditute of
Technology (RIT) in Sweden. A number of codes were developed and analysed the experiments. A
predictive scaling methodology was developed a RIT in Sweden.

It appears that sufficient knowledge-base has been accumulated for adequate predictions of melt
soreading in one-dimensiond spreading areas. However, it is not possible so far to predict the
dynamics of soreading. It has been found that the spreading configuration can assure very
complicated geometry eg. long fingersin different directions

Regarding molten corium concrete interactions (MCCI) in a dry cavity, severd experimenta
programs eg. BETA, SURE, ALPHA, ACE has provided a data base using thermite (Al,Os-Fe)
and UO,-ZrO,-Zr mdts. All of these data are from one-dimensiona experiments. The CORCON
and WECHSEL codes developed, respectively in USA and Germany have been employed for
productions of concrete erosion in seven accident scenarios.

There are, however, no data available for 2-D-concrete ablation except for that available from the
test Mo, the MACE scoping test. Thus the 2-D basemat melt through predictions for the prototypic
scenarios are lacking the validation needed.

C.6.2.8. In-Vessd and Ex-Vessdl Mt Coolability

Invessd coolability has been addressed in the FARO program, however, only for the time period of
the initia relocation of corium to the lower head. For the long term when the particulate/melt debris
bed created in the vessdl dries out and rehests, there is the possibility of guenching the bed with
water addition. Experiments are underway a RIT, Swveden on quenching of dry particulate beds.
Here are ds0 investigations orntgoing on coolability of the vessd wal by gap cooling. The gap
cooling, so far, has not been as effective as needed.

Ex-vessd mdt coolability is perhgps the most important issue needing data and modeds for
resolution, snce mdt coolability is essentid for the dabilization and termination of the severe
accident. The MACE integrd experiments employing prototypic melt composition a large scde
(120x120 cm, 2 tonnes of met) has shown partia coolability of the met layer and has not been able
to stop the continued ablation of the concrete basemat. The MACE program is being directed to
separate effect tests, in order to develop amodd for the coolability process with awater overlayer.
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In contrast to the MACE experiments the COMET experiments have employed water addition to
the melt from the bottom of the melt pool. These experiments have employed thermite melt and have
shown that sufficient porosty is crested in the melt pool to obtain coolability and quenchability in
reldively short time.

C.6.2.9. Fission Products Release Transport and Chemistry

The amount of FP release to the environment must be as low as possble in quantity and in haf-lifein
order to respect the requirements of the Safety Authorities in case of severe accident.

The phenomena involved in the study of the FP release transport and chemistry are complex and
there remain many uncertainties, mainly because dl parameters are not sufficiently known, in
particular the thermd hydraulic conditions, the scding effects, the chemical reactions and the
scenarios.

For the release of FP from the core, there is substantial agreement between experts about the most
volatile materias. There remain uncertainties about for the transuranium eements and the materias of
the control rods and of the structures. For example, the results of the test calculations for the FPT4
test, made by the different partners of the PHEBUS programme, are in arange of 2 to 3 decades for
the transuranium eements. The VERCORS programme which includes separate effects tedts at
temperature up to the meting of UO, pellets and the integrd tests of the PHEBUS programme
should provide data for vaidation of models for such releases.

For the retention of the fisson products in the pipes, the amount deposited on the tube wal are
generdly limited in comparison to the totd FP rate in the tube and of the inventory in the
containment. The experimenta programmes have provided sufficient knowledge-base conducted for
adequate predictions.

The knowledge about the release of the less volatile fisson products from the corium concrete
interaction is actudly sufficient for the short terms. The amount of FP reeased by this mean is
relatively limited.

The resuspension of the fisson products deposited in the primary system piping has been found to be
negligible. The revolatilization above of the deposited fisson products, on the other hand, could be
occuring when the containment integrity isin jeopardy and thus could be important.

The knowledge-base on the deposition of the aerosols in the containment is quite sufficient. The
uncertainties as the results of the FPTO and FPT1 of the PHEBUS programme are mainly related to
the thermohydraulic cal culations ingde the containment. Thus, the publication of the thermd hydraulic
conditions insdie the containment are the source of uncertainty.

The behaviour of iodine is actualy not well known. The chemicd phenomena are very complex

because the affinity of iodine for many bodies is greet. Studies must be done on the chemicad forms
of iodine, on the radiolyss, on the influence of pH and temperature of the sump, the behaviour with
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organic materids like paints and the interaction of slver coming from the degradation of the control
rods.

In conclusion, the behaviour of the ioding, is not known sufficiently. This is an important problem
because iodine is the most significant radionuclide for the short term release. Many separate effect
tests have been performed up to now and other programmes are under completion, for example a
IPSN/France the faciliies EPICURE and CAIMAN are investigating chemical behaviour and
radiolyss.

The PHEBUS programme will measure the globa test of the behaviour of iodine from the core to the
containment including the primary circuit, the wals and the sump.

For the release of the transuranium dements, the separate effect facility VERCORS and the
PHEBUS programme should provide data.

Up to now programmes on the fisson products behaviour until dl conclusonsto be drawn from the
ongoing programme have yet to be redlised. It gppears though that additional experiments have to be
performed in order to determine the chemica behaviour of some dements, particularly of the iodine.

C.6.2.10. | nstrumentation and Diagnostics

Additiona instrumentation is needed to know the Stuation inside the reactor during a severe accident
and to provide information to gpply the management procedures.

The main areas in which indrumentation is required:

- to measure the proportion of hydrogen in the containment and particularly in some
compartments where it would be possible to get deflagration or DDT or detonation,

- to measure indde the containment the level of radio activity and the compostion of
the atmosphere during the accident,

- to know the beginning of MCCI in order to have a correct view of the accident
progression.

The objective of the research related to the instrumentation is to design devices and not to study
physicad phenomena Of particular importance is the survivaility of the insrumentation during and its
qudification. Thus, the instrument to be designed for has to provide for the conditions that may be
experienced during the severe accident and experiments would have to be performed to validate the
measurements as recorded.

C.6.2.11. Human Factor

Human factors are important dements during a severe accident. Their contribution to the risk is
clearly demondtrated in the Probabilistic Safety Assessment.
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It demongtratesitsdf in the form of error of the operator or unexpected delay for the redisation of an
action of mitigation.

The human factors include many other aspects eg., the level of automation of the procedure: what is
the mogt efficient level of automation, and the wording of the procedure sheets must be clear and
easy to understand and to apply by the operators under agreat deal of stress during the accident.

Some research has been made in this area, but the uncertainties in the specification of the human
factor scenario are very large.

C.7. Regulatory Use of Severe Accident Resear ch

Regulatory authorities are customers for severe accident research. They have monitored and
sponsored severe accident research. Over the years many regulatory positions (concerns) have been
addressed by the results obtained by severe accident research. The research results lead to backfits
and accident management actions and procedures which have enhanced the safety of the plants, or
provided the rationae for the ddliberate decisons of not requiring any backfits or SAM measures. A
representative list is provided below:
- hydrogen control with ignitors and cataytic recombiners
- improved safety vaves on PWRs
- no inerting of Mark-3 BWRs
- water addition to the Mark-1 drywdl to prevent liner failure
- vessd depressurization for DCH protection
- no backfits for protection againgt dpha mode failure
- use of BWR suppression (condensation) pools for FP decontamination
- hard vents for BWRs from the suppression pool
- flooding of PWR vessd cavity for Westinghouse PWRs
- flooding of drywell for Swedish BWRs
- additiona water ddivery sources for accident termination
- reinforcement of containment penetrations
- redistic ex-vessd source term specification
- pressurized thermal shock prevention procedure
- filtered venting
- long term management of |odine in the containment
- bottom coolant injection to ensure ex-vessd mdt coolability for future plants
- invessel mdt retention drategy through ex-vessd cooling for AP-600 and
Loviisa
- melt soreading in a specid compartment as an accident management scheme
for EPR
- water delivery through downcomers in the cavity as possble backfits for
enhancing debris coolahility.

Presently, the regulatory authorities have focussed the amdioration of their safety concerns regarding
severe accidents through the management guidelines for such accidents.
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C.8. Remaining Issuesand Concerns

What are the remaining issues or the remaining areas of uncertainty? We will address this in the
following paragrgphs and in this we will include the accident management measures, which are now
the back bone of the severe accident safety philosophy for the existing plants.

C.8.1. In-vessel Core Méelt Progression and In-Vessel Melt Retention (IVMR)

The current understanding of the early phase of core melt progression is more than adequate. For the
late phase of core mdt progresson, there is insufficient understanding of the transent effects in the
scenario. Those effects can be bounded, however, it may be possible to derive greaster margins on
the in-vessel mdt retention drategy if grester knowledge-base (induding moddling) is gained on the
following aspects during core relocation from the origind core boundary to the lower heed:

- the role of molten meta (sted, Zr) in the transent process

- the history of the development of metd layer in the lower heed melt pose

In terms of accident management actions, greater definition of the effects of water addition to a
damaged core in its origina configuration is needed. In addition, the effects of addition of water to
the vessel when a met pool is covered with a metd layer in the lower head have not been
investigated so far. Questions exist about the possbility of a dratified steam explosion.

Other questions regarding the retention of melt in the vessal are concerned with the observations in
the RASPLAV experiments where mdt pool gratification has been observed. Such dtratification will
increase the therma loading on the vessd wall and possibly reduce the focussing effect of the meta
layer. Experiments should be performed to assess the magnitude of the effects of dratification.

It appears that the IVMR drategy will not be successful for a high power (>1000 MWe) plant
because of the focussng effect on the vessdl wal. This effect can be decreased substantidly if the
metd layer is cooled by water at its upper surface. Integra experiments comprising of a pool with a
metal |layer whose upper boundary condition is varied from adiabetic to isotherma should be
performed to determine the magnitude of the reduction of the focussing effect due to the cooling at
the upper surface of the metd layer.

The compostion of the meta layer, which may have severd percent of oxides in its composition,
determines its liquidus and solidus temperature. The radiative heat flux from the upper surface of the
metal layer depends on the fourth power of the temperature of the crust that will be formed on the
upper surface of the metd layer. Thus it is necessary to perform experiments with prototypic
meaterials and determine the composition of the “meta” layer.

C.8.2. Melt-Water Interactions
Invesd mdt-water interactions do not pose a danger to the integrity of containment. They,

however, could cause an early failure of the vessdl. This, by itsaf, may not be an unexpected event,
however, accident recovery (management) may become difficult.
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The ex-vessd seam explosion can not be ruled out for plants which establish awater pool under the
vesH (ether in the BWR drywel or in the PWR cavity). In particular, the geam voiding which
inhibits steam explogion is absent for the ex-vessel mdt-water interaction and the pressure is low.
Research on limiting mechanisms that may be active in the ex-vessdl steam explosions is needed. Ex-
vesse explosons pose a higher risk to the integrity of BWR containments than for the PWR
containments due to the smaler volume and congtruction configuration of the former.

Ancther issue in the mdt-water interaction physics is tha of the very low propengty for a steam
exploson when a UO,-ZrO, mdt jet is injected in waer versus the very high propensty
(spontaneous) for the steam explosion when a AlL,O; mdt jet isinjected in water. Understanding of
this difference in explosvity between those two melts, which must be due to the physica properties
of the melt has to achieved. This may be the key to the resolution of the steam explosion issue,
Research on the effects of the melt physica properties should continue.

C.8.3. Ves= Failure

The understanding of the phenomenology which governs

- timeto vess failure

- mode and location of vessd fallure

- rate, amount and compaosition of the melt discharge to the containment
is not adequate. The information above is needed for accident management (the time that the
operator has to prevent vessd failure) and for estimation of the loads on the containment. The
scenario of concern is that a lower pressure (E25 bars), assuming that the vessd can be
depressurized by the accident management messures. The scenario should also consder the
convection of the mdt pool and the azimuthd variation in temperatures that it produces in the vesse
wall. Scaleable experiments should be performed and the data should be employed for the validation
of coupled therma-hydraulic and structura codes.

C.8.4. M€lt-Structure Interactions
The interactions of interest are:
- impingement of amelt jet on vessd wall
- vesHd hole ablation
Sufficient knowledge-base has been accumulated for these processes.

C.85. DCH

The DCH issueis resolved for most PWRs. DCH is not a concern for BWRs.

C.8.6. Hydrogen

This issue has three components
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® the release magnitude and rate
(D) digtribution in various compartments of containment
(iir) combustion modes: deflagration, DDT and detonation

Perhaps, the main gap in knowledge-base of sufficient adequacy is in the reliable predictions of
conditions for strong deflagrations and DDT.

C.8.7. MCCI and Base-mat Mdt Through

Thisisue is of great concern for plants with dry containment cavities. There is hardly any data base
on long term, 2-D ablation of a concrete basemat. Such data should be acquired and codes
vaidated. The standard codes should be modified to include melt segregation models.

C.8.8. M€t Coolability

It is clear that the corium melt has to be cooled in order to stabilize and terminate the accident. I
vess?l mdt coolability and retention with externa cooling of the vessd have been amply investigated.
In-vessd melt coolability without externa cooling, the so cdled gap cooling is an interesting concept
and, perhaps, helped to cool the vessel wall in the TMI-2 accident. It may be effective in those
scenarios, where only afraction of the core melt (20 to 30 tonnes) relocates to the lower head. Thus,
research on gap cooling should be pursued with only those scenarios in mind. Similar remarks apply
to the coolability and quenchability of in-vessa debris beds. FARO experiments show in-vessel beds
could be dratified with a low porosty region at the bottom and a higher porosty region on top.
Coolahility of deep debris beds of such configuration has not been established so far.

Ex-vessd mdt coolability research has been performed over many yearsin the MACE Project. The
integra experiments peformed so far have shown partid coolability. The research may be re-
directed to separate-effect experiments and the development of amodd for the various hest transfer
mechanisms involved in the coolability process. Thisissue is unresolved.

C.8.9. Fisson Product Release and Transport

The PHEBUS data has provided information which may be somewnhat contrary to the understanding
reached earlier on this topic. At issue are the various compounds formed with iodine released and
the Molybdenum release fractions.

C.8.10. lodine Chemigry and Long Term Management of Containment and
Sump Radioactivity

lodine chemidry, in particular, the formation of the large amount of organic iodine in the containment,
has been of concern since the data obtained from the PHEBUS experiments. Understanding of the
processes involved with consderation of the paint on the containment surfaces is needed for (@) the
esimation of the source term and (b) the proper filters to ingal in the containment. Scaling anayses
of the PHEBUS experiments should be performed in order to extend the vdidity of the PHEBUS
data to the prototypic plant conditions.
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C.8.11. Accident Management Guidelines

Severe accident management guidance has been, or will be, provided to personnel in most plants. In
generd, there are not too many options available, except to add water. However, there are some
accident management actions which need further understanding. An exampleis

- Core Quenching: Is it beneficid to depressurize and add water a a very high rate? Small
rates of addition could produce large amounts of hydrogen. The smal rates may, however,
be beneficid in later phases of core melt progression when there is a mdt pool in the lower
head covered by ameta layer.

C.8.12. Existing Computer Code Updating and Validation

There is much severe accident knowledge base incorporated in the existing computer codes. These
codes serve severd purposes and it is imperative that they be improved and updated to reflect the
advances in the severe accident knowledge base. A serious effort is required in vaidating these
codes againg new data obtained from for the severe accident experimental programs. Quality
assurance of codesis aso of concern for regulatory gpplications.

C.8.13. Instrumentation and Diagnostics

Currently there is very little insrumentation and diagnostics which can identify for the operator the
progresson of a severe accident. The insrumentation vendors should be encouraged to produce
reliable and robust instrumentation systems, which can withstand the harsh environment and provide
information on a range of parameters, eg. (i) the hydrogen concentration in the containment, (ii) the
time of mdt pool formation in the lower heed, (iii) time of vessd failure (iv) time for dart of basemat
penetration and (v) the containment atmosphere radioactivity levd.

C.8.14. Prioritization of Remaining | ssues

The remaining issues and concerns described above are not dl of equa importance to severe
accident safety. It is imperdtive that the risk associated with each issue should be factored in
prioritisng the various issues for resolution through further research. A reasonable rationde isthat the
highest priority should be given to those research areas which represent a high safety risk and for
which insufficient knowledge- base has been acquired so far.

C.9. Conclusonsand Recommendations on Future Directions of Severe Accident
Resear ch

C.9.1. Introduction
The tempo of severe accident research has diminished greatly over the last few years dl over the

world. For example, the European Union severe accident research in the fifth framework program is
about 40% of that in the fourth framework program. The emphasis of the program has adso changed
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from phenomenologica research to that related to obtaining the knowledge- base necessary to assure
the success of the severe accident management measures. This emphasis is aso supported by the
responses by the regulatory authorities or their technical support organisations (TSO's) to the
Questionnaire that the authors of this report prepared. Another change in emphasis is that towards
the risk-informed regulation, primarily by the USNRC, but aso being increesngly consdered in
Europe.

One aspect, which has been pointed out by the responses by the regulatory authorities or the TSO's
isthat concerning the aging of the plants. This aspect is not directly considered in the severe accident
phenomenology; but it could play a very important role in two particular scenarios, namdy (a) steam
generator tube rupture during the high pressure accident scenario, which can lead to containment
bypass and, possibly, a severe release to the environment and (b) vesse rupture at high pressure in
pressurized therma shock scenario due to the very low vaue of the nil ductility temperature. The
latter accident scenario is not part of the severe accident phenomenology so far, and perhaps, can be
managed if the crack in the vessdl is not very large and not at too low location in the vessdl. The
steam tube rupture accident management actions have been devised, which conss of flooding the
secondary side of the faulty steam generator to reduce the release of the fisson products and to
reduce the primary side pressure by depressurization.

C.9.2. Recommendations

In the following, we will make recommendations on the future directions of the severe accident
research, based on the considerations that have been described in the previous sections of the
report. The overdl guiding principd is that:

Highest priority should be given to those resear ch areas which represent a high safety risk
in the nuclear power plant operations and for which insufficient knowledge-base has been
acquired sofar.

The recommendations below are similar to those arrived by USNRC ingtituted expert pand in the
CSARP meeting held in May 2000, in which two of the authors of the present report participated,
aong with the other experts. In the following paragraphs, we have provided the recommendations
for the remaining issues pertaining to the present and the future LWR plants.

C.9.21. Prioritization for Current Plants

C.9.2.1.1. Priority 1

9.2.1.1.1. Ex-Vessd Debris’Melt Coolability

Ex-vessd debrigmdt coolahility is essentid for timely gtabilization and termination of a postulated
accident and for assuring the public that thisis so. The current research programs have not reached
that goad. New innovative ideas may be needed for assuring ex-vess met/debris cooldbility.
Deveopment of a modd for met coolability will require experiments with prototypic materials and
SImulant materias at different scales.
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C.9.2.1.1.2. Ex-Vessel Seam Explosions

These can lead to early containment failure for some BWRs and possible leskage in the containments
of some PWRs. There is a connection between ex-vessd seam explosons and coolability. Lack of
former can provide the credible accident management option of establishing a pool of water under
the vessd and forming a coolable particulate debris bed.

Recent data have shown that oxidic corium may be resstant to triggering and propogation of steam
explosons. This may be the key to the resolution of the steam explosion issue. Thus, a fundamental
understanding of these observations is essentid, in particular for the ex-vessd conditions of low
pressure and high subcooling.

C.9.2.1.1.3. Basemat Failure

This issue is important for those plants where the access of water to the ex-vessel met/debrisis not
avalable. Basemat falure may imply contamination of ground water supplies and spread of
radioactivity to the environment. The technica issue is that of the prediction of the time to basemat
falure due to the long term multidimensiona ercsion of the concrete basemat.

C9.21.2 Priority 2

C.9.2.1.2.1. Lower Head Failure and Timing

The mode of lower head failure is needed for specification of the initid conditions of melt discharge
for contanment loadings, in paticular for the ex-vessdl seam exploson analyses. The timing is
important for the feasability of SAM actions to prevent vessd failure.

C.9.2.1.2.2. Core Quenching

This refers to the accident management actions of delivery of water to the vessd for (1) flooding a
damaged but not yet relocated core (i) flooding the lower head when an oxidic melt pool, covered
by a metdlic layer, is present. The former action may produce more hydrogen and the latter could
produce dratified steam explosions.

C.9.2.1.2.3. lodine Chemistry

The PHEBUS data indicate formation of organic lodine, which may need additionad systems for
removal. Its presence can increase the environmenta release in case of leaky containments and for
filtered-vent releases.

C.9.2.1.2.4. Instrumentation and Diagnostics

Instrumentation to identify for the operator, the progresson of the accident will facilitate proper
accident management actions.
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C.9.2.1.3. Priority 3

C.9.21.31. Seam Generator Tube Failure

This is of concern for the high pressure scenarios and for aged steam generators. The accident
management actions are to flood the secondary side and reduce the primary pressure. Evauation of
this bypass sequence should be completed with the effects of the accident management measures.

C.9.2.1.3.2. Hydrogen Mixing and Combustion

Much work has been performed. Further evauation and vaidation of the calculations for mixing and
digribution of hydrogen in the containment compartments, coupled with the containment therma
hydraulics, is needed.

C.9.2.1.3.3. Existing Computer Code Updating and Validation

A serious effort is required in updating the existing codes to incorporate new knowledge gained and
to vaidate them againgt new data obtained.

C.9.2.2. Prioritization for Future Plants

Co9.221 Priority 1

C.9.2.21.1. In-Vessel Melt Retention

Much work has aready been peformed, The remaning questions are on (i) the effects of melt
dratification on vessd wal thermd loading (i) the composition of the metd layer and its effect on the
focussang of the heat flux, (iii) the rdiability of the gap cooling mechanism and (iv) the plant maximum
power level that can be reiably cerified for IVMR. Some of these questions need additiona
experiments, while others need evauation type research.

C.9.2.2.1.2. Core Met Soreading and Retention in a Core Catcher

This is the severe accident management scheme, which has been employed for the EPR. The main
uncertainty is in the process of retention in a crucible for mixing sacrificid materid in the corium met
and its subsequent falure. It is necessary to generate high flow rates in order to assure spreading
over the whole surface area of the core retention device. The other uncertainty is in the long term
cooling of the spread mdt. The remaining research is of evaduative type.

C.9.2.2.1.3. Core Médlt Retention in an External Vessd

This is the concept of having the core melt of a large power LWR discharge from the vessd into a
much larger diameter stedl vessel housed in the containment below the reactor vessd. This externd
vessdl may be lined by a ceramic material and is cooled by water. This concept has been promoted
by Westinghouse-Atom for a future BWR design. Evaluation of this and smilar concepts is needed.
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C.9.2.2.1.4. Innovative Ex-Vessal Melt/Debris Coolability Concepts

These are new concepts for stahilizing the core melt in the containment. A prominent concept is that
of adding water to the melt layer from the bottom. This concept appears to help in cooling and
quenching even relatively deep layers of mdt. For this concept only evduation work is needed.
Ancther concept is of employing downcomers which have been shown to increase the dry out heat
flux in particulate debris beds. Further experimental and andytica

research is needed for this concept. Other innovetive in-vessal and ex-vessel mdt gabilization and
coolahility concepts have been advanced. Some of these may need extensive research investigations.

C.9.23. Knowledge-Base and Readiness

It is essentia to negotiate some key strategic needs that into the pursuit of above research. These
include the orderly building of the knowledge-base and readiness. Knowledge-base refers to basic
undergtanding, that is robust and tranamittable. Readiness refers to immediate avallability of rdiable
expertise and competence (not computer codes only) should ever the reed for such arise. Those,
together with the technical base for severe accident management, i.e. the hardware, procedures and
documentation will not only safeguard public safety but dso build public confidence that this is the
case.
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Appendix A
Responsesto the Questionnaire

A:l Answersfrom Belgium (AVN)

1. What organizations are supporting you?
There are no organizations supporting us on a regular basis. On a ad-hoc basis, technical support
can be obtained from universities and from the SCK-CEN research centre.

2. Whoisresponsblefor funding the SA research?
SA research in Belgium is funded by the government and by the utilities. On top of that, modest
funding has been obtained from the CEC.

3. What isthe safety policy/philosophy to support decison making?

The safety policy in Belgium is based on the guiddines developed in the country of origin of the
plants, i.e. the US. PSA models of the plants are being developed in order to complement the
determinigtic approach.

4. Would you liketo have the support of the SA research?

We are of the opinion that SA research should be continued in order to solve remaining safety
problems, _rioriti the accident management strategy and guiddines, and maintan an adequate
knowledge level needed in case of ared accident.

5. How do you usetheresults of the SA research?
SA research results are used by the utilities to devel op the severe accident management Strategy, and
by the regulatory body to judge the adequacy of the strategy developed by the utilities.

6. Areyou satisfied with the SA research resultsthat you have used so far?
Globaly yes, even if some results have not (yet?) been used (e.g. fisson products behaviour) and
others are gill missing (e.g. corium coolability).

7. How have such SA research results affected your decison making related to protection
against severe accidents?

SA research results have been used for the development and the implementation of SAM measures
(eg. the ingdlation of the hydrogen catdytic recombiners), and for the condruction of the
containment event trees in the PSA.

8. Whereand why do you see further need of SA research?
We fed further SA research is needed to reduce remaining uncertainties in well sdected key
phenomena (e.g. corium coolability for existing reactors), and aso to maintain competence.
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9. Which areas of SA research would you like to be investigated further and why? Could
you prioritise?

In our opinion, high priority should be given to SA research on the following topics: in-vessel and ex-
vessal coolability, and steam explosions (in particular the understanding of the differences between
prototypic materias and smulants)

10. What areyour requirementswith respect to severe accidents?

The requirements we have with respect to severe accidents are that each plant has SA guiddines
implemented, that the dtaff is well trained in usng those guiddines, and that the drategy and
guiddines be updated and optimised at regular intervas (at least every 10 years).

11. Isthefocus of SA research consistent with what you deem appropriate?

Until now: yes, because it has supported the requirements identified in the question 10. For the
future, it may be necessary to put again more focus on existing reactors because the easy problems
have been solved and the mogt difficult ones are even more difficult to solve given the condraints of
exigting reactors (less freedom in the choice of solutions).

12. What isyour view: should SA research focus on prevention or mitigation actions?
Prevention is of course the preferred srategy, but in line with the defence-in-depth concept,
mitigation is dso important. Moreover, mitigation is more difficult and may therefore require more
research.

13. What is your view on backfitsin existing plants to enhance safety and on the issue of
benefits/costs?

Backfits based on risk reduction have been and till are implemented. We fed that if the safety is not
congtantly improved (safety culture) it may quickly degrade. Deterministic arguments (including
feedback of operating experience, from Belgium and from abroad) as well asinsghtsfrom the level 1
PSA (including from PSA based event analyses) are used. Benefits/costs is not an issue, but of
course backfits have to be “reasonable’ in comparison with their safety importance. This is a
quditative concept, and therefore good engineering judgement hasto be exercised.

14. Do you fed that there are sufficient SA resear ch resultsto satisfy your needs?
No: we fed that research could be more focused on plant gpplication (especidly for existing plants)
inorder to further _rioriti SAM and d o to refine the containment event trees of the PSA.

15. Do you see whether future SA programs envisaged will satisfy your needs in the next
century?

| do not have a sufficiently broad view on future SA programs in order to give a decent answer, but
as long as those future programs concentrate on the research needs identified in the previous
questions, | believe they will satisfy our needs.

16. Will there beachangein regulatory demands on SA research if theregulatory decision

making is based on risk analysis?
No.
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17. 1sgaining knowledge to reduce uncertaintiesin risk assessment of value to regulatory
decison making?

Yes eypecidly when the reduction in uncertainties dlow to have more convincing safety
demondrations, or when it dlows to better quantify the safety margins, thereby giving the posshility
to eiminate undue (and possibly counter productive) conservatisms.

18. Someregulatory and resear ch organizations have concluded that the following SA
issues have been resolved
- a modefailure
- DCH for Westinghouse PWRs
- liner failurefor G. E. Mark 1, BWRs
while some of the following issues are considered unresolved
- vessel failure modes
- fuel-coolant interaction (steam explosions)
- melt debris coolability in-vessel and ex-vessel
- hydrogen combustion (DDT, global detonation)
- sourceterm (revolatilization, ex-vessel r el ease)
What areyour views on the above statements? Please prioritise the importance of each
one of these and the needsfor further research if any.
| agree with the list of resolved and unresolved issues. Concerning the unresolved, the priority for
further research should be the following:
- mdt debris coolability in-vessal and ex-vessel
- fud-coolant interaction (Steam explosions)
- vesH falure modes
- source term (revoldtilization, ex-vessdl release)
- hydrogen combustion (DDT, globa detonation)

19. Are you using any of the SA computer codes or models to support your decison
making? What areyour views on further development the SA codes?
No: SA codes are used only by the utilities and their engineering company.

20. What isyou current estimate of the contribution of human error to the SA risk? Do you
fed further research isnecessary or appropriate to reduce this contribution?

We fed that the contribution of human intervention (errors and recovery actions) to SA risk is
important but has large uncertainties. More research is necessary in order to have a more balanced
and redidic view of the risk profile of a plant and on the potentid and priorities for further risk
reduction.

21. What are the outstanding SA issues that require additional research to ensure proper

credit for Severe Accident Management Guidelines (SAM Gs) being considered by various
Owner’s Groups? For ingtance, is it require to know the decontamination factor (DF)

associated with water, under conditions of steam generator reflood following a tube rupture
scenario, within more than one order of magnitude? What is the conservative value of

water DF level for which confirmation is not needed?

Implementation of SAMGs in the Belgian plants is not yet completed; therefore it is somewhat early
to identify outstanding issues. Debris coolahility is certainly an issue. The DF in the secondary side of
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a deam generator in case of SGTR isimportant, not so much to develop SAMGs but to assess thelr
effectiveness. Belgian PSAs do not (yet) consider the source term and therefore information on DF is
not needed at this time, but we believe that it is an important parameter with large uncertainties and
therefore that further research is needed.

22. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentrations?

We bdlieve that enough is known, except maybe on long term behaviour. We fed that the ageing
characterigtics of the catalytic plates are in need of further research.

23. What should be the main focus of safety, as it related to Sas - High frequency low
consequence (but highly uncertain with regards to fisson product releases) acciderts, or
low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e, large
releases) accidents?

We have no policy in that regard, but we are of the opinion that al reasonable preventive measures
have to be taken before taking about mitigation. In other words, it is not acceptable to judtify the
absence of a preventive measure on the basis of the presence of a mitigative measure.

24. Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devising vays that SA uncertainties could be circumvented through
SAMG procedures?

We bdieve that both should be pursued. Circumvention is nice if it is done by developing robust
SAMGs. By robusgt, we mean not too sendtive to specific assumptions. On the contrary, if
circumvention is obtained by making the SAMGs more complex in order to cover dl imaginable
cases, it is better to reduce uncertainties.

25. What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reducetherisk of Sas?

In exiging plants where the presence of water is not guaranteed in the cavity below the vess,
hardware modifications to alow water to flow to the cavity may be implemented if it dlows to
ggnificantly increase to probability to save the basema without introducing a high risk of steam
exploson.

A2 Responses from Czech Republic
(State Office for Nuclear Safety, Prague)

1. What organizations are supporting you?
Nuclear Research Ingtitute Rez, Czech Republic

2. Who isresponsblefor funding the SA research?
Formerly SONS now NPPs and research ingtitutes and international cooperation.

3. What isthe safety policy/philosophy to support decison making?
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Prevention of SA, preparation of EOP and SAMG or SACM.

4. Would you like to have the support of the SA research?
Yes.

5. How doyou usetheresults of the SA research?
On the base of severe accident analysis to review some vulnerabilities of NPP.

6. Areyou satisfied with the SA research resultsthat you have used so far?
We have ot results of SA andyss performed by NPPs. We have the results from PHARE project
and results paid by SONS only. These results are very useful.

7. How have such SA research results affected your decison making related to protection
against severe accidents?

We have it, but protection againgt SA is in responsbility NPPs. We can recommend this protection

only.

8. Whereand why do you see further need of SA research?

9. Which areas of SA research would you like to be investigated further and why? Could
you prioritise?

Hydrogen phenomena, accident during low and zero power, accident in spent fuel pond, long term

SA progression.

10. What areyour requirementswith respect to severe accidents?
Technica measures for prevention of SA, SAMG preparation.

11. Isthefocusof SA research consistent with what you deem appr opriate?
Yes.

12. What isyour view: should SA research focuson prevention or mitigation actions?
Prevention.

13. What is your view on backfitsin existing plants to enhance safety and on the issue of
benefits/costs?
To enhance safety with respect to cost benefit approach.

14. Do you fed that there are sufficient SA resear ch resultsto satisfy your needs?
No, we need dl results of SA andysisfor the purpose of decison and recommendation making.

15. Do you see whether future SA programs envisaged will satisfy your needsin the next
century?

| think, the programmes of OECD and EC in SA is sufficient, but programme and financia support in

Czech is not sufficient.
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16. Will there be a changein regulatory demands on SA research if theregulatory decision
making isbased on risk analysis?
No.

17. 1sgaining knowledge to reduce uncertaintiesin risk assessment of value to regulatory
decison making?
Yes.

18. Someregulatory and research organizations have concluded that the following SA
issues have been resolved
- a modefailure
- DCH for Westinghouse PWRs
- liner failurefor G. E. Mark 1, BWRs
while some of the following issues are considered unresolved
- vessel failure modes
- fuel-coolant interaction (steam explosions)
- mdt debriscoolability in-vessel and ex-vessel
- hydrogen combustion (DDT, global detonation)
- sourceterm (revolatization, ex-vessel release)
What areyour viewson the above statements? Please _rioritise the importance of each
one of these and the needsfor further research if any.
Hydrogen combustion, source term, mode failure of containment and the items mentioned in the
points 8 and 9 of this questionnaire

19. Are you using any of the SA computer codes or models to support your decison
making? What are your viewson further development the SA codes?

Formerly Czech research _rioritise ns used STCP code (implemented for VVER reactors by NRI

Rez (Czech subject). STCP code is from NRC and SONS was owner. Now we have MELCOR

implemented and verified for VVER reactors and now we want to participate in US NRC research

programme CSATP (NRI Rez). MAAP code was used in PHARE project for NPP Dukovany.

20. What isyou current estimate of the contribution of human error to the SA risk? Do you
feel further research isnecessary or appropriateto reduce this contribution?

| think the human error has important contribution for SA risk. Research is necessary. It shows some

probabiligic study. EOP and SAMG and their implementation and persona training can lead to

reduce of contribution of human error.

21. What are the outstanding SA issues that require additional research to ensure proper
credit for Severe Accident Management Guidédines (SAMGs) being considered by
various Owner’s Groups? For instance, isit requireto know the decontamination factor
(DF) associated with water, under conditions of steam generator reflood following a
tube rupture scenario, within more than one order of magnitude? What is the
conservative value of water DF level for which confirmation is not needed?

The DF leve is detemined by SONS Decree No. 184/1997
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22. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentr ations?

Catdytic recombiners are ingtalated in Czech both NPPs, but tr design bass accident, no for

severe accidents. The knowledge about recombiners during severe accident conditions can be useful

probably.

23. What should be the main focus of safety, as it related to Sas - High frequency low
consequence (but highly uncertain with regards to fisson product releases) accidents,
or low frequency highly uncertain w.r.t. frequency of release) high consequence (i.e,
lar ge releases) accidents?

For selection of SA sequences for anadlysis and technica measures and SAMG preparation we use

the combination of two criteria— high frequency and high consequencesin baance.

24. Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devising ways that SA uncertainties could be circumvented through
SAMG procedures?

Remaining uncertainties can be circumvented through SAMG procedures. | think that SAMG and

technica measures are fina product of the solution of SA phenomena. SAMG and messures must be

verified avdidated by additiond andysis with respect SAMG and performed measures and checked
by fullscope smulator. Thisis our practice.

25. What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reduce therisk of Sas?

I think that it is individua approach for different type of NPPs. Additiona requirements for SA

research can result from the SAMG and technical measures preparation and implementation.

A:3 Responses from Finland (STUK)

1. What organizations are supporting you?
VTT (Technica Research Centre of Finland), LUT (Lappeenranta University of Technology), HUT
(Helanki University of Technology)

2. Whoisresponsblefor funding the SA research?
Utilities as far as ther backfitting plans are concerned, Minigtry of Trade and Industry, VTT and
STUK for more fundamenta and/or regulatory-oriented research.

3. What isthe safety policy/philosophy to support decison making?
That plant behaviour must be adequately understood and controlled to an appropriate degree in dl
Stuations, induding severe accidents.

4. Would you like to have the support of the SA research?

We need primarily phenomenologica information, not more integrated code packages — the exiging
codes appear more or less adequate for our purposes. Where they are inadequate we decide on
other grounds (typicdly relying on experimenta data base).
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5. How do you usetheresults of the SA research?
See 4. In making regulatory decisions regarding requirements and utility designsto fulfil them.

6. Areyou satisfied with the SA research resultsthat you have used so far?
Research reaults that the utilities employed as the basis for designing and implementing their severe
accident management drategies were quite satisfactory.

7. How have such SA research results affected your decison making related to protection
against severe accidents?

Key dements of Loviisa SAM (in-vessd met retention, externd containment cooling, and the

hydrogen management scheme for an ice condenser containment) were gpproved on the bass of

primarily experimentd information.

8. Whereand why do you see further need of SA research?

Some items such as passve recombiner catdyst poisoning under both norma and accident
conditions have received too little attention, even though such devices are marketed as solutions to
the hydrogen problem. See aso our response to item 22.

Fuel-coolant interactions and containment structura response to resulting dynamic loads are relevant
to our BWRs but not yet thoroughly understood.

The phenomenology of (not just the containment pressurisation due to) high-pressure melt gection
may become dgnificant for possble future plants, as may the confinement of severe accidents a
shutdown conditions where the primary containment may need to be open (as in most BWR
designs).

9. Which areas of SA research would you like to be investigated further and why?
Could you _rioritise?
See 8. Ligt order is gpproximately the priority order.

10. What areyour requirementswith respect to severe accidents?
That the containment withstands them and the plant can be brought to a controlled state for long-
term confinement. This, we think, will guarantee maintaining the releases within present release limits.

11. Isthefocus of SA research consistent with what you deem appropriate?
Whose research? Our national? Nordic? EU? USA? All these have different priority lists, some
match our priorities better than others.

12. What isyour view: should SA research focuson prevention or mitigation actions?
Both capahilities should be available. Prevention is not in our view a“severe accident” research item.

13. What is your view on backfitsin existing plants to enhance safety and on the issue of
benefits/costs?
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Our experience is that effective backfits can be implemented with quite reasonable cogts, and thet it
pays to develop and implement more a a Steady rate. Steady development dso helps maintain
competence.

14. Doyou fed that there are sufficient SA research resultsto satisfy your needs?
For the decisons made o far, thiswas the case. Of the future we know nothing certain.

15. Do you see whether future SA programs envisaged will satisfy your needs in the next
century?

Envisaged by whom, or a what leve? Nationad? Nordic? EU? USA? New needs may arise, O

there is no certainty that any present programs would provide satisfaction in the future. Likewise,

where current priorities do not match ours, or other design-related factors preclude application in our

plants, we anticipate little satisfaction from the results.

16. Will there be a changein regulatory demandson SA research if the regulatory decision
making isbased on risk analysis?

We make use of risk indghts aso, but regulatory decison making can be based on risk anadysis only

if the risk andys's can be shown complete enough for the purpose, which we do not think can be

done.

17. 1s gaining knowledge to reduce uncertaintiesin risk assessment of value to regulatory
decison making?

No. It may even be counterproductive, because there are many different types of uncertainties, and

reducing the reducible uncertainties about the presently consdered questionsin no way dleviates our

concerns about the unknown or unaddressed issues, which fundamentally limit the usefulness of risk

andyss.

18. Someregulatory and resear ch organizations have concluded that the following SA

issues have been resolved

- a modefailure

- DCH for Westinghouse PWRs

- liner failurefor G. E. Mark 1, BWRs

while some of the following issues ar e consider ed unresolved

- vessdl failure modes

- fuel-coolant interaction (steam explosions)

- méet debriscoolability in-vessel and ex-vessel

- hydrogen combustion (DDT, global detonation)

- sourceterm (revolatization, ex-vessel r elease)

What areyour views on the above statements? Please _rioritise the importance of each

one of these and the needsfor further research if any.
We have no Westinghouse or GE plants so we do not comment on those issues, but we note that
high-pressure melt gection which initiates DCH can have consequences other than containment
pressurisation which yet are significant (such as chalenging the integrity of penetrations and dispersed
mdt long-term coolability).
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Of the other issues we think that it is not possible to categoricadly clam any of them “resolved” or
“unresolved’. Whether they are resolved or not is to us a plant-specific question. For example, we
congder the current data base more than adeguate for the demondiration of the feasibility of in-vess
melt retention in Loviisa, and unfeasbility for large power densty (above, say, 1800 MWth in a
typical today’s PWR vessdl) reactors.

19. Are you using any of the SA computer codes or models to support your decison
making? What are your views on further development the SA codes?
We do not see much progress can be made here.

20. What isyou current estimate of the contribution of human error to the SA risk? Do you
fed further research isnecessary or appropriate to reducethis contribution?

We fed the most serious human error possibility reates to mishandling or negligence of prevention

related safety issues among dl parties (utilities, regulators, research).

21. What are the outstanding SA issues that require additional research to ensure proper
credit for Severe Accident Management Guiddines (SAMGs) being considered by
various Owner’s Groups? For instance, isit requireto know the decontamination factor
(DF) associated with water, under conditions of steam generator reflood following a
tube rupture scenario, within more than one order of magnitude? What is the
conservative value of water DF level for which confirmation is not needed?

We think that each SAM drategy (that the SAMG's should reflect) should be consstent and the

required accuracy follows then from what is generaly achievable for the various release paths.

22. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentr ations?

We have srong reason to believe enough is not known of recombiner catayst performance and

poisoning characteristics under norma operation, or possible de-poisoning phenomenology.

23. What should be the main focus of safety, as it related to Sas - High frequency low
conseguence (but highly uncertain with regards to fisson product releases) accidents,
or low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e,
lar ge r eleases) accidents?

Main focus of safety isto maintain independent barriers, but for less likely event the barriers may not

need to be as stringently designed as for more likely events.

24. Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devising ways that SA uncertainties could be circumvented through
SAMG procedures?

Our experience especidly with Loviisa shows that it is most efficient to circumvent uncertainties by

requiring adequately demonstrated SAM drategy (of which the SAMGs are a part, and plant

modifications another).

25. What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reduce therisk of SAsS?
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The risk of SA’s is best reduced by reducing the core damage likelihood, and this is beyond (or
rather “before’) the severe accident research. More robust systems to ded with events in the
transgent/accident categories directly reduce to severe accident risk, but these fixes are often
plant(type) specific. On the other hand, SAM is an essentid part of defence-in-depth and hence the
risk of not meeting safety gods due to a severe accident can aso be efficiently lowered by specific
SAM hardware such as, but not limited to, catdytic recombiners in noninerted containments
(assuming cataytic recombination fits within the overall SAM drategy of the plant in question).

A4 Responses from France (I PSN)

1- What organizations ar e supporting you?
IPSN is the technica support of the French safety authority, DSIN.

2- Whoisresponsible for funding the SA research

The funding of the SA research is made by a subvention of the government with the participation of
French (EDF) and foreign partners (European Union, USA, Jgpan..) for some programs
(PHEBUS...)

3- What isthe safety policy/philosophy to support decision making ?

In the domain of the SA, as the knowledge has to be developed and rules and criteria has to be
edtablished, the objective of the research at IPSN is to get a well understanding of the physical
phenomena in order to have a good estimation of the risks and give a wel based judgment on the
methodology of safety demondtration.

4- Would you like to have the support of the SA research ?

Yes, but SA research has to be as far as possble oriented to give a answers useful for the plants
assessment.

One important task of the experts on SA research isto conclude for trangposition of research results
to the reactor case.

The links between the andys's needs and the experimental programs must be strong enough to
support the safety demonstration.

5- How do you usetheresults of SA research ?

IPSN drategy is oriented to the development and validation of SA codes, supported by a SA
experimenta program (andytica and globa experiments).

This pogtion results from the fact that generally experimentd results are not directly trangposable to
the reactor case (scaling effects, more complex stuation,...).

6- Areyou satisfied with the SA resultsthat you have used so far ?

For safety assessment purpose, it is necessary to spent time on synthesis and extraction of key
phenomena. Moreover efforts devoted to experimenta results interpretation in order to improve
code validation or to assess plant behaviour has to be sufficient. Generdly large uncertaintiesremain
for the evaluation of the reactor case.
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/- How have such SA research results affected your decision making related to protection
against severe accidents ?
Hydrogen risk : decisions have been taken to limit the hydrogen concentration in the containment
of some plants by the implementation of autocatalytic recombiners, in order to prevent a
containment tightness in case of hydrogen deflagration. The effectiveness and the absence of
drawback (sdf ignition criteria) of recombiners in a severe accident conditions have been
checked by an experimental program (H2PAR, KALI). Experiments on the RUT facility are
going on in order to evauate criteriafor fast deflagration and DDT with gpplication to the reactor
case.

High pressure core met prevention : decision has been taken to prevent high pressure core melt
gection by a voluntary RCS depressurization. For this purpose it is necessary to determine with
margin a pressure level below which DCH risk is prevented. In this way, DCH tests (especidly
US tedts) give a good understanding of the DCH phenomenology (especiadly for cavity with no
direct exit to the containment like Zion).

Core concrete interaction tests gave orders of magnitudes of H,, CO release in the containment
(H2 risk), of fisson products releases during the short term (first hour) of the MCCI.

Accident management of the French CRUAS PWR : use of iodine tests results gave the
recommendation to have a basic Ph water sump.

In vessel corium coaling : tests on externd critica heat flux gave good results for in-vessal core

cooling capability.

Corium spreading tests are giving data to vaidate spreading codes, used mainly to andyze the
future core catcher of the European EPR reactor.

8- Where and why do you see further needs of SA research ?
Accident progression : there are important uncertainties related to the later phase of in-vessel core
degradation, and week validation of caculation tools.
Important aspects for the analysisare:
- RCS pressure: increase by later reflooding,
Hydrogen production: in case of later reflooding (S or accumulators), corium
relocation in the lower part of the vessd,
Fuel-coolant interaction in case of water injection with a molten pool (in core
location or at the lower vessdl head),
Specidly important measure could be to stop the accident progression by
effective in vessd corium retention system (for example ex-vessd cooling or
others).
Improvement of in-vessd thermahydraulic knowledge.

99



Ex-vessd behaviour : there are important uncertainties related to the ex-vessd corium cooling
possibility and associated risk :

Water ingression in the reector pit : effect of water in the vessd cavity pit a the
vesse bottom head fallure. The question is a key accident management one :

should we introduce (if available) water in the vessdl cavity pit during an
accident ? benefit ? (on corium partid freezing,...) versus risks (consequences
of ex-vesse steam explosion,...) ? This question makes the link between steam
explosion research (at low pressure) and ex-vessd corium cooling experiments
such as the present MACE tests (water on corium interacting with concrete).

In containment phenomena: some uncertainties related to potentid accident management
measures :

Hydrogen digtribution : improvement in 3D tools vaidation (multi-compartment
containment codes such as the French TONUS code for example and
associated vdidation tests). Studies on H2 dtratification,

Potentid effects of spray actuation (H2 homogenization, containment loss of
inertization,..),

Hydrogen management : igniter effectiveness and without drawback.

Research on specific indrumentation: research on pertinent insrumentation needed to manage
severe accident is dso a subject of interest. Particularly, one challenge is to be able to assess the
activity and the composition (gas, iodine) of the containment atmosphere during the accident.

Of interest ds0 is to detect the beginning of MCCI, in order to have a correct view of the accident
progression.

This ingrumentation may be ussful to improve decision making for crigsteams.

Systems behaviour during severe accident conditions : notably systems involved in contanment
isolation function (safety injection and spray systems, containment pass-through, airlock...).
Underganding of the phenomenology and potentid source for volatile organic iodine formation
(ar phase and water phase). Reduction of in containment organic iodine will be an objective
(paints). More effective filters for organic iodine will be of greet interest.

More specific understanding of the chemidry in the primary circuit during in-vessel fisson product
release.

9- Which areas of SA research would you like to be investigated further and why ? Could
you _rioritise?
Areas are mentioned in point 8.
Priorities
1. later reflooding effects,
2. in-cavity water ingresson,
3. H2digribution and igniters behavior,
4. organic iodine production and potential measure to reduce or retain ,
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5. invessd corium retention,
6. longterm MCCI behavior.

10- What are your requirementswith respect to severe accidents ?
It seemsthat no physica phenomena are missng. The main problem is quantification.

11- I1sthefocus of SA research consistent with what you deem appropriate ?
The research has to meet the items presented in point 8.

12- what isyour view: should SA research focus on prevention or mitigation actions ?
The French gpproach concerning the severe accident was from the beginning to prevent the risk of
severe accident associated to an early fisson product release because the emergency plans are not
condgent with these kind of scenario. Then severe accident with containment bypass and
containment failure resulting from al energetic phenomena leading to an early FP release must be
prevented as far as possble (globa H2 detonation, high pressure core melt sequences, steam
exploson leading to containment failure). For the other scenarios of severe accident, mitigation
measures will be devel oped.

13- What is your view on backfits in existing plants to enhance safety and on the issue of
benefits/costs ?
See questions 7 and 8.

14- Do you fedl that there are sufficient SA resear ch resultsto satisfy your needs ?

There is an important research program on severe accident, but progress in the severe accident
safety enhancement remains insufficient. On one hand the results are not directly gpplicable to the
reactor case and the expert has difficulties to conclude on the issue, on the other hand there is little
avallahility of results for aspects concerning severe accident managemen.

A more important effort on synthesis and nterpretation of results for the reactor case must be
performed. The most important demondtration is the evauation of steam explosion risk, and the
absence of models and results of a consequence of alater reflooding.

15- Do you see whether future SA programs envisaged will satisfy your needs in the next
century ?
The program of IPSN research will be oriented to the needs of the safety andysis.

16- Will there be a changein regulatory demands on SA research if the regulatory decision
making isbased on risk analysis ?

17- s gaining knowledge to reduce uncertaintiesin risk assessment of value to regulatory
decison making ?

The reduction of the uncertaintiesto a leve congstent with the objectives of accident management is

important for regulatory decison.
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18- Some regulatory and research organizations have concluded that the following SA
issues have been resolved

7. aphamodefailure ?
8. DCH for Westinghouse PWRs
9. liner failurefor G. E. Mark 1, BWRs

while some of the following issues are considered unresolved

- vessd failure modes

- fuel-coolant interaction (steam explosions)

- méet debriscoolability in-vessel and ex-vessel
- hydrogen combustion (DDT, global detonation)
- sourceterm (revolatization, ex-vessel r elease)

What are your views on the above statements ? Please prioritise the importance of each
one of these and the needsfor further research if any ?

DCH : Corium disperson in the containment is strong dependent on the reactor design cavity and
communication ways between reactor cavity and containment. Representative test are necessary.
For French reactor cavity, the proposed test for lower pressure would be sufficient.

Priority :

For the operating plants, priority will be defined for an actual concept, and for the impact on accident
management :

1- mdt debris coolahility in-vesse or ex-vessd (including steam explosion risk),

2- fud-coolant interaction (in-vessel steam explosion),

3- hydrogen combustion (DDT, globd detonation),

4- vess failure modes,

5- source term (revolatization, ex-vessd release).

19-Are you using any of the SA computer codes or models to support your decison
making ? What are your views on further development the SA codes ?

We use SA accident codes and engineer judgment to support our decision making.

Concerning SA codes, a much greater effort must be devoted to the validation aspects of existing
moddsin place of new models devel opment.

20-What is your current estimate of the contribution of human error to the SA risk ? Do
you feel further research isnecessary or appropriateto reducethis contribution ?

In the level 1 PSA, the weight of the sequences which include a least one human error is very
important (> 80 %). However this does not mean that operators are the “weak point” of nuclear
power plants. Usudly, these “errors’ are just the lack of recovery actions. The weight of the
sequences which include at least one system failure is 100 %. Thus, research efforts should be
oriented in every aspect of risk assessment, including but not restricted to human factors.
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21-What are the outstanding SA issues that require additional research to ensure proper

credit for Severe Accident Management Guidelines (SAM Gs) being considered by various
Owner’s Groups? For instance, is it reguire to know the decontamination factor (DF)

associated with water, under conditions of steam generator reflood following a tube rupture
scenario, within more than one order of magnitude? What is the conservative value of

water DF level for which confirmation is not needed?

For the general question, see above point 8. Furthermore accident management in France is under
discussion between the utility and the safety authority.

Concerning the DF, the potential advantage for FP retention is evident, however the mechanica

behavior of over-heated SG tubes and plate sheet in case of reflood with cold water have to be
assessed. Moreover in case of late SGTR occurrence (empty SG and advance core degradation),
detection means of SGTR has to be assessed.

22-Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentrations?

An extendgve experimental program has been peformed by IPSN in order to evauate the
effectiveness of recombiners under severe accident conditions. Effectiveness of recombiners seems
to be proved under steam and aerosols concentration, only some complementary tests will be
necessary to check the effect of potential poisoning like iodine. Concerning the self-ignition risk
(depending on steam and hydrogen concentration), complementary studies will be necessary in order
to understand the phenomenology.

23- What should be the main focus of safety, as it related to Sas - High frequency low
consequence (but highly uncertain with regards to fisson product releases) accidents, or
low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e, large
releases) accidents?

Thereisno forma policy on thistopic in France. Each Situation is congdered case by case.

24- Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devisng ways that SA uncertainties could be circumvented through
SAMG procedures?

If it is possble, devise a way that uncertainties could be circumvented through SAMG, is the ided
way, but in order to check the effectiveness of SAMG, reducing uncertainties on the potentia loads

will be necessary.

25- What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reduce therisk of Sas?
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A:5 Responses from Germany (GRS)

1.What organizations ar e supporting you?

GRSisfinanced exclusvely by order of projects.

The main employers of the GRS are
- Federd Minigtry for the Environment, Nature
Conservation and Nuclear Safety (BMU) and
- Federd Ministry of Economics (BMBF, now BMWi)

2Whoisresponsblefor funding the SA research?

In Germany, experimenta research connected to reactor safety is supported by the BMWi,
while investigations for plant gpplications are financed by the BMU.
SA research for plant specific gpplicationsis carried out additionaly by industry.

3.What isthe safety policy / philosophy to support decison making?

4.Would you like to have the support of the SA-research?

yes

5.How do you usetheresults of the SA research?
- modding of specific SA-phenomena
- SA-code vdidation and the qudification of code usersfor plant specific investigation
- direct use of SA-research as part of SAM component qualification (e.g. PAR)

- plant specific investigations for the development, lay-out and demondtration of the efficiency
of SAM-measures

- training of plant persona
- proposds for the requirements and recommendations concerning SA related safety aspects
of new reactor concepts

6. Areyou satisfied with the SA research resultsthat you have used so far?

- SA research islimited by use of red materids and some smulation techniques (e.g. chemica
reaction kinetics, decay hest)

- range of remaining uncertaintiesis dways large

- SAM-measures and new reactor concepts to cope with SA must be simple and robust

10. How have such SA results affected your decison making related to protection against
sever e accidents?

A technicd solution for how to cope with a specific SA-phenomena or a SAM-measure
should not be redlized in case of large uncertainties for avery sensitive parameter.
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11.

12.

13.

14.

15.

16.

17.

Where and why do you seefurther need of SA research?

- properties and chemica reaction kinetics for red plant materias (e.g. vessd failure mode >
chemicd interactions of corium with RPV-wall, met coolability, FCI, long-term MCCI)

- dow gas flows and naturd convection pattern of gases in the reactor system and the
containment (e.g. structure heat-up, gas- and aerosol distribution, decay heat removal

- SA instrumentation and process indicators
- debris— or spreaded melt coolability.

SA research is necessary because of dill exigting large uncertainties and to find optimal
solutions for SAM-measures and new reactor concepts.

Which areas of SA research would you like to be investigated further and why? Could
you prioritize?

(see answer to question 8.)
What areyour requirementswith respect to severe accidents?

- Development and ingtdlation of SAM measures
- Lay-out of provisonsto cope with SA in new reactor concepts
In generd:
concerning SA, there shdl be no feed for permanent relocation, evacuation outsde the

immediate vicinity of the plant and long redrictions in food consumption. In Germany this
generd requirement is fixed by law (Atomgesetz).

Isthefocus of SA research consistent with what you deem appropriate?

Not in dl aspects (materid properties, chemicad processes, SA instrumentation and
indicators).

What isyour view: should SA resear ch focus on prevention or mitigation actions?
Prevention has a higher priority than mitigation.

What isyour view on backfitsin existing plants to enhance safety and on the issue of
benefits/ costs?

Reactor safety has aways to be assured based on the actud status of science and technique.
Cost-benefit guidance for safety reated backfits is aways problematic to maintain public
acceptance for the use of nuclear energy.

Do you fedl that there are sufficient SA resear ch resultsto satisfy your needs?

The exigting internationa data base of experimentd resultsis large and was never used in totd
by experts of the different countries. Thisis due to redtrictions in data exchange agreements or
due to proprietary rights. In addition research results gained in the past will not satisfy to days
requirements (e.g. use of CFD-tools). SA research is still needed (see aso answer to question
8).
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18.

19.

20.

21.

22.

Do you see whether future SA programs envisaged will satisfy your needsin the next
century?

No. Thisis dueto the tendency of budget reductionsin many countries and the decisons taken
to close specific issues. For the lay-out of future plants to cope with SA the knowledge base
today isinsufficient.

Will there be a change in regulatory demands on SA research if the regulatory

decision making is based on risk analysis?

Risk analyss could only support specific decison making processes, but should not be the
base for regulatory demands only.

Is gaining knowledge to reduce uncertainties in risk assessment of value to
regulatory decison making?

It should be, while 4ill exiding uncertainties will dways rase the quedion about an
conservative gpproach for safety aspects.

Some regulatory and research organizations have concluded that the following SA
issues have been resolved

- amodefailure
- DCH for Westinghouse PWRs
- liner failurefor GE Mark 1, BWRs

while some of the following issuesar e considered unresolved
- vessel failure modes
- fuel coolant interaction (steam explosions)
- melt debriscoolability in-vessel and ex-vessel
- hydrogen combustion (DDT, global detonation)
- sourceterm (revolatization, ex-vessel release)

What are your views on the above statements? Please prioritize the importance of
each one of these and the needsfor further research if any.

The firgt statements on closed issues are in generd plant specific. Concerning the ligt of
unresolved issues, this requires a detailed discusson.

Are you using any of the SA computer codes or models to support your decison
making? What areyour viewson further development of the SA-codes?

GRS is usng a number of available computer codes for risk assessment and the devel opment
of plant specific preventive and SAM measures.
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Due to ill ongoing SA research, including research for new reector concepts, the SA
computer codes have to be aways on the actua status of science and gpplied technique.

23. What isyour current estimate of the contribution of human error to the SA risk? Do
you fed further research is necessary for appropriateto reduce this contribution?

The contribution of human errors to the SA risk is considerable. The knowledge base today
gained by research is not gppropriate to further reduce this contribution.

24. What arethe outstanding SA issuesthat require additional research to ensure proper
credit for Severe Accident Management Guidelines (SAMGs) being considered by
various Owner’s Groups? For instance, is it require to know the decontamination
factor (DF) associated with water, under conditions of steam generator reflood
following a tube rupture scenario, within more than one order of magnitude? What is
the conservative value of water DF level for which confirmation isnot needed?

Concerning additiond research for SAMG:

- Findize the research on hydrogen production during reflood of a highly damaged core region

- Capatiilities to arrest molten core materids in-vessd (debris coolability and thermo-chemica
interaction corium - vessd wall)

- Vess fallure mode related to different SA-Stuations

- Ex-VesH long-term debris coolability in different cavity desgns

- Long-term aging effect of systems and components, relevant to maintain a controlled plant
dtate after the occurrence of a SA

- SA phenomenologica indicators, which could be used for plant state diagnostics

- Reliable SA-ingrumentation.

Concerning steam generator secondary side flooding:

In case of a steam generator tube rupture event which could lead to the loss of the seam line
integrity, the effectiveness of scrubbing fisson products in water by flooding the steam
generator secondary sdeis an essentiadl SAM-measure.

25. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentrations ?

In generd, the knowledge-base is sufficient to decide an implementation of PARs. Exigting
uncertainties:

PARs leading to an ignition due to high recombination rates, start-up under cold conditions
(e.g. ice-condenser containment, PAR-qudification for DBA-use).

26. What should be the main focus of safety, as it related to Sas — High frequency low
consequence (but highly uncertain with regardsto fisson product releases) accidents,
or low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e.
large releases) accidents?
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27.

28.

Concerning HFLC it has to be checked whether there is a deficit in the design (area of DBA
- prevention).
LFHC should be the main focus of SAM! (= mitigation !)

Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devisng ways that SA uncertainties could be circumvented
through SAM G procedures?

Reducing existing large uncertainties will lead to more reliable and effective SAM-measures,
aso concerning SAMGs.

SAM-measures and SAMG should not be senstive to the range of uncertainties (robust
solutions).

What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reduce therisk of Sas?

In case, the integrity of the pressure vessel could be kept by SAM-mesasures, dl
phenomenological aspects of the ex-vessel SA-phase could be prevented, drastically reducing
the risk (long-term gas production due to MCCI, basemate-mdt-through, etc.). When this
could not be assured, the long-term ex-vessdl debris coolability is of main importance.

A:6 Responses from Hungary (HAEA NSD)

What organisations are supporting you?
A: Mainly our Technical Support Organisations, i.e. the Inditute for Electric Power Research
Co. and the Atomic Energy Research Ingtitute, both in Budapest.

Whoisresponsblefor funding the SA research?

A: HAEA NSD is one of the main financiers, obtaining resources from the state budget, for
R&D purposes. The TSOs dso use some of ther financial resources and certain projects are
financed by the utility.

What isthe safety policy/philosophy to support decision-making?

A: Our palicy is to use as much expertise of the country as we can (including experts of the
TSOs) for our regulatory decisons. R&D resources have been used to keep the knowledge-
leve of the TSOs high, while TSO-agreements ensure the avalahility of this knowledge in the
regulatory decisor-making process.

Would you like to have the support of the SA research?

A: Our policy in case of any support (not restricted to the SA research) is that athough support
is most welcome, the Hungarian regulatory authority tries to solve its problems by using its own
resources and according to its well defined safety philosophy and priorities. In case of SA
research gpplication of this principle is limited by the high costs associated with such research
activities.

How do you use the results of the SA research?
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8.

On one hand, these results are primarily used in assessng safety analysis reports, and in
decisons related to safety enhancement of the power plant. On the other hand they form a basis
of the procedures as well as of software tools used in emergency preparedness activity.
Assessing and gpproving accident management guides shal aso require such results.

Areyou satisfied with the SA resear ch resultsthat you have used so far?
A:Yes

How have such SA resear ch results affected your decision-making related to protection
against severe accidents?

Cf. Answer 5. Especidly in emergency preparedness issues, SA knowledge is essentid in
decison-making.

Where and why do you see further need of SA research?

A: A comprehensive re-evauation of the safety of the Hungarian nuclear plant has been performed in

0.

1992-1994 (AGNES project), resulting in a number of conclusions and recommendations. (The
current safety upgrading Program of the NPP is based on these results.) The analysis has shown
that the most important factor influencing the outcome of a severe accident is the containment.
Its week points from SA point of view is that it needs passve and active tools for maintaining
pressure suppresson on one hand and that it exhibits a relatively high lesk-rate on the other
hand. Consequently we have to make efforts:

to prevent core damage and keep the integrity of the RPV by using accidnt management

tools

to reduce pressure and to decrease and/or to delay over-pressure time periods, and

to reduce the volume of voldtile fisson products and aerosols in the containment.

The in-vessd phase is Hill interesting from the viewpoint of the preparation of the Accident

Management Guides (e.g. bleed and feed) not yet ready for the plant.
For emergency preparedness purposes caculation of source terms from the possble SA
sequences aswell asthe results of Level 2 PSA are relevant.
Application of new fud types, aswdl asthe use of the existing fuels for longer period, dso pose
SA questions.

Which areas of SA research would you like to be investigated further and why?

Prioritisel

Cf. Answer 8.

10. What areyour requirementswith respect to SAs?

Cf. Answer 8.

11. Isthefocus of SA research consistent with what you deem appropriate?

A: In the sense that what we immediately need we can have performed by one of our TSOs, the
answer is yes. On the other hand a smdl country like Hungary — among others dso for financid
reasons — may not conduct a well defined, concise SA R&D project covering every important
issue. Thus some of our needs may only be satisfied from results of internationa projectsitsisto
be noted, however, that — since only a smdl portion of the results can be directly used for our
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12.

13.

14.

15.

16.

17.

18.

VVER plant — better understanding of the phenomena is what generally deemed as the main
benefit from the internationa SA research.

What isyour view: should SA research focus on prevention or mitigation actions?
A: Since the leskage from the VVER-440 containments is quite high, prevention of an SA is
more important for us than mitigation.

What is your view on backfits in existing plants to enhance safety and on the issue of
benetfits/costs?

A: Safety enhancing measures and the related backfitting are the only possible solutions to raise
the safety of an older design plant to the current requirements. This has long been redised in
Hungary and the NPP and the regulatory body considers the performance of such measures of
primary importance. As for benefit/cost consderations, the present legd regulations in Hungary
have no indications to that, on the other hand the HAEA NSD policy requires the gpplication of
the ALARA principle to the risk reduction.

Do you feel that there are sufficient SA resear ch resultsto satisfy your needs?
Cf. Answer 11.

Do you see whether future SA programs envisaged will satisfy your needsin the next
century?
Cf. Answer 11.

Will there be a changein regulatory demandson SA resear ch if theregulatory decision-
making isbased on risk analysis?
A: Very likey yes, however the implications of such achange are not clear to us as yet.

Is gaining knowledge to reduce uncertainties in risk assessment is of value to
regulatory decision-making?
Y es, and dso increasing the quality of PSAs.

Some regulatory and research organisations have concluded that the following SA
issues have been resolved: alfa-mode failure, DCH for Westinghouse PWRs, liner
failure for G.E. Mark 1 BWRs, while some of the following issues are considered
unresolved:

Vessel failure modes

Fuel-coolant interaction (steam explosion)

M elt-debris coolability in-vessel, ex-vessel

Hydrogen combustion
- Sourceterm
What areyour viewson the above statements? Prioritise!
A: Asfor the listed possbly solved problems, we are not interested in the matter, thus we have
no opinion. The listed, possbly not solved problems indeed need further investigation, our
preferenceisfor the last three topics. (Cf. dso Answer 8.)
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19.

20.

21.

22.

23.

24.

25.

Are you using any of the SA computer codes or models to support your decision-
making? What are your views on further development the SA codes?

A: With the help of our TSOs we ae usng the codes MELCOR, CONTAIN,
SCADAP/RELAP, CATHARE. We a0 use MAAP4/VVER and some other smple codes for
emergency preparedness. We believe that further development of these codes is necessary,
however only in a wdl defined, strategic, world-wide co-ordinated manner. Actualy severa
such projects are running paralel, (USNRC CSARP, EU PHARE, EU SRR, OECD NEA
CSNI, IAEA etc.) what makes the Stuation difficult.

What is your current estimate of the contribution of human error to the SA risk? Do
you feel further research isnecessary or appropriateto reduce this contribution?

A: According to our statigtics, the direct contribution of human errors to ordinary (INES 1 or
below) events in our NPP was about 25% in the last years. On the other hand, since no
symptom oriented SAMGs are in force in Hungary as yet, and no thorough training of the
personnel in SA situations has yet been conducted, the chance of unexpected human errors in
SAsisunpredictable. Further research in thisfield is certainly needed.

What are the outstanding SA issues that require additional research to ensure proper
credit for SAMGs? (E.g. decontamination factor in SF reflood?)
A: We do not have enough experience with SAMGs to answer this question.

Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam and aerosol concentration?

An EU PHARE project (PH 2.07/94) addressed the question. | do not know whether the
answers were comprehensive enough.

What should be the main focus of safety, as it related to SAs — High frequency low
consequence (but highly uncertain with regards to fisson product releases) accidents,
or low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e.
lar ge releases) accidents?

A: To my best knowledge a SA is per definitionem a low frequency, high consegquence evert,
thus safety as related to SA may only concern the latter case. If it is about whether which events
are more important from safety point of view (“ordinay” or SA) | have the feding that
prevention of high frequency, low consequence events represent the overwhdming mgority of
practical safety issues, hence automaticaly these arein the focus.

Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devising ways that SA uncertainties could be circumvented through
SAMG procedures?

Since, as mentioned, we do not have proper SAMGs in Hungary, obvioudy the development of
SAMGsis of primary importance, the question can only be properly answered after that.

What design-related fixes do you foresee that requires additional SA resear ch, which if
implemented could substantially reducetherisk of SAs?
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Cf. Answer 8. No mgor desgn modification of the plant (related to SA risk reduction) is
foreseen, except certain seismic measures, and a computer-based, digital reactor protection
system refurbishment.

A7 Responses from Japan (Nuclear Safety Commission)

1.What organizations ar e supporting you?

The Nuclear Safety Commission (NSC) utilizes available knowledge obtained from domestic and
foreign organizations when NSC makes a decision for severe accident issues. NSC establishes five-
year safety research plan on nuclear safety, from which NSC can get specific knowledge if
necessary. Japan Atomic energy Research Indtitute (JAERI) makes a mgor contribution as a leading
organization for LWR related severe accident research in the five-year safety research plan. NSC
refers dso to outcome from research and technology being performed by Nuclear Power
Engineering Corporation (NUPEC) and industries.

2Whoisresponsblefor funding the SA research?
Science and Technology Agency (STA), Ministry of Internationa Trade and Industry (MITI) and
utilities repectively fund research and development activities in JAERI, NUPEC and industries.

3. What isthe safety policy/philosophy to support decison making?

Many years of excdlent operation record clearly demondrates the high level of safety of nuclear
power plants in Japan. We therefore do not think that the risk of severe accident is consderably
high. However, to be as careful as possible, NSC issued a statement in May 1992, which strongly
encourages dl the utilities to establish accident management measures voluntarily to reasonably
reduce the risk of severe accident.

4.Would you liketo have the support of the SA research?

Since the risk of NPPs to the public is dominated by severe accidents and there is large uncertainty
in the estimation of the severe accident risk even now, it is natura for the NSC to continue to
support severe accident research. However, the priority of severe accident research in the fied of
nuclear safety is relatively lowered a present snce phenomenologica understanding has been
ggnificantly improved by worldwide research activities accelerated after the TMI-2 accident. It is
important to focus the areas of severe accident research 0 as to more effectively satisfy the
regulatory needs.

5. How do you use theresults of the SA research?

SA research results have been reflected to PSAs that were performed for assisting in the planning of

AM sgrategies and PSAs for Periodic Safety Reviews (PSRs) of NPPs. Through these PSASs, they

have contributed to confirm safety of existing plants and to identify plant vulnerable points. They are
as0 being referred to in the process of updating the Ste evduation guideline. For the guideline for
containment vessel design for future plants established by industries in May 1999, SA research

results by JAERI and NUPEC were utilized in addition to those by industries.

6. Areyou satisfied with the SA research resultsthat you have used so far?
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We are basicdly satisfied in the sense that the issue of severe accidents, which has been one of the
most important regulatory issues, has been resolved (at least from a regulatory point of view) for
exiging plants by the implementation of accident management measures based on the results of
severe accident research. However, we have to point out that not al issues have been resolved and
not al research programs on severe accidents seem to be effective for resolution of remaining issues.
A thorough discussion seemsto be necessary on the direction of the severe accident research.

7. How have such SA research results affected your decison making related to protection
against severe accidents?

The SA results were used for the evaduation of overdl AM drategy in 1995. In the near future the
SA research results will contribute to the evaluation of the effectiveness of the AM measures actudly
implemented at exigting plants.

8.Where and why do you seefurther need of SA research?

Condgdering the fact that a wide range of SA research has been made in the 20 years after the TMI
accident, we think it is the time to review the past efforts and clarify what is known and what is not in
order to prioritize the remaining issues and focus the research programs on the most important aress.

9.Which areas of SA research would you like to be investigated further and why? Could
you prioritize?

Check and review of current SA research results to contribute to provide necessary solutions for
regulatory issues would be more important than continuation of research to darify “involved
phenomena’ in discursve manner. Priority should be given for researchers to improve predictive
capability of models and computer codes for andlyss of accident progresson and source terms for
the full scale nuclear power gtations. In this respect, cooperdtive, research with PSA and humant
factor specidists should be encouraged.

10.What areyour requirementswith respect to sever e accidents?

NSC has no legal requirement for additional protection against severe accident. However NSC is
encouraging the utilities to continue their efforts to introduce severe accident countermeasuresto ther
plants as a part of their integrated efforts to further reduce therisk of their facilities.

11.1sthefocus of SA research consistent with what you deem appr opriate?

Recent domestic and foreign SA research activities are not necessarily adequate, because sometimes
the drategies for using the research results for the evauation of phenomena and/or scenario of severe
accidents in actud plants is no cdear. For example, small-scae experiments and their analyses are
sldy peformed without scaling drategy necessary to connect thelr results to the full-scae
evauation.

12 What isyour view: should SA research focus on prevention or mitigation actions?

From the regulatory viewpoint, prevention takes priority to mitigation in principle. However, it is
difficult to answer in a generd way, because he priority depends on uncertainty and risk impact of
specific issues.
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13.What is your view on backfits in existing plants to enhance safety and on the issue of
benefits/costs?

In Japan, backfits are not made from the regulatory viewpoint. We rely on the efforts which will be
made by utilities themsdves.

14.Do you fed that there are sufficient SA research resultsto satisfy your needs?

We fed that most of SA research results are satisfactory for understanding SA phenomena. In
Japan, we believe further regulatory requirements for severe accident is not necessary. However, we
encourage severe accident research as reasonable effort to further reduce risk of nuclear power
plants.

15.Do you see whether future SA programs envisaged will satisfy your needs in the next
century?

The future SA research programs are now under discusson for establishing the next five-year
(FY2001~FY 2005) safety research plan. NSC will promote SAS research which meets NSC's
needs.

16.Will there be a change in regulatory demands on SA research if the regulatory decision
making is based on risk analysis?

Regulatory decison making is dways made reflecting risk information. Here, the risk information is
not limited to PSA results. It is a matter of course that the prioritization of SA research should be
made based on the risk information.

17.1s gaining knowledge to reduce uncertainties in risk assessment of value to regulatory
decison making?

We expect that PSA results will be gpplied to regulatory decision making more broadly in the future.
Thus, research works to reduce uncertainties in PSA are useful. It is necessary to verify how much
the severe accident research has directly helped the reduction of uncertaintiesin PSA.

18.Some regulatory and resear ch or ganizations have concluded that the following SA issues
have been resolved

- a modefailure

- DCH for Westinghouse PWRs

- liner failurefor G. E. Mark 1, BWRs

while some of the following issues ar e consider ed unresolved

- vessel failure modes

- fuel-coolant interaction (steam explosions)

- melt debris coolability in-vessel and ex-vessel

- hydrogen combustion (DDT, global detonation)

- sourceterm (revolatization, ex-vessel release)

What areyour viewson the above statements? Please prioritize the importance of each one
of these and the needsfor further research if any.

We have to review to what extent each issue has been resolved. We expect that specidists in SA
research summarize and evaluate the current status of extent of resolution.
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19.Are you using any of the SA computer codes or models to support your decison
making? What are your views on further development the SA codes?

NSC does not use any SA code directly. JAERI is developing and using SA codes and NSC gets
useful information which is obtained through andyses with SA codes. The SA research results so far
have been reflected in the computer codes but sometimes the use of such results is limited to small
scae codes which ded with individua phenomenon. We hope that SA research results be properly
reflected to integrated codes.

20.What isyou current estimate of the contribution of human error to the SA risk? Do you
fed further research isnecessary or appropriate to reducethis contribution?

In generd, human errors largely contribute to the SA risk. Modding development of human errors,
especidly, errors of commisson during post-accident operation seems to be of vaue. Potentid
human errorsin severe accident managment, however, should be studied not in the context of human
factors research but in the context of providing clearly understandable and reliable Severe Accident
Management Guidelines (SAMGs).

21.What are the outstanding SA issues that require additional research to ensure proper

credit for Severe Accident Management Guidelines (SAM Gs) being consider ed by various
Owner’s Groups? For instance, is it reguire to know the decontamination factor (DF)

associated with water, under conditions of steam generator reflood following a tube rupture
scenario, within more than one order of magnitude? What is the conservative value of

water DF level for which confirmation is not needed?

Since SAMGs are currently being prepared by the utilities and they will be reported to the regulatory
authority (MITI) in the year 2000, we can not define the outstanding SA issues at this moment.

22.Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentrations?
Feasibility sudy of cataytic recombinersis now being implemented by the utilities.

23.What should be the main focus of safety, as it related to SAs - High frequency low
conseguence (but highly uncertain with regards to fisson product releases) accidents, or
low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e., large
releases) accidents?

Both should be avoided by using any reasonably achievable technica measures. It is not an issue that
can be answered as genera consideration.

24.Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devisng ways that SA uncertainties could be circumvented through
SAMG procedures?

Y ou may decrease predicted uncertainty and/or make the uncertainty irrelevant to the consequences,
depending on the issues or related phenomena. It is thus difficult to answer this question in a generd

way.

25.What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reduce therisk of SAsS?
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A research will be needed to confirm appropriateness of Passive Safety features being designed for
next-generation plants, though it isnot akind of fix.

A:8 Responses from Netherlands

Note: regulatory body is abbreviated as ‘' RB’

1. What organizations ar e supporting you?
No specific organisations are supporting us, asthe RB is a governmental organisation.

2. Whoisresponsblefor funding the SA research?
N/A, asthe RB has no own research programme.

3. What isthe safety policy/philosophy to support decison making?
See 2.

4. Would you like to have the support of the SA research?

We have no direct need for severe accident research, as we put dmogt dl questionsthat arise to the
licensees, as they are responsible for safety. In some areas we try to obtain sufficient ingghtsin the
associated risk before we put such questions to the licensees. Here we sometimes consult Technica

Support Organisations or smilar inditutes that have expertise in severe accidents and/or are involved
in such research themselves,

5. How doyou usetheresults of the SA research?

In the Dutch regulations, savere accidents are addressed as items that licensees must consider in their
goplications. They then develop mitigation means and guiddines which we review and gpprove on
the basis of severe accidents insights.

6. Areyou satisfied with the SA research resultsthat you have used so far?

Partly, as much severe accident research appears to be knowledge-driven, rather than application
and user-driven. Or driven by nationa policies. But the results that have been used to date were of
good qudity (e.g. re containment venting, hydrogen recombination, introduction of SAMG).

7. How have such SA research results affected your decison making related to protection
against severe accidents?

As mentioned, the containment filter, the hydrogen recombiners and the SAMG that were recently

introduced in our plant have been accepted by us using insghts from such research. The decision to

have these countermeasures was, however, made before such results were available; we anticigpted

that they would become available.

8. Whereand why do you seefurther need of SA research?

Main items are in- and ex-vessd debris coolability, loca hydrogen accumulaion and combustion,
RPV failure and falure mode, ex-vessd FCI, MCCI in smal/dry cavities to find timing of foundation
falure, 1&C behaviour during severe accidents, programmes that support further development of
A/M, codesto help authorities to find source terms.
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Reason: to reduce the areas where there are dtill large uncertainties in A/M, enhance A/M as such,
and support Emergency Planning.

9. Which areas of SA research would you like to be investigated further and why? Could
you prioritize?

See item 8. Priority is with loca hydrogen phenomena (risk for early containment failure) and with

&C for A/IM, asthat isthe main uncertainty in effective A/IM.

10. What areyour requirementswith respect to severe accidents?

Pants must consder severe accidents and take appropriate action. This includes both hardware
(equipment) and software (procedures and guidance that cover afull core melt event). It is a part of
our regulation.

11. Isthefocus of SA research consistent with what you deem appropriate?

Not redly; few severe accident research programmes have been initisted after a careful
inventarisation of the needs of regulators and utilities. Many have started because they fitted into the
cgpabilities of an exigting research centre or met nationd policies.

12. What isyour view: should SA research focus on prevention or mitigation actions?
Prevention of core damage is not an area for severe accident research, prevention of releasesis. In
generd, mitigative actions are the domain for severe accident research.

13. What is your view on backfits in existing plants to enhance safety and on the issue of
benefits/costs?

If you mean backfitting savere accidents hardware, that should be done if subgtantid risk reduction

can be achieved. It even must be done if the risk otherwise would be too high (according to some

predefined standard). Cost-benefit is difficult, as the costs of a severe accident are unknown. On the

other sde, backfitting to any cost is not feasble. Hence, cost-benefit should be consdered in a

quditative way.

14. Do you feel that there are sufficient SA research resultsto satisfy your needs?
No. There are dill some large uncertainties in SAMG. But as it concerns events with a very low
probability, there is no immediate need for their resolution either.

15. Do you see whether future SA programs envisaged will satisfy your needs in the next
century?

Assuming that the next century is this century: yes. We anticipate that many if not most outstanding

questions will have been treated to a sufficient depth after completion of the 5" Framework

Programme (‘sufficient’ in terms of needs of regulators and industry). Measures should be taken to

preserve the corpus of know-how in the fidld after that time.

16. Will there be a change in regulatory demands on SA resear ch if theregulatory decison
making is based on risk analysis?

117



Our regulatory decison making is dreedy largely based on risk ingghts. In generd, the shift to the
use of risk ingghts makes it possble to define close-out criteria if risk is reduced below a certain
leve, further work to fill ggpsin knowledge or to reduce remaining uncertainties is not warranted.

17. I's gaining knowledge to reduce uncertainties in risk assessment of value to regulatory
decison making?

Partly, if the calculated mean vaue of the risk is sufficiently low, the uncertainties may remain il high

from a regulatory viewpoint. An example is a seam explosion that leads to an early containment

fallure: the phenomenainvolved are not fully understood, but the probability is judged to be very low.

18. Someregulatory and resear ch organizations have concluded that the following SA

issues have been resolved

- a modefailure

- DCH for Westinghouse PWRs

- liner failurefor G. E. Mark 1, BWRs

while some of the following issues are considered unresolved

- vessel failure modes

- fuel-coolant interaction (steam explosions)

- mdt debris coolability in-vessel and ex-vessel

- hydrogen combustion (DDT, global detonation)

- sourceterm (revolatization, ex-vessel release)

What areyour views on the above statements? Please prioritize the importance of each

one of these and the needsfor further research if any.
We agree on most of the above with the following precautions. FCI should be restricted to ex-vessd
phenomena. Globa hydrogen combustion is not risk relevant, locd 4ill is. Which includes flame
acceleration. Source term issues do not drive A/M decisons a the plant; they are mainly relevant for
Emergency Planning. Source term insights have contributed little to effective SAMG o far.
Priority should be with phenomena that may lead to an early containment falure. For NL that is
hydrogen combustion (but it is understood that thisis plant pecific - for many plants hydrogen is not
arisk).
Reference is made to item 8 where we specified the perceived needs of these and other fields, plus
some other articles where we specified research needs.

19. Are you usng any of the SA computer codes or models to support your decison

making? What areyour viewson further development the SA codes?
Our licensee uses ao. MAAP and MELCOR; we usudly accept the results of their calculations.
Codes should be mechanistic where possible, they should be less dependent on the user experience
(and be equipped with gppropriate user manuas...) and be capable of integrd smulation of severe
accidents, including the effect of SAMG execution. They should be capable of supporting the
development of smulators in the severe accident domain, in order to enhance SAMG exercises and
drills. For gas digribution caculaions in containments with compartments, the CFD type of codes
should be further developed. Care should be exercised that codes can be validated by appropriate
tests and experiments.
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20. What isyou current estimate of the contribution of human error to the SA risk? Do you
fed further research isnecessary or appropriate to reducethis contribution?

Human error is one of the known mgor contributors to severe accident risks, dthough it is probably

difficult to quantify it. Operator behaviour in mitigation of severe accidentsis a present not modelled

in PSAs, without gppropriate guidance (SAMG type) the event may even get worse. A useful type

of study would be to modd operator behaviour during the execution of SAMG, in oder to enhance

its effectiveness (some work is dready underway).

21. What are the outstanding SA issues that require additional research to ensure proper
credit for Severe Accident Management Guidelines (SAMGs) being considered by
various Owner’s Groups? For instance, isit requireto know the decontamination factor
(DF) associated with water, under conditions of steam generator reflood following a
tube rupture scenario, within more than one order of magnitude? What is the
conservative value of water DF level for which confirmation is not needed?

The issues mentioned above are congdered rdevant from the SAMG point of view. The

effectiveness of SG secondary reflood is one of the issues recognized as warranting further work.

We should have a reasonable estimate of the DF, but real accuracy is not needed: the flooding is and

will remain an useful A/M action. In generd, the negative consequences asociated with the Candidate

High Leve Actions- which arethe main body in exising SAMG - are fairly well understood.

22. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentrations?

Yes. They are fully qudified for those circumstances. However, some of these recombiners tend to

become igniters a high hydrogen concentrations; this is an area where further work may be ussful

(and dready is being performed).

23. What should be the main focus of safety, as it related to SAs - High frequency low
conseguence (but highly uncertain with regards to fisson product releases) accidents,
or low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e,
lar ge r eleases) accidents?

This is not a very usgful criterium. The cut-off should be based on risk, not on ether of its

components aone. One should, however, confirm that appropriate SAMG is in place to cover al

scenarios with higher probabilities.

24. Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devising ways that SA uncertainties could be circumvented through
SAMG procedures?

SAMG should be in place anyhow, regardless of any actud or perceived uncertainties. Optimizing

SAMG can be done in both directions. to reduce the uncertainty by better understanding the

processes (wich will lead to more effective countermeasures), or to introduce hardware changes to

circumvent the problems. The research should be directed in the way where the best chance is to
reduce risk, under the prevailing boundary conditions (which may include eg. that no substantia
hardware changes will be introduced a the plant). This is not an automatism: in the past, many
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research efforts have been spent in acquiring more knowledge, rather than developing effective
SAMG through hardware and/or software changes.

25. What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reduce therisk of SAsS?

For new plants one could think of design related measures (but this is not relevant for the
Netherlands in the absence of any new NPP development). For existing plants, possible hardware
changes ae highly plat specific. For some plants with a compatmentaized containment
countermeasures againgt high loca hydrogen concentrations could reduce uncertainties, maybe even
risk (igniters, inertisation, dilution). Plants with adry cavity should investigate how they can flood
that cavity and how much water may be needed for the flooding to be effective. Where ex-vessdl
FCI is rdevant, ample corium spreading devices may be more effective than expendve research in
FCI phenomena (not relevant for existing NPPin NL).

A:9 Responses from Slovakia (Nuclear Regulatory Authority)

1. What organizations are supporting you?

The Nuclear Regulatory Authority of the Sovak Republic (UJD SR) is the independent central state
adminigretive office responsble for the supervison of nuclear facilities in Sovekia in the area of
nuclear safety. There is an internd support (in-house) and externd support (Slovak and foreign
organizations) for the UJD SR in the severe accidents. The Department of Safety Andyss and
Technicd Support of UJD SR provides an in-house support; the Nuclear Power Plant Research
Indtitute, Trnava (VUJE), IAEA, and research organizations from Germany, France, USA provide
an externa support in the severe accidents. There are not any experimenta facilities on severe
accident research in Sovakia. So, Slovak contribution to severe accident research is focused mainly
on the andyticd support (accident analyses, development of emergency operating procedures and
guiddines). Sovak organizations are dso involved in the PHARE projects, bilateral and multilateral
cooperation, internationa meetings, workshops and training courses. The internationd meetings,
workshops and training are oriented on the sharing the experience and information in the area of
severe accident research.

2. Whoisresponsblefor funding the SA research?
The severe accident research in Sovakiais founded from the state budget. The Slovak organizations
are ds0 involved in the PHARE projects financed by European Community (EC).

3. What isthe safety policy/philosophy to support decison making?

The safety policy/philosophy is defined in UJD SR legidative documents and guiddines. Any
regulatory decison has to be prepared in compliance with legidation, properly supported and
documented by andytica results, experimental results or engineering judgement.

4. Would you like to have the support of the SA research?
The UJD SR requires a support in the severe accident research. The UJD SR has not got
enough expertsto cover al areas of nuclear safety.

5. How do you use theresults of the SA research?
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The results of severe accident research isused &t UJD SR modily for:

a) thedevdopment of emergency procedures to be applied at the Emergency Response Center
of UJD SR during the emergency drills or emergency Stuations at the nuclear power plants;

b) thereview of accident management procedure applied at the nuclear power plants,

c) the preparation of nuclear power plant upgrading.

6. Areyou satisfied with the SA resear ch resultsthat you have used so far ?

The UJD SR requires a support in the severe accident research. However, the existing support is not
consdered to be sufficient. Some expected severe accident phenomena are not properly
exparimentdly investigated. Thereis gill aroom for the continuation in severe accident research.

7. How have such SA research results affected your decison making related to protection
against severe accidents?

The results of severe accident research are used for the development of emergency procedures,

severe accident management guidelines, emergency planning and for the preparation of nuclear

power plant upgrading.

8. Whereand why do you see further need of SA research?

The UJD SR requires a support in the severe accident research. However, the existing support is not
conddered to be sufficient. Some expected severe accident phenomena are not properly
experimentaly investigated (reactor core degradation and creation of molten pool, vessd falure
modes, retention of core degradation, met debris coolability, chemicd reactions between
radionuclides, their transportation and release into the environment). Mathematical description of
some severe accident phenomenain used computer codes (MELCOR, MAAP) is not adequate and
consequently, some calculated results are not religble. There is ill a room for the continuation in
severe accident research to understand the plant response to severe accidents, prevent and mitigate
the severe accidents.

9. Which areas of SA research would you like to be investigated further and why? Could
you prioritize?

Some expected severe accident phenomena are not properly experimentally investigated (reactor
core degradation and creation of molten pool, vessd failure modes, retention of core degradation,
melt debris coolability, chemica reactions between radionuclides, their transportation and release
into the environment). Mathematicad description of some severe accident phenomena in used
computer codes (MELCOR, MAAP) is not adequate and consequently, some caculated results are
not reliable. The continuation in severe accident research is needed to understand the plant response
to severe accidents, prevent and mitigate the savere accidents. The prioritization will be specified
after the completion and review of PSA studieslevd-2 for Slovak NPPs.

10. What areyour requirementswith respect to the sever e accidents?

Severe accidents belong to the beyond design accidents. UJD SR does not prescribe any specific
requirements for severe accidents with respect to the plant design. In case of emergencies, the severe
accident management guidelines and emergency plans are required. They are mostly focused on the
mitigation actions.
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11. Isthefocus of SA research consistent with what you deem appropriate?

Hnancia resources for severe accident research are limited in Sovakia They do not cover the needs
of research. The definition and solution of research tasks through the PHARE projects is time
consuming due to EC administration and in many cases the results are out of time.

12. What isyour view: should SA resear ch focus on prevention or mitigation actions?
There is not common meaning whether savere accident research should be focused on prevention or
mitigation actions. The important is to have an acceptable levd of risk from radioactive releases for
gaff, public and environment.

13. What is your view on backfits in existing plants to enhance safety and on the issue of
benefits/costs?

The plant backfitting is guided to enhance the NPP safety to the internationaly accepted level and to

protect the public and environment. However, a certain specific level of plant safety has to be

resched in any way, without cost-benefit consderation and discussion. Plant backfitting contributes

to the severe accident prevention.

14. Do you fed that there are sufficient SA research resultsto satisfy your needs?

No, there is ill a lack of severe accident research results to cover our needs. Some expected
severe accident phenomena are not properly experimentaly investigated (reactor core degradation
and cregtion of molten pool, vessd failure modes, retention of core degradation, met debris
coolahility, chemica reactions between radionudlides, their trangportation and release into the
environment) and they required a continuation in severe a accident research.

15. Do you see whether future SA programs envisaged will satisfy your needs in the next
century?
Yes, we see.

16. Will there be a change in regulatory demands on SA research if theregulatory decision
making isbased on risk analysis?

The Sovak regulatory body decison making is deterministic. An application of risk based decisons

could change the priorities in severe accident research.

17. Is gaining knowledge to reduce uncertaintiesin risk assessment of value to regulatory
decison making?

The PSA studies levd-2 for Sovak nuclear power plants are now in preparation. After completion
of these studies and their careful regulatory review, the UJD SR will receive an actud specific
information about the nuclear power plant response to the severe accidents, containment falure
mode, risk profile, radioactive releases and impact of selected accident management measures. UJD
SR will see the impact of uncertainties on caculated results, wesk points of plant design and
operation. The results will be used in the decison making, accident management, emergency
planning, plant backfitting and formulation of needs for further severe accident research.

18. Some regulatory and research organizations have concluded that the following SA
issues have been resolved:
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- a modefailure,

- DCH for Westinghouse PWRS,

- liner failurefor G. E. Mark 1, BWRs,

while some of the following issues are consider ed unresolved:

- vessel failure modes,

- fuel-coolant interaction (steam explosions),

- melt debriscoolability in-vessel and ex-vessel,

- hydrogen combustion (DDT, global detonation),

- sourceterm (revolatization, ex-vessel r elease).

What areyour views on the above statements? Please prioritize the importance of each
one of these and the needsfor further research if any.

The PSA dudies leve-2 for Sovak nuclear power plants are now in preparaion. After
completion of these studies and their careful regulatory review, the UJD SR will receive an
actua specific information about the nuclear power plant response to severe accidents. UJD SR
will see the impact of uncertainties on caculated results, week points of plant design and
operation. UJD SR will prioritize the tasks for severe accident research.

19. Are you using any of the SA computer codes or models to support your decision
making? What areyour views on further development the SA codes?

Mostly MELCOR, MAAP and ADAM computer codes are used in Sovakia for the modeling of

severe accidents. Mathematical description of some severe accident phenomena in used computer

codesis not adequate and consequently, some caculated results are not reliable and their uncertainty

is high. A continuation in computer code development and validation is recommended to understand

the plant response to severe accidents, prevent and mitigate the severe accidents.

20. What isyou current estimate of the contribution of human error to the SA risk? Do you

fed further research isnecessary or appropriate to reduce this contribution?
The PSA studies levd-2 for Sovak nuclear power plants are now in preparation. After completion
of these studies and their careful regulatory review, the UJD SR will receive an actud specific
information about the nuclear power plant response to severe accidents and impact of human factor
on accidents. The results of PSA study level-1 show a dgnificant impact of human factor on
caculated results. Further vaidation and verification of methodology and data used for the modeling
and description of human behavior is recommended.

21. What are the outstanding SA issues that require additional research to ensure proper
credit for Severe Accident Management Guidelines (SAMGs) being considered by
various Owner’s Groups? For instance, isit requireto know the decontamination factor
(DF) associated with water, under conditions of steam generator reflood following a
tube rupture scenario, within more than one order of magnitude? What is the
conservative value of water DF level for which confirmation is not needed?

The PSA studies leve-2 for Slovak nuclear power plants are now in preparation. After completion

of these studies and their careful regulatory review, UJD SR will be able to answer this question.

22. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentrations?
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Catalytic recombiners are ingtdled in some Slovak NPPs to increase the plant safety but do not cope
with severe accidents. The ingdlation of cataytic recombiners in the containment is not obligatory in
Sovakia.

23. What should be the main focus of safety, as it related to SAs - High frequency low
consequence (but highly uncertain with regards to fisson product releases) accidents,
or low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e,
lar ge releases) accidents?

We look at both frequency of releases and release consequences to protect staff, public and

environment.

24. Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devising ways that SA uncertainties could be circumvented through
SAMG procedures?

A reduction of uncertainties in severe accident isimportant. Thiswill avoid an excessve conservatism

and will make the results of severe accident anadyses more redidtic. The existing uncertainties are

circumvented through SAMG procedures.

25. What design-related fixes do you foresee that requires additional SA research that if
implemented could substantially reducetherisk of SAs?

The PSA sudies leve-2 for Slovak nuclear power plants are now in preparation. After completion

of these studies and their careful regulatory review, the UJD SR will be able to answer this question.

A:10 Responses from Slovenia

1. What organizations are supporting you?
VUJE (Nuclear Power Plant Research Indtitute, Trnava)

2. Whoisresponsblefor funding the SA research?
NPPs

2. What isthe safety policy/philosophy to support decison making?
No specific requirements

3. Would you like to have the support of the SA research?
Yes

4. How doyou usetheresultsof the SA research?
SAMG development (setting of preventive and mitigaete measuresfor SA).

5. Areyou satisfied with the SA research results that you have used so far?

Yes

7. How have such SA research results affected your decison making related to
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protection against severe accidents?
e.g. Some preventive accident management measures have been verified. List of SA analyses -was
modified according to results of previous project related to BDBA and accident management.
8. Where and why do you see further need of SA research?
()For development of SAMG,
(2) verification of proposed preventive and mitigative measures in Accident Management
(3) setting of hardware measures (recombiners) resulting from SA anayss.

9. Which areas of SA research would you liketo beinvestigated further and why?

Could you prioritize?
Steam exploson (in-vessl molten pool water interaction), vessd falure and direct containment
heeting, molten cerium-concrete interaction in the reactor cavity due to large uncertainties.

10. What are your requirementswith respect to severe accidents?
To have acceptable models and codes to analyze al sgnificant phenomena to be expected during
SA and to have avdidated SAMG for adl NPPs operated in Sovakia

11. Isthefocus of SA research consistent with what you deem appropriate?
Yes

12. What isyour view: should SA research focuson prevention or mitigation actions?
Both

13. What isyour view on backfitsin existing plantsto enhance safety and on theissue
of benefits/costs?
Backfits were identified and seem reasonable.

14. Do you feel that there are sufficient SA research resultsto satisfy your needs?
No

15. Do you see whether future SA programs envisaged will satisfy your needsin the
next century?
To be determined.

16. Will there be a changein regulatory demands on SA research if theregulatory
decison makingisbased on risk analysis?
Yes.

17. Isgaining knowledge to reduce uncertaintiesin risk assessment of valueto
regulatory decison making?
Yes

18. Some regulatory and resear ch or ganizations have concluded that the following SA

issues have been resolved
- (x modefailure
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- DCH for Westinghouse PWRs
- liner failurefor G. E. Mark |, BWRs
while some of the following issues ar e consider ed unresolved

- vessd failure modes 3.
- fuel-coolant interaction (steam explosions) 2.

- melt debris coolability in-vessel and ex-vessel 1.
- hydrogen combustion (DDT, global detonation) 4,
- sourceterm (revolatization, ex-vessel r elease) 5.

What areyour views on the above statements? Please prioritize the importance of
each one of these and the needsfor further research if any.

19. Areyou using any of the SA computer codes or modelsto support your decision
making?
Yes, Melcore.

20. What areyour viewson further development the SA codes?
They should be improved.

21. What isyou current estimate of the contribution of human error to the SA risk?
There isadiscusson about it, but seems to be sgnificant.

22. Do you fed further research isnecessary or appropriate to reducethis
contribution?
Yes.

23. What are the outstanding SA issuesthat require additional research to ensure
proper credit for Severe Accident M anagement Guideines (SAMGs) being
consider ed by various Owner's Groups? For instance, isit requireto know the
decontamination factor (DF) associated with water, under conditions of steam
generator reflood following a tube rupture scenario, within more than one order of
magnitude? What isthe conservative value of water DF level for which
confirmation is not needed?

To be determined during SAM.G devel opment.

22. Do you fed that enough isknown about operation of catalytic recombinersunder
atmospheric conditions with high steam, and aerosol concentrations?
No

23. What should be the main focus of safety, asit related to SAs- High frequency
low consequence (but highly uncertain with regardsto fisson product r eleases)
accidents, or low frequency (highly uncertain w.r.t. frequency of release) high
consequence (i.e., large releases) accidents?

Both

24. Do you think the focus of SA research should be on reducing the remaining
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uncertaintiesor on devising waysthat SA uncertainties could be circumvented

through SAMG procedures ?
Yes

25. What design-related fixes do you foresee that requires additional SA research, that
if implemented could substantially reducetherisk of SAS?

It will be based on PSA 2 results.

A1l Responses from Spain

1. What organizations are supporting you?

Spanish Research organizations:
CIEMAT (nationd research center)
Polytechnica Universty of Madrid

Also: CSARP, EU, and NEA programs

2. Who is responsble for funding the SA
research?

CSN (regulatory agency) and UNESA
(consortium  of  utilities) ae  funding
organizations.

CIEMAT is dso patidly funded from the
nationa Spanish budget.

Minor funding has been obtained from the
IV Framework Program

3. What is the safety policy/philosophy to
support decison making?

Our objective is the identification of risks
due to SA in exiding plants, the dimination
of specific SA vulnerabilities when judtified,
and the implementation of SA management
procedures.

Concerning  regulatory  decison-making,
licensees have to follow decisons made in
the countries of origin of the nuclear plant
main technology (USA and FRG).

4. Would you like to have the support of the
SA research?

Yes,

5. How do you use the results of the SA
research?

We useit to assess PSA levd 2 of exigting
plants.

We will probably use it for the assessment
of gpecific SA management topics in the
future.
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6. Are you satisfied with the SA research
resultsthat you have used so far?

Not fully setisfied.

7. How have such SA research results
affected your decison making related to
protection against sever e accidents?

Protection against SA will be based on

1. SA management procedures, which will
be implemented according to generic
guidelines developed by vendors and
OWNErs groups.

2. ldentification of SA vulnerdbilities
through PSA leve 2

Generdly gspesking, SA research has
improved our knowledge of
phenomenology and codes, which we are
using to assess PSA's level 2. Decisons
which have been or will be made, as a
consequence of the assessment, are thus
affected by SA research reaults.

We have developed an emergency andysis
tool named MARS, based on the MAAP
code. Results of SA research are currently
being used to define uncertainties of the
code.

8. Whereand why do you see further need of
SA research?

We see further need of research, principaly:

1. To define and reduce if possible the
uncertainties of integrated codes
MELCOR and MAAP.

2. Phenomenology areas we would like to
be invedigated should be related to
proving the effectiveness of SA
management procedures, and aso to
reducing uncertainties of containment
falure modes which are dominant in
PSA andyss

9. Which areas of SA research would you
like to be investigated further and why?
Could you prioritize?

SA phenomenology aress.

TORP priority: hydrogen control measures
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MEDIUM: exvessel deam explosons,
vessel falure modes, mdt coolability
indde/outsde the vess

LOW: some topics concerning FP
behaviour in containment ( | chemigtry), and
aso scrubbing of FP in SGTR sequences

10. What are your requirements with respect
to severe accidents?

All plants mug identify severe accident
vulnerabilities through PSA levd 2 (deadline
to submit PSA of dl plants is year 2000),
and dso propose backfitting measures if
deemed appropiate, but there are no
edablished quantitetive criteria for this
Backfitting has been done in some cases as
aresult of PSA leve 1

All plants must implement SA management
procedures. Deadlineis year 2001.

11. Isthefocus of SA research consistent with
what you deem appropriate?

Not entirely.

Sometimes, new international  research
programs are set up with a view to answer
to the needs of important labs, or try to
answer to questions posed by the design
needs of “future’ reactors. It happens that
those programs may not answer to needs of
exidting reactors. Thus,

too much atention is given to programs
which are not be ussful to define or reduce
the main uncertainties exiging in PSA leve
2 o SA management procedures.
However, it is recognised that programs
intended primarily for advanced reactors
have given data useful for exidting reactors.

12. What is your view: should SA research
focus on prevention or mitigation actions?

It is not possble to give a Sngle answer to
this question. We think that ressearch of
actions amed at stopping SA progresson is
more important in generd, but in some
research fidds mitigation is the key.
Examples

Reactor Pressure Vessd: prevent vessd
falure
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Exvessd dean explosons  prevent
energetic explosions

H2: prevent dangerous Situations leading to
DDT

MCCl: prevent basemat falure by
mitigating therma load

FP. mitigate FP inventory in containment,
and mitigate FP release outsde containment

13. What is your view on backfits in existing
plants to enhance safety and on the issue
of benefits/costs?

SA are outside the design basis of operating
plants in Spain, therefore backfitting would
only be required if PSA showed
“unacceptable’ risk to the public. However,
there is no agreed or established
quantification on what is unacceptable.
Qudlitative consderations would be given to
the cot and benefits involved, if a
backfitting were ever considered.

Backfits have been done as aresult of PSA
levd 1 andyss when a fault-tree anadlyss
has shown tha a rddaivdy smple
modification can reduce consderably the
failure probabilities of a given system .

14. Do you fed that there are sufficient SA
resear ch resultsto satisfy your needs?

Not entirdly. Anyway, we want to cdlarify
that in our opinion, ressarch funding is
probably enough, but it should be dlocated
to programs which redly answer to the
needs of regulatory agencies and exigting
plants.

15. Do you see whether future SA programs
envisaged will satisfy your needs in the
next century?

We fed that any new research program
must pass a test of importance of the
expected results in the light of actud safety
needs of the plants. Research only for the
sske of advancing the knowledge is not
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needed. A consultation group might be set
up to coordinate future research programs.

16. Will there be a change in regulatory
demands on SA research if the regulatory
decision making isbased on risk analysis?

We dready use arisk informed gpproach in
the topic of SA prevention and mitigation.

17.1s gaining knowledge to reduce
uncertainties in risk assessment of value
to regulatory decison making?

Yes. Some SA research issues have been
olved dfter uncertainties have been
reduced.

18. Someregulatory and resear ch
or ganizations have concluded that the
following SA issues have been resolved
- a modefailure
- DCH for Westinghouse PWRs
- liner failurefor G. E. Mark 1, BWRs
while some of the following issuesare
considered unresolved
- vessel failure modes

- fuel-coolant interaction (steam
explosions)

- melt debris coolability in-vessel and
ex-vessel

- hydrogen combustion (DDT, global
detonation)

Y es, no more research needed
Y es, no more research needed
Y es, no more research needed

We have entered the LHF project.
Research is needed to better define
mechanica properties of vessel materiads at
high temperatures and creep behaviour.
Medium priority.

Research is needed to define the
uncertainties of ex vessd steam explosions.
Medium priority

Research is needed on cooling mechanisms
indde the vessd: gap cooling, entrance of
water in the debris mass, upward hesat flux.
Also mdt coolability Medium priority. We
condder that Spanish plants probably will
not implement ex vessd flooding.
Concerning exvessd mdt  cooldhility,
reasearch is needed on the posshility of
cooling the melt by, pouring weater on top of
the mdt.

High priority, especidly the issue of DDT.
Globa detonation seems unlikely and does
not need additional research

Additiond research on the chemigtry of FP
in containment. Also FP scrubbing in the
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sourceterm (revolatization, ex-vessel
release)

What areyour views on the above
statements? Please prioritizethe
importance of each one of these and
the needsfor further research if any.

secondary side of SG. Low priority

18. Are you using any of the SA computer

codes or models to support your decision
making? What are your views on further
development the SA codes?

Yes, we are usng a number of codes,
especidly Medcor and Gesflow for the
assessment of PSA leve 2. Other important
code we are usng is Magp, which is the
base of the MARS emergency response
software.

We think that further developments should
try to better define and reduce if possble
the uncertainty bounds of integrated codes.
Development of detailed moddsis probably
less necessary, taking into account our
needs and, in any case, it should obbey to
the validation needs of integrated codes.

19.

What is you current estimate of the
contribution of human error to the SA
risk? Do you fed further research is
necessary or appropriate to reduce this
contribution?

The impact of human error in sequences
leading to core damage is well addressed in
PSA level 1, dthough certain aspects, such
as commisson erors require better
treatment.

Procedures to ded with severe accidents
are not so detailed, and also instrumentation
may have been faled, or give wrong
indications, therefore the probability of
human errors is higher. However, without a
detaled sudy of SA  management
procedures, it is difficult to edimate the
contribution of human error.

20.

What are the outstanding SA issues that
require additional research to ensure
proper credit for Severe Accident
Management Guidelines (SAMGSs) being
consdered by various Owner’s Groups?
For instance, is it require to know the
decontamination factor (DF) associated
with water, under conditions of steam
generator reflood following a tube rupture
scenario, within more than one order of
magnitude? What is the conservative

Research is needed on the efficacity of
measures to control H2 concentration in the
conta nment of PWR.

We fed that it is not required to know the
DF associated with SG reflood in more than
an order of magnitude.

We fed that a DF of 80-90 % should be
conservative enough
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value of water DF levd for which

confirmation is not needed?

21.

Do you fed that enough is known about
the operation of catalytic recombiners
under atmospheric conditions with high
steam, and aerosol concentr ations?

Catdytic recombine's are commercia
devices, which probably have different
performances. Probably tests have been
dready made on the operaion of
recombiners under these conditions, but
littte has been published. As far as we
know, avalable effective surface of
recombiners is very huge, and it would be
vey difficult to reduce subgtantidly ther
performance due to high concentration of
aerosols. The combined effect of aerosols
and seam might be worth exploring,
however.

22.

What should be the main focus of safety,
asit related to SAs - High frequency low
consequence (but highly uncertain with
regards to fisson product releases)
accidents, or low frequency (highly
uncertain w.r.t. frequency of release) high
consequence (i.e, large releases)
accidents?

Prevention of the consequences of SA
should be top priority. We think the main
focus of safety should be on low frequency-
high consequence accidents

23.

Do you think the focus of SA research
should be on reducing the remaining
uncertainties or on devisng ways that SA
uncertainties could be circumvented
through SAM G procedures?

Uncertainties can only be reduced, beyond
acertain limit, a a very high cost. We fed
that this is the case with some research
fidds Therefore, in this case, the focus
should be on devidsng ways tha SA
uncertainties be circumvented through SA
management procedures. Maybe
assessments of new research programs
should incdlude an andyss of thiskind.

24,

What design-related fixes do you foresee
that requires additional SA research, that
if implemented could substantially reduce
therisk of SAs?

Core catchers might be considered in the
future, if exvessd cooling proves to be
ineffective.

H2 control devices in the contanment,
especialy recombiners.

A:12

Responses from the Sweden (SK 1)

1. What organizations are supporting you?
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Thereis no dedicated support organization for the authority m Sweden. The authority has
funds that are used to conduct research to support regulation. Universties, various national
and international research organizations, and consultants are frequently used for support of
the authority.

2. Whoisresponsblefor funding the SA research?

Both industry and authority has such responsibilities. According to legidation and
government decree the industry shal maintain and devel op competence needed for
preparedness, emergency operating procedures and guiddines for accident management
updated. The authority has an obligation to fund research to enforce safety improvements
and to maintain competence. The authority normally does more fundamenta research than
the industry. There has been atradition of cooperation between the industry and the
authority on severe accident phenomena

3. What isthe safety policy/philosophy to support decison making?

The safety palicy isto support the defence-in-depth policy that implies defence and
maintenance of the physica barriersto prevent releases. The government has dso
edtablished quantitative safety goas for use as design bases for the mitigation of offste
radiologica consequences.

4. Would you like to have the support of the SA research?

Y es, support of severe accident (SA) safety research is needed.

5. How do you usetheresults of the SA research?

When the Swedish severe accident consequence mitigation strategy was established, it was
redlised that there were large uncertainties associated with severe accident phenomena. It
was therefore attempted to choose solutions that were robust against changesin the
knowledge base. However, new indgghts should continuously be followed up in order to
identify potentid flaws or weaknesses in the strategy. Examples of such areas are effects of
energetic fud-coolant, interactions, coolability of corium in the containment and hydrogen
deflagrations and detonation. A recent finding is that the possibility to retain the core in the
vessdl may be higher that earlier anticipated. This could lead to changesin the Swedish
mitigation Strategy.

6. Areyou satisfied with the SA resear ch resultsthat you have used so far?
Research results have in severa areas reveded even larger uncertainties than earlier
anticipated. It has been difficult to converge on find conclusons. The difficulty to reach
consensus among experts on specific conclusions on certain phenomenaiisa
disgppointment. However, if this disagreement reflects amore redigtic view of the
uncertainties of the phenomenon considered, the disagreement must in principle be
congdered as podtive.

7. How have such SA research results affected your decison making related to protection
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against severe accidents?
It has been difficult to resolve and close certain questions. Research results have for
ingtance been used to verify the function of the emergency filters and scrubbers.

8. Whereand why do you see further need of SA research?

It is needed to reduce uncertainties, in particular for risk dominating phenomena.
Additiona measures may be needed to reduce core failure probability, to investigete core
melt chemistry and release, relocation phenomena, in-vessdl coolabilitv, mode of vessH
melt through, integrity of the containment with respect to fud-coolant interactions, ex-
vessd coolahility, and measures to prevent containment failure. In addition one should dso
congder, for instance, features of more passve systems.

9. Which areas of SA research would you like to beinvestigated further and why? Could
you prioritize?

Firg priority is perhaps further investigations of the possibility for early measuresto limit

core mdt and to retain the molten core materid in the vessdl, since thiswould directly

affect potentia releases. The second objective would probably be to conclusively verify

that the ex-vessdl phenomena are taken care of in the case of a core melt. Characterization

of risk dominating releases such as |, Cs, ruthenium, etc. would probably aso be: requested.

10. What areyour requirementswith respect to severe accidents?

The requirements are outlined in a hill to the Swedish Parliament in 1980/81. It was
emphasised that, dthough die probability of release of large quantities of radioactive
materid issmdl, measures in order to further reduce the risk should be taken. Specifically
it was gtated that land contamination, which impedes the use of large areas for along
period, shal be prevented, that fatdities due to acute radiation disease shdl not occur, that
the specified maximum release of radioactive substance shal gpply to dl reactors irrespec-
tive of Ste and power, and that extremely improbable scenarios have not to be consdered
for fulfilling the requirements.

In order to comply with these guiddines it was further required that any reease must be
limited to noble gases and a most 0.1% of the inventory of the caesium isotopes 134 and
137 contained in areactor core of 1800 MW therma power, assuming that other nuclides
of sgnificancein regard of land contamination are released to lesser or, a most, equa
extent.

11. Isthefocusof SA research consistent with what you deem appr opriate?
Most of the research on SA is deemed as consistent with what we think is appropriate.

12. What isyour view: should SA research focuson prevention or mitigation actions?
The main focus should be on preventing failure of physical barriers. Someresearchisdso
needed to support assessment of mitigation actions.

13. What isyour view on backfitsin existing plants to enhance safety and on the issue of

benefits/costs?
Backfits will be anormd part of reactor operation in Sweden. The reactors were backfitted.
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with vented filtering and enhanced containment cooling. Large modernization programs
will be carried out in order to improve safety of the plantsin order to fulfill modern criteria

14. Do you fed that there are sufficient SA resear ch resultsto satisfy your needs?
The amount of SA research is probably adequate. One problem is whether we focus on the
right issues. One problem is the difficulty to reach conclusons that can be internationdly
agreed upon and used by utilities and authorities.

15. Do you see whether future SA programs envisaged will satisfy your needsin the next
century?

For the time aheed, the normad situation will be that there will be more questions than

answers. There will not be sufficient funding, and actudly not very much hope, to reach

conclusive results on mgor aress. Decisons, for ingtance, on backfits will have to be made on

limited information. Technical solutionswill tend to be more conservative or “robust”

16. Will therebeachangein regulatory demands on SA research if theregulatory decison
making is based on risk analysis?

The Swedish regulatory position is mostly determined by the regulations decided by the

government. Therisk concept isin away dready apart of the regulations. No essentid changes

are expected because of anew view on therisk andyss.

17. Isgaining knowledgeto reduce uncertaintiesin risk assessment of value to regulatory
decison making?

Gaining knowledge to reduce uncertainties on phenomena and thereby on the risk

assessment is akey objective of the research sponsored by the regulatory authorities.

18. Someregulatory and research organizations have concluded that the following SA
issues have been resolved
- a modefailure
- DCH for Westinghouse PWRs
- liner failurefor G. E. Mark 1, BWRs
while some of the following issues ar e consider ed unresolved
- vessel failure modes
- fuel-coolant interaction (steam explosions)
- mdt debris coolability in-vessel and ex-vessel
- hydrogen combustion (DDT, global detonation)
- sourceterm (revolatization, ex-vessel release)
What areyour views on the above statements? Please prioritize the importance of each
one of these and the needsfor further research if any.
We bdlieve that the potentid for apha-mode failure is resolved as well asthe DCH for
Westinghouse reectors. The liner problem has not really been addressed for the Swedish
reactors. We thought that vessdl failure mode was close to finally being resolved for
Swedish BWRs, The discussion on the possibility to retain the core melt in the vessd will
probably need a close review of this conclusion. Recent proposed explanations to the
reason why some materials trigger seam explosions while other materids do not, and
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molten corium is one of the latter, have created anticipations that this question may be
resolved within reasonable time. Mt debris coolahility in-vessdl and particularly ex-
vessd is asociated with alarge uncertainty. The ex-vessd coolability is very important
snce the assumption that the core melt can be cooled ingde the containment, and not cause
containment failure, when it falsinto water is akey eement in the Swedish drategy for
severe accident consequence mitigation. If the conclusion is that the melt will not be
coolable, backfits will be necessary. Hydrogen will be an issue for two of the Swedish
PWRs, and actions to diminated hydrogen are probable. Source terms and ex-vessdl
releases are important. The results from testing in the Phebus reactor, reved unexpected
chemidry, in particular the forms of | and Cs, which probably will need a closer review
with respect to applicability for Swedish reactor conditions.

Thefirg priority isthusin- and ex-vessd coolability and retention of the molten core. If it
can be concluded that threst to containment integrity by fud-coolant interaction has a very
low probability, the next priority is probably the source term assessment closdly followed
by the other issues. One has to bear in mind that it is not only the risk associated with
certain phenomenawhich isimportant for research prioritization but aso the probability to
reach results of sufficient quaity and rdigbility.

19. Areyou using any of the SA computer codes or modelsto support your decison
making? What are your views on further development the SA codes?

We use computer codes to support our decison making. Typicd usesarein PSA-leve 2.

The SA codes should be further developed. It is of particular importance that the codes are

assessed systematically by comparisons with appropriate experiments so that the

uncertainties of the code results can be judged.

20. What isyou current estimate of the contribution of human error to the SA risk? Do you
fed further research isnecessary or appropriate to reduce this contribution?

Human errors are only partly considered m the risk assessment. Mostly the human errors

are treated very consarvatively. If the requirement on a component isthat it should have a

passive function for a specific number of hours, operator actions are normaly not credited

for that period. The problem isthat such conservatism dominates the results to such a

degree that technica improvements do not significantly affect the overal picture of risk.

21. What are the outstanding SA issues that require additional research to ensure proper
credit for Severe Accident Management Guiddines (SAM Gs) being considered by
various Owner’s Groups? For ingtance, isit requireto know the decontamination factor
(DF) associated with water, under conditions of steam generator reflood following a
tube rupture scenario, within more than one order of magnitude? What is the
conservative value of water DF level for which confirmation is not needed?

There are probably several SA issuesthat could warrant additiona research to establish

confidencein SAMGs. Oneis obvioudy the in-vessel coolability and retention.

Decontamination factors are also important for scenarios that involve water scrubbing of

the release. We do not quote any DF that would need no confirmation (obvioudy thet level

is 1.0). The scrubbing factors should be determined and assessed by experiments. For
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assessment of releases during preparedness we use the source term handbook which gives
values of the order of O.001.

22. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentr ations?

We will need such devicesin Sweden. The operation and function of the devices will be

shown by the utility by experiment and analyses. Wefed for the moment that the

recombiner technology iswell established.

23. What should be the main focus of safety, as it related to SAs - High frequency low
consequence (but highly uncertain with regards to fisson product releases) accidents,
or low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e.,
lar ge r eleases) accidents?

The main focus should be on the high frequency - low consequence side. There should be

abasic protection againgt the low frequency - high risk accidents as stated in the

regulations, but the focus should be on safety improvements to minimize in particular those

accidents which, through an additional human or base load error, could develop into afull

blown core mdlt.

24. Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devisng ways that SA uncertainties could be circumvented through
SAMG procedures?

Idedlly the focus of SA research should be on the remaining uncertainties. Given the
Stuation that it is difficult to design and conduct experiment and analyses thet actualy
addresses the key questions, the second option could be attractive. Devising ways that SA.
uncertainties could be circumvented by SAMG procedures could be agoal for the SA
research. The problem with the latter option isthat it may lead to SAMGs that are far from

optimd.

25. What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reducetherisk of SAS?

Core melt cooling and retention in the vessd is very important which probably will be
addressed by technica improvements such as, for instance, adding an independent water
source or externd cooling. Improving the overdl defence-in-depth may be important. If ex-
vessa coolability proves to be adominant problem we need to start to build devicesto cool
the melt. Perhaps passive cooling could be implemented in existing containments.
Provisions to ensure and monitor long time core melt cooling may be needed,

A:13 Responses by Switzerland (HSK)

1. What organisations are supporting you?
Oursalves.

2. Whoisresponsblefor funding the SA research?
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HSK, Paul Scherrer Ingtitute (PS), and utility organisation.

3. What isthe safety policy/philosophy to support decison making?

According to Swiss Atomic Law, safety of nuclear ingdlations must follow the State-of-the-Art in
science and tchnology, and from this point of view, research must be followed very closdy.

Decisgon making, however, is supported by a number of guideines which have been developed over
a period of more than twenty years. For the most part, these guidelines follow the US NRC
philosophy of the 1970s and early 1980s (i.e., deterministic and/or conservative). Currently, most of
the guidelines are being revigited, in view of the fact that some inconsstencies are present (e.g., not
dl plants in Switzerland are licensed with exactly the same criteria), and changes are being
introduced, which reflect o recent IAEA guiddines. In addition, more emphasis will be put on
decison making based on reaults of living probabilistic safety assessments, specific for each
ingallation.

4. Would you like to have the support of the SA research?

HSK is dready funding severd SA research projects, including experiments performed at the Paul
Scherrer Indtitute (PSl), the Phébus experiments, experiments at the Royd Ingtitute of Technology
(RIT) in Stockholm, studies at Haden, the ETH Zirich, and other private ingtitutions (see attached

report).

5. How do you usetheresults of the SA research?

Currently, there is no direct use of the results of SA research in the activities of HSK. Some of the
results, however, are factored in the codes used for regulatory decison making (eg.,
SCDAP/RELAP; MELCOR, CONTAIN, etc). In addition, in the past some research results
(Revent, ACE, experiments on cables) have been used for regulatory decision making.

6. Areyou satisfied with the SA research resultsthat you have used so far?

Not completdy. As mentioned, some results are factored in the generic codes used. However,
when plant specific caculations are performed with these codes, a great ded of engineering
judgement has gtill to be exercised in order to interpret the resultsin view of safety andyses. It must
be remembered that most of SA research is conducted on separate effect tests, and the results are
used to benchmark portions of the codes, which for the most part are integrd modes (e.g., integra
representation of core degradation and fission product release, integra representation of containment
phenomena, etc.). Results from the few integral tests which have been peformed so far are not
aways easy to interpret, and thus incorporation of the datainto the codes is much more problematic.

7. How have such SA research results affected your decison making related to protection
against severe accidents?

As mentioned (see response to Quedtion 5), so far most decison making has been based on

determinigtic rules, and severe accidents have played avery smal rolein HSK activities. In addition,

dso for matters concerning severe accidents, decisons have been modly teken with

deterministic/conservative condderations.

HSK on severa occasons has used the results of severe accident research to achieve closure of
outstanding issues. For ingtance, the results of the US NRC experiments on DCH have used to
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assess the DCH-induced containment failure likelihood for large dry containments (e.g., Goesgen).
Other examples include, in-and ex-vessd steam explosions, and uncertainties in source terms
(Phébus FP experiments). It should be noted that many of the decisons made so far, have dso
been based on determinigtic rules, and it is only recently that HSK has started to focus on risk-
informed decisons on plant- safety improvements. For instance, interesting variations on the potentia
benefits of containment venting, as compared with the origind determinidtic-based thinking, have
emerged, that are based on risk methods that have generated a more serious interest on re-evauating
the determinigtic-based process of decison-making at HSK.

8. Whereand why do you see further need of SA research?
For the most part, HSK is of the opinion that SA issues as generic safety issues have been resolved
or cannot be resolved within a reasonable time frame. This has been borne out by the plant specific
PSAs performed for al Swissingdlations. On the other hand, more plant specific research is needed
to resolve plant related issues, which have been identified in PSAs.

9. Which areas of SA research would you like to be investigated further and why? Could
you prioritise?

HSK is currently proposing to use frequency of exceedance of releases (CCDF curves) for safety
criteria. All PSAs peformed by HSK for the Swiss plants have shown that the overwhelming
source of uncertainties in releases is associated with uncertainties in radionuclide release and
transport phenomena, both in-vessel and ex-vessd, while uncertainties in accident progresson
phenomena ingde containment play a smdler role. Therefore, research amed a reducing or
eliminating some of these uncertainties should be continued.

On the other hand, in-vessd accident progression is till not very well understood. And subject to
large uncertainties. This, however, is an area where HSK is of the opinion that uncertainties will not
be resolved within a reasonable time frame, therefore, if research is to be continued, it should be
pursued for the sake of scientific interest, but we fed that it would likdy have a limited potentid
gpplication.

In addition, the Swiss plants are currently mandated to provide in the near future SA Management
Guidance, therefore it is foreseen that research in this area should be increased aso.

10. What areyour requirementswith respect to severe accidents?
That they should be of direct use for plant specific gpplications. As dready mentioned, most of the
past research which has found its way in gpplications has to be carefully re-evauated every time a

plant specific sudy is performed.

11. Isthefocus of SA research consistent with what you deem appropriate?

One of HSK contractors has performed a survey for the DG XIll of the CEC on the research
performed during the 3¢ Framework Programme (FWP) for Nuclear Safety. Only a very limited
part of research founded in that entire program has been found to have been of use in SA reaed
safety issues. Research in the just finished 4™ FWP appears to have been continued under the same
lines of the previous program. Therefore, the answer to this question is that more input is needed
from end-users to properly focus the contents and aims of SA research.
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12. What isyour view: should SA research focus on prevention or mitigation actions?

Both aspects are very important. Prevention should be for the most part achieved through the use of
passive sysems and on improvements in operators training and procedures, or dternatively in an
enhanced independence from operator interventions. Therefore, research in these areas should be
enhanced. On the other hand, SAs cannot be ruled out determinigticaly, therefore, mitigation
techniques and systems devoted to accident management should be more thoroughly investigated.

13. What is your view on backfitsin existing plants to enhance safety and on the issue of
benefits/costs?

All Swiss plants have undergone to some extent in the past ten years to backfits rdated to SAs.
Decisons for backfits, as mentioned, was based more on deterministic consderations than on safety
research implications. All backfits introduced for preventive purposes have been proved by the plant
specific PSAs to have been very effective in reducing the risks from SAs, and therefore judtifiable
from the point of view of costs/benefit. Some backfits, mandated for mitigating purposes, on the
other hand, have been proved in some cases by the PSAs, not to be as efective as origindly
foreseen based on deterministic reasoning. The most noticeable case in this category is a mandated
Filtered Containment Venting System for al plant designs.

14. Do you feel that there are sufficient SA resear ch resultsto satisfy your needs?

As mentioned, future needs from the point of view of HSK have been identified in reducing
uncertainties in some of the fisson product related phenomena and in SA Management.  Therefore,
research activities should be carefully focussed in these areas, especidly to support SA Management
decisons.

15. Do you see whether future SA programs envisaged will satisfy your needs in the next
century?

It is very hard to say about the future of the industry. A moratorium is dready in effect in

Switzerland, and the future gppears to be primarily driven by political decisons.

16. Will there be a change in regulatory demands on SA resear ch if theregulatory decison
making is based on risk analysis?
As mentioned, more focussed, plant specific research is foreseen to be needed in Switzerland.

17. Is gaining knowledge to reduce uncertaintiesin risk assessment of value to regulatory
decison making?
See the answer to Question 9.

18. Some regulatory and research organisations have concluded that the following SA
issues have been resolved
1. a modefailure
2. DCH for Westinghouse PWRs
3. liner failurefor G. E. Mark 1, BWRs

while some of the following issues are considered unresolved
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vessel failure modes

fuel-coolant interaction (steam explosions)
melt debris coolability in-vessel and ex-vessel
hydrogen combustion (DDT, global detonation)
sour ce term (revolatization, ex-vessel release)

ks owbdE

What are your views on the above statements? Please prioritise the importance of each
one of these and the needsfor further research if any.

As dready mentioned, HSK is of the opinion that most generic issues have ether been resolved, or
cannot be easily resolved. Based on plant specific studies, the statement on the first 3 issues appear
correct. About the unresolved issues, only source terms issues (especidly from the point of view of
emergency planning) have been proven to be of importance for the Swiss plants. In addition,
retention of debrisin vessd by ether reflooding (in-vessd) or by externa cooling appears il to be
the best mitigative measure, and this issue should be resolved aso.

19. Are you using any of the SA computer codes or models to support your decision
making? What areyour views on further development the SA codes?

See the answer to Quedtion 5. As mentioned, results from these codes have 4ill to be interpreted

with much engineering judgement. Therefore, continuation of development and improvement of the

existing codes, based on specific experimenta results, should be supported.

20. What isyou current estimate of the contribution of human error to the SA risk? Do you

fed further research isnecessary or appropriate to reduce this contribution?
The PSAs which have been performed show that human errors are the mgor contributors to plant
risks, therefore research in this area is dill needed. However, most of the operator errors which
contribute to risk are dependent on specific plant and systems desgns. Generic research is of limited
use, with the possible exception of the area of cognitive errors, sSnce errors of commission have yet
to be addressed in PSAs. In addition, the balance between human action and full automation should
be investigated.

21. What are the outstanding SA issues that require additional research to ensure proper
credit for Severe Accident Management Guidelines (SAMGs) being considered by
various Owner’s Groups? For instance, isit requireto know the decontamination factor
(DF) associated with water, under conditions of steam generator reflood following a
tube rupture scenario, within more than one order of magnitude? What is the
conservative value of water DF level for which confirmation is not needed?

In-vessel and ex-vessa debris coolability.
Venting drategies
Effect of plant ageing on the behavior of severe accidents

Typicdly, al DFs provided by water have associated uncertainties which may span two (e.g., for
water in the steam generators) to 5 orders of magnitude (e.g., for pressure suppression pools), and is
too dependent on accident conditions and specific plant designs. A conservative vaue which may be
sweepily used without confirmation does not redly exist.
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22.Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentr ations?
Operation of recombiners under SA conditions still has to be proven.

23. What should be the main focus of safety, as it related to SAs - High frequency low
consequence (but highly uncertain with regards to fisson product releases) accidents,
or low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e,
lar ge releases) accidents?
The focus should be based on expected risk. Any severe accident, irrespective of the consequences,
would currently have a disastrous effect politicdly. Under these conditions, prevention of the most
probable accidents (High Frequency, Low Consequences, HFLC) should have priority. On the
other hand, low frequency accidents with large consequences (Low Frequency, High Consequences,
LFHC) are for the most part accidents where preventive measures cannot be easly devised;
moreover, the large uncertainties associated with their frequencies is inherent in the estimate of the
initiator frequencies, and very little can be done to prevent core damage. For these, focus should be
on mitigative measures and SAMG procedures.

24. Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devising ways that SA uncertainties could be circumvented through
SAMG procedures?

The main am should be on circumventing uncertainties, mogly by backfitting or through the

development of SAM guidance (see answers to some of the previous questions, especialy Question

13).

25. What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reducetherisk of SAs?

Desgn-related nodifications would be based on the priorities identified in Question 23. It can be
broadly stated that, fixes for HFLC accidents would mostly include hardware modifications, which
would include:

Addition of passve sefety systems.

More capabilities for aternate in-vessd injection systems.

Development of very fast running tools for evaluation of effectivenessof EOPs.

Fixes for mitigation of LFHC accidents would typicdly involve more of software modifications,
induding:

Anaysis of accident scenarios with SA Management measures.

Development of SAM Guidance.

Development of SA diagnostics and management tools.

Some hardware modifications of relative low cost for these would include:
Core catchersin designs which alow for such systems (plant specific issue).
Hydrogen control devices (if proven effective).

Containment spray systems (if feasible).

Table 1 summarises the response,
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Tablel Typicd hardware and software modifications envisaged to prevent, or to mitigate

different types of SAs.
SA Accidents | Software needs Hardware needs
HFLC Evauation of effectiveness of Addition of passive safety systems
EOPs using very fagt-running
codes.

Plant specific research in operator [More capabilities for dternate in-vessd injection

reSponses. Systems.
Automation of operator actions.
LFHC Andysis of accident scenarios with |Core catchers

SA Management measures.

Development of SAM Guidance.
Computerised SA diagnostics and | Hydrogen control devices
management tools. Containment spray systems

A:14 Responses from UK (NI1)

1. What organisations ar e supporting you?

HSE's Nuclear Sefety Directorate (NSD) and its Nuclear Ingtdlations Ingpectorate (NII)
contracts a number of organisations to perform research on its behdf, through a compstitive
tendering process when appropriate. There is no preferred contractor acting as a dedicated
technica support organistion.

Generic safety research is commissoned and managed through an Industry Management
Committee that contains representatives of both the nuclear ste licensees and NIl. The safety
issues that are to be addressed by this research are identified by NIl in a Nuclear Research Index
(NRI) in consultation with representatives of interested bodies, such as the Hedth & Safety
Commission’s Nuclear Safety Advisory Committee (NUSAC). The involvement of both licensees
and the regulator in the management of this research is intended to ensure that the results of the
research are relevant to real safety issues on-Ste.

Research relating to specific regulatory requirements is commissioned and managed directly by
either the licensees or NIl. Research that licensees undertake to develop or support plant safety
cases as required under licence conditions is contracted directly by the licensees. Research
needed by NIl for safety issues related to specific regulatory decisons is contracted directly
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through NII’s Nuclear Safety Studies (NSS) programme.

This research is conducted by a variety of technica consultancy organisations and universities, as
well as by the licensees themsdlves, eg. British Nuclear Fuds plc, Magnox Electric plc, AEA
Technology, National Nuclear Corporation, and the Universities of Bristol and Manchester.

2. Whoisresponsblefor funding the SA research?

Plant- and site-specific research contracted directly by licensees and the NI is funded directly by
whichever places the contracts NIl recovers its costs, however, from the appropriate licensees.
Generic research conducted under the IMC arrangements may ether be contracted and funded
directly by the licensees, or contracted by NSD, in which case the cost is recovered viaalevy on
the licensees. Ultimately, therefore, the cost of al nuclear safety research fdls upon the licensees.

3. What isthe safety policy/philosophy to support decision making?

A generd requirement of UK hedth and safety legidation is that the risk presented by work
activities must be reduced to a level as low as reasonably practicable (ALARP). Nuclear ste
licensees are repongble for the safety of their operations, and conditions attached to the licences
require them to demonstrate this through written safety cases. These safety cases are assessed by
NI, usng guidance published by HSE (Safety Assessment Principles for Nuclear Plant [SAPS)).

Research may provide evidence on the nature of chalenges to plant safety, and indicate ways of
eliminating or reducing those chalenges. The results of research may therefore be used by NII to
probe plant safety cases and test whether the risk has indeed been reduced to a leve thet is
ALARP.

4. Would you like to have the support of the SA research?

Mogt international severe accident research programmes relate to LWR technology. The safety
case for Sizewe| B, the UK’ s firg civil PWR, includes severe accident andlys's, and the licensee
was able to demonstrate to NIl that severe accident issues had been adequately addressed in the
design and operating ingtructions for that reactor. This safety case was built upon the results of
over adecade of severe accident research, both within the UK and internationaly.

The NII does not require any further severe accident research to confirm the basis of that safety
case. No results of more recent severe accident research have challenged or undermined that
bass. The benefit of further severe accident research is therefore considered to be limited in
comparison to that aready redised from past research.

5. How do you usetheresults of the SA research?

Reaults of severe accident research have been used to chalenge assumptions and anayses
presented in the Sizewell B safety case, to ensure that risks have been reduced to as low alevel
as reasonably practicable. The results of continuing research programmes are monitored to ensure
that action would be taken if the basis of this case were undermined by changes in understanding
of severe accident phenomenology.

6. Areyou satisfied with the SA resear ch resultsthat you have used so far?
The severe accident research results that have been used to date have provided satisfactory
support to the process of NIl assessment of the licensee' s severe accident analyses.

7. How have such SA research results affected your decison making related to
protection against sever e accidents?
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In the UK, the licensee is respongible for developing and maintaining adequate safety standards.
The NIl as regulator chalenges the licensee's proposals to ensure that these will result in plant
designs and operations with a risk reduced to a levd that is ALARP. In the case of Sizewell B,
the behaviour of the reactor under severe accident conditions was dso examined during a lengthy
public inquiry. NIl initidly required a study of degraded core accidentsin order to:

@ demondtrate that there is no sudden escalation of consequences just
beyond the design bagis,

(b) edimate the overal risk to the public of adverse hedlth effects from such
accidents,

(© edimate the benefit of the containment in reducing the frequency of
uncontrolled release of radioactivity;

(d) establish the requirements for accident management procedures (pre- and
post-core-damage) and to assess the usefulness of further plant modifications;

(e identify instrumentation and equipment required to operate in a pos-
accident environment and to determine the levels of qudification of this
equipment.

This study became part of the station safety case, and NIl used the results of severe accident
research to inform its decisons on the adequacy of the severe accident assumptions and analyses
presented in this safety case.

8. Where and why do you see further need of SA research?

The potential benefits of further severe accident research appear limited, since there are no
proposals for construction of new nuclear power reactors in the UK. There is therefore no need
for research to asss with the development of new designs. There are currently no unresolved
regulatory issues associated with severe accident andysisin the Szewel B safety case, o0 there is
no pressing need for further research to support this either. The only area where further research
might be beneficid isinto instrument and plant behaviour in savere accidents, to assgt with savere
accident management.

9. Which areas of SA research would you like to be investigated further and why? Could
you prioritise?

Apart from research into instrument and plant behaviour in severe accidents as noted above, there
are no areas of PWR severe accident research that NIl regards as necessary for current
regulatory decison-making.

10. What are your requirementswith respect to severeaccidents?

NII's assessments of licensees safety cases are guided by its published SAPs. Those relevant to
severe accident analyses are: SAPs 42, 44 and 45, which set out numerica criteria for accident
frequencies, SAPs 28 to 31, which provide guidance on certain aspects of severe accident
analysis, and SAPs 331 to 333, which relate to severe accident management.

1 SAP42: the totd predicted frequency of accidents on the plant that would give a
maximum effective dose to a person outside the site of > 1000 mSv should be less than 10
“yr (Basc Safety Limit - BSL) and 10°/yr (Basic Safety Objective - BSO).

2 SAP44. the totd predicted frequency of accidents on the plant with the potentid to
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give a release to the environment of more than: 10000 TBq of lodine 131; or 200 TBq of
Caesium 137; or quantities of any other isotopes which would lead to Smilar consequences to
either of these, should be less than 10°/yr (BSL) and 10”/yr (BSO).

3 SAP45:  the totd predicted frequency with which the plant suffers damage and a
sgnificant quantity of radioactive materid is permitted to escape from its designed point of
resdence or confinement, in circumstances which pose a threat to the integrity of the next
physicd barrier to its release, should be less than 10%/yr (BSL) and 10°/yr (BSO).

4 SAP28: fault sequences beyond the design basis which have the potentid to lead to
a severe accident should be conddered, and andysed (by means of bounding cases if
appropriate - SAP19). The andyss should identify the falures which could occur in the
physicd bariers to the reease of radioactive materid or in the shidding againgt direct
radiation, and should determine the magnitude and characteridics of the radiologica
CONSequences.

5 SAP29: the andyss of severe accidents should be sufficiently redidtic to form a
auitable basis for the accident management drategies in SAP331 e seq. Where the
uncertainties are such that a redigic andyss cannot be peformed with confidence,
reasonably conservative assumptions should be made to avoid optimistic conclusions being
drawn.

6 SAP30: the severe accident andyss should aso provide information relevant to the
preparation of the Ste emergency plan for the protection of people outsde the Site in the event
of alarge release of radioactivity.

7 SAP31: where severe accident uncertainties are judged to have a Sgnificant effect on
the assessed risk, research amed a confirming the modelling assumptions should be
performed.

8 SAP331: accident management srategies should be developed to reduce the risk
from severe accidents. The Strategies should primarily am to prevent the breach of barriers to
release or, where this cannot be achieved, to mitigate the consequences. The ultimate
objective should be to return the plant to a controlled sate in which it can be maintained in a
safe condition.

9 SAP332: the drategies should identify any instrumentation needed to monitor the
date of the plant and the level of severity of the accident, and any equipment to be used to
control the accident or mitigate its consequences. Where additiona hardware would fecilitate
accident management, this should be provided if reasonably practicable.

10 SAP333: provison should be made in the drategy for training plant personnd in
accident management procedures and implementing the accident management drategies,
utilisng gppropriate instrumentation and items of plant that are qudified for operation in severe
accident environments.

11. Isthe focus of SA research consistent with what you deem appropriate?

Much current severe accident research gppears to be related to the development of designs for
future reactors, which it is ingppropriate for the NIl to support in the absence of any proposas to
congtruct such plant in the UK.
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12. What isyour view: should SA research focus on prevention or mitigation actions?
The licensee' s primary objective should be to prevent accidents. NIl interprets a severe accident
as an event or sequence of events that, through loss of control of plant conditions, creates a
potentid for the release of sufficient nuclear matter to the environment to enable a person off-gte
to receive a dose equivalent of 100 mSv or greater. Severe accident research can therefore only
be rdevant in the event that the licensee fals with this primary objective, Snce provided that this
objective is met, there are no severe accidents. Future severe accident research has therefore to
address mitigation.

13. What isyour view on backfitsin existing plants to enhance safety and on the issue of
benefits/costs?

Backfits to exigting plant to reduce risk should be implemented if it is reasonably practicable to do
90, ie. the cost of the backfit is not grosdy disproportionate to the risk that it averts.

14. Do you feel that there are sufficient SA resear ch resultsto satisfy your needs?
In generd, there are dready sufficient PWR severe accident research results to satisfy NII's
current needs.

15. Do you see whether future SA programmes envisaged will satisfy your needsin the
next century?

The need for severe accident research in the next century will depend on whether or not
proposals are made to construct and operate new nuclear reactors.

16. Will there be a change in regulatory demands on SA research if the regulatory
decison makingisbased on risk analysis?

NII's gpproach to assessment of nuclear plant has been informed, but not dominated, by risk
andyss for many years. As current plant safety cases dready contain a Sgnificant amount of risk
andyss, it is not anticipated that there will be any changes to regulatory requirements arising from
new risk ingghts.

17. Is gaining knowledge to reduce uncertainties in risk assessment of value to
regulatory decison making?
1 NIl requires PSAs provided as part of plant safety cases to be based upon best-
estimate methods, and accompanied by extensve sengtivity studies . In making regulatory
decisons, it consgders the sgnificance of the uncertainties and seeks assurance that these
could not have an adverse impact on the overdl results of the PSA.

2 Research which reduces uncertainties and demongtrates that a particular risk is lower
than asessed in a safety case may be important from the viewpoint of scientific
understanding, and of benefit to a plant operator wishing to demongtrate the safety of an
operation, but it is unlikely to result in the operator making changes to reduce the risk further.
While the regulator may take comfort from the reduction in the assessed risk of the operation,
thisis tempered by the knowledge that the actua risk presented by the operation is unaffected
by the research because the operation itself has not been changed. From the regulatory
perspective, the value of such research istherefore limited.

18. Some regulatory and research organisations have concluded that the following SA
issues have been resolved:

- ?modefailure

- DCH for Westinghouse PWRs

- liner failurefor G.E. Mark 1 BWRs
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while some of the following issues ar e consider ed unresolved

- vessel failure modes

- fuel-coolant interaction (steam explosions)

- melt debris coolability in-vessel and ex-vessel

- hydrogen combustion (DDT, global detonation)

- sourceterm (revolatilization, ex-vessel r elease)

What are your views on each of the above statements? Please prioritize the importance
of each one of these and the needsfor further research if any.

These severe accident issues tend to be plant-specific, and have al been resolved from a
regulatory perspective for the UK’ s one civil PWR. Sizewdl B was designed and congtructed in a
period when these issues had dready been identified, and its design was optimised so far as
reasonably practicable to address them. They do not generdly apply to the UK’s gas-cooled
reactors.

19. Are you using any of the SA computer codes or models to support your decision
making? What are your viewson further development of the SA codes?

Severe accident computer codes are not currently being used by NII to support any regulatory
decisons. It is the respongbility of the licensee to demondrate that the andlyses it submits as part
of safety cases use adequately verified and validated methodologies. This demonstration may
incdude inter-comparisons of computer code predictions with those from dternative codes,
performed by independent contractors. If NIl could not be persuaded of the vdidity of the
cdculations, the licensee would need to improve the anadyss. This could include further
development of the modelling. However, no need for further development of severe accident
codes is consdered necessary for regulatory purposes at present.

20. What isyour current estimate of the contribution of human error to the SA risk? Do
you fed further research is necessary or appropriate to reduce this contribution?
Severe accident risk is not quantified as such in the Sizewell B PSA. In terms of core damage
frequency, the fractional contributiorf® for operator error, including maintenance errors, isin the
region of 50%. Thisfigure is dominated by risks associated with the reactor at shutdown.

(1) The fractiona contribution is the sum of minimal cutsets? containing the item of interest (i.e. a
human error contribution in this case) divided by the sum of al of the minima cutsets.

(@ A minimd cutsst is a unigue combinaion of equipment and/or human failures which in
combination with an initiating fault, leads to the undesired event, in this case core damage. There
are hundreds of thousands of minima cutsets in the PSA.

A:15 Responsesfrom U.S.A. (NRC)

1. What organizations are supporting you?

The Office of Research (RES) at the U.S. Nuclear Regulatory Commisson (NRC) conducts
research to resolve safety issues, and to support regulatory decisons by NRC program offices,
notably, Office of Nuclear Reactor Regulations (NRR) and Office of Nuclear Materids Safety and
Safeguard (NMSS). In carrying out its misson, RES is supported by nationd laboratories,
universities, and internationa research organizations.
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2. Whoisresponsblefor funding SA research?

RES funding is dlocated by NRC from its annua budget, which is gppropriated by the U.S.
Congress through the Omnibus Budget Reconciliation Act of 1990. This act requires NRC to
recover its budget through licensing fees. SA research is funded through RES budget process.

3. What isthe safety policy/philosophy to support decison making?

The Commissons safety policy and philosophy in support of decison making are based on a
defense-in-depth Strategy. A key element of this strategy is accident prevention. Safety systems are
designed and inddled in a plant to prevent accidents. Furthermore, a containment is provided to
confine the radionuclide release in the event of an accident. In the event of a containment failure,
plants are required to implement emergency procedures and accident management strategies. Thus,
the defense-in-depth philosophy incorporates a multiple barrier concept for the protection of public
againg radionuclide releases.

The above philosophy provides a clear and logica structure for the safety research mission covering
four mgor program aress. reactor licensang support, reactor regulation support, nuclear materias
licenang and regulation support, and radioactive waste management support.  The Commissions
safety policy with regard to severe accidents are promulgated in the following policy statements:

Policy Statement on Severe Reactor Accidents Regarding Future Designs and Existing Plants (10
CFR Part 50), August 8, 1995. (Federd Register 50 FR 32138).

In the policy statement, the Commission said that it had concluded that existing plants pose no undue
risk to public health and safety and saw no basis for immediate action on generic rulemaking or other
regulatory actionsto dedl with severe accidents. However, the Commission indicated its intention to
initiate a systematic examination of each nuclear power plant for possible sgnificant risk contributors.
In the policy statement, the Commission dso sad that it fully expected that designers of new plants
would achieve a higher stlandard of severe accident performance than prior designs.

Policy Statement on Safety Godl's for the Operations of Nuclear Power Plants (10 CFR Part 50)
August 21, 1986 (Federd Register 51 FR 30028)

SECY paper, SECY-97-171, “Condderation of Severe Accident Risk in NRC Regulatory
Decisons,” dated July 30, 1997, provides the Commission with a summary and background on how
severe accident risk has been consdered by the Commisson in past regulatory decison making and
how severe accidents are being considered for potentia future actions.

In this policy statement the Commisson established two quditative safety gods based on the
principle that nuclear risks should not be a significant addition to other societa risks.

4. Would you liketo havethe support of the SA research?
Yes.

5. How do you usetheresults of the SA research?
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The results of SA research are used to define systematic closure of previoudy identified severe
accident issues. Examples are: dpha-mode fallure, direct containment heeting (DCH), and liner
meltthrough in Mark | containment. The results are aso used to perform licensing reviews of
advanced and passive light water reactors for design adequacy to mitigate and/or prevent severe
accidents. Examples are: passve autocataytic recombiners (PARS) research and in-vessd mdt
retention by externa cooling. Where phenomenologica knowledge is not adequate or where
uncertainties in some severe accident phenomena are unacceptably large, SA research offers
improvement in understanding and reduction of uncertainties. An important product of SA research
is a suite of SA codes. Recent examples where SA codes have been used to support decision
making are DCH issue resolution, evauation of steam generator tube rupture, and assessment of the
impact of revised source term. Findly, SA research results are deemed useful in the trangtioning
process to risk-informed regulaions.

6. Areyou satisfied with the SA resear ch resultsthat you have used so far?

NRC has been conducting SA research since 1981 following the TMI-2 accident. There were eight
man aeas of the program: core melt progression, core-concrete interactions, direct containment
hesting, hydrogen combustion, steam explosions, fisson product behavior, containment performance,
and severe accident codes. Following the publication of SECY-88-147, “Integration Plan for
Closure of Severe Accident Issues’ in 1988, a more focused SA research program designed to
resolve risk dgnificant issues was put in place.  As dated in response to the previous question,
results of SA research were useful in defining systematic closure of a number of severe accident
issues.  The results were dso ussful in reducing uncertainties or improving the phenomenologica
understanding. For example, results from the core melt progresson research provided an
understanding of uncertainties associated with initia conditions used in the resolution of the Mark |
liner failure and the DCH issues. Results of FCI phenomenologica research led to a better
asessment of steam exploson potentia of prototypic core met.  Likewise, results of hydrogen
combustion research led to a better assessment of containment threets from DDT and of hydrogen
control measures to mitigate such threats. Therefore, SA research over the years has been very
productive,

7. How have such SA research results affected your decison making related to protection
against severe accidents?

The Commission has consdered severe accidents in its regulatory decisions and actions since its
ealy days. For example, accidents more severe than the design basis accidents were clearly a
congderation in the Commission’s decision on reactor Sting criteria. The source term used for the
assessment of the Part 100 dose guidelines was based upon a * substantial meltdown of the core.”
The risk ingghts provided by WASH-1400 were consdered in the dtaff's development of
recommendations for emergency planning requirements.

Following the accidents at TMI, the Commisson’s regulatory decisons and actions utilized greater
consderation of risks from severe accidents.  Anticipated Transent Without Scram (ATWS) and
Station Blackout (SBO) rules were issued by the Commission in the 80's in consideration of severe
accidents and evaluation of potentia new requirements for plants to dea with such accidents. Both
ATWS and SBO were identified in the safety studies as important contributors to risk. In 1988,
NRC issued Generic Letter 88-20 which required licensees to conduct Individua Plant Examinations
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(IPES) for vulnerabilities to severe accidents. In 1990, NUREG-1150 was published which
provided a quantitative assessment of plant risks agangt severe accidents. NUREG-1150 aso
provided a modd for subsequent PRA studies used in the design certification reviews of advanced
and evolutionary plant desgns.

Much of the ongoing SA research activities is being coordinated under the PRA Implementation
Pan, a mgor dement of which is the development of a risk-informed decison making framework.
Improvement in the understanding of severe accident phenomena and reduction of uncertainties
through continued SA research would be beneficia in that regard.

8. Whereand why do you seefurther need of SA research?

Currently, we have adequate understanding of SA phenomena to make regulatory decisons.
However, some SA phenomena are ill treated conservatively which may hinder systematic
implementation of risk-informed regulations. Therefore, further need of SA research is perceived
where phenomenologicd knowledge is inadequate or where uncertainties in severe accident
phenomena are unacceptably large. The following documents summarize our views of the status and
plans for severe accident research.

SECY-98-131, “Status of the Integration Plant for Closure of Severe Accident Issues and the
Status of Severe Accident Research, “ dated June 8, 1998.

Memorandum to the Commisson from W. Travers, “Schedule for Closure of Severe Accident
I ssues and Severe Accident Research Activities,” November 9, 1998.

The severe accident research program, described in SECY-98-131, congdts of activities in X
areas. (1) hydrogen combustion, (2) direct containment heating (DCH), (3) fuel-coolant interactions,
(4) lower head failurelvessd integrity, (5) fisson product release and transport, and (6) code
development, assessment and maintenance. The most recent focus of hydrogen combustion research
has been the investigation of detonability of hydrogen-ar-steam mixtures in order to obtain data for
modd verification, and mitigation of hydrogen release through passve autocataytic recombiners
(PARS) in support of the APG00 licenaing review. We now believe that Sgnificant information exists
on the hydrogen combustion issue, which is sufficient to assess possible threets to containment

integrity. We aso note that there is enough information about the operation of passive autocataytic
recombiners to adequately design the system to account for the effects of high steam and aerosol

concentrations. All experimenta hydrogen combustion research programs are considered complete
a this point.

Direct Contanment Heeting (DCH) research has resulted in the closure of this issue for dl
Westinghouse, Combustion Engineering, and Babcock & Wilcox large dry and subatmospheric
PWR plants. Additiond research is currently being performed to address resolution of DCH for ice
condenser plants. Higtoricadly, DCH has not been consdered to be as risk significant for BWR
plants.

Steam explosion research conducted thus far was useful in resolving the apha-mode falure issue
from a risk perspective. Research has dso produced data demondrating thet it is difficult for a
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prototypic core materia to explode under most severe accident conditions of interest. However,
some resdud issues reman concerning mixing and triggering of alarge mass of prototypic meteria
under subcooled and low pressure conditions, typicaly associated with ex-vessdl scenarios.
Continuation of FCI research a a modest level would be useful in this regard. With regard to ex-
vessdl quenching and debris coolability, demongtration of successful quenching at reector scae is
needed to terminate accident progresson and confirm the effectiveness of accident management
drategies. Past and ongoing coolability programs have not provided definitive demondrations; thus,
afocused effort is needed to resolve theex-vessd coolability issue.

Therma loads imposed on the lower head by molten corium is the subject of the RASPLAV
program, performed a the Russian Research Center. Examination of lower head failure modesisthe
objective of the Lower Head Failure (LHF) program at the Sandia Nationa Laboratories. The LHF
program is relevant to an accident management issue involving reflood of a partidly depressurized
reactor vessdl following a core mdt accident. Reflooding may cause sgnificant repressurization
when the vessd is gpproaching fallure temperatures thus increasing the likeihood of vessd fallure.
Reaults of the LHF program are expected to shed some light into the efficacy of the reflood Strategy.
Both the LHF and the RASPLAV programs are being conducted under the auspices of OECD.

The scope of fisson products research is confined to participation in the PHEBUS-FP program and,
otherwise, to support the regulatory side of NRC in the implementation of the revised source term.
Future PHEBUS tests may examine issues such as high burnup effects, mixed oxide fuel behavior,
and fisson product behavior following shutdown accidents.

The andlysis of plant response to severe accidentsis akey component of severe accident researchin
support of risk informed regulatory initiatives and resolution of safety issues. Asthe NRC
experimentd programs are gradualy terminated, the emphasisis placed more on developing and
maintaining anaytical capabilities. Over the next severd years, code capabilities will be consolidated
to reduce the number of codes actively maintained while sustaining vitd expertise in key
phenomenologica aress.

In summary, very few experimental SA research programs will continue, primarily under the auspices
of internationa cooperative programs, in the short term to address risk significant phenomenological
issues, . Inthelong term, work on severe accident codes will continue in support of risk informed
regulaory initiaives. Also, in the long term, new emerging issues such as MOX and high burnup fud
behavior and future design issues may create new avenues of SA research, especidly, in light of our
trangtion to arisk-informed regulatory framework.

9. Which areas of SA research would you like to be investigated further and why? Could
you prioritize?

The current thrust of NRC's SA phenomenologicd research is in-vessd severe accident phenomena
(eg., RASPLAV and OECD LHF), the rationae being that if in-vessdl core met coolability or
retention is assured, there need not be further concern about ex-vesse issues. There isarecognition,
however, that for high power reactors, in-vessdl core met retention may not be assured thus cregting
the likelihood of RPV falure. Also, as staed in connection with the LHF program in Question 8,
accident management drategy of reflooding a partidly depressurized RPV following a core melt
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accident may cregte the likelihood of RPV falure. Therefore, certain ex-vessd issues (eg., ex-
vessel FCI and coolability) may require further investigation. However, as mentioned el sewhere,
facilities required to conduct the needed research are being closed down. As a result, remaining
Ssevere accident issues may not attain the same degree of resolution as the resolved issues. With
regard to NRC’'s SA research prioritization, ongoing phenomenologica research, particularly the
cooperative internationa programs, will be brought to an orderly closure in the short term. In the
longer term, emphasis will be directed toward improvement and assessment of severe accident
anaytica tools or codes.

10. What areyour requirementswith respect to severe accidents?

Asimplied in the Commission’s policy satements referenced above, currently there are no regulatory
requirements with respect to severe accidents for operating plants though the Commission has placed
an increasad emphasis on severe accident risks following the TMI accident. However, the
Commission fully expects that designs of new plants would achieve a higher sandard of severe
accident performance than prior designs. In particular, the policy statements resffirmed the
Commission’s belief that a new design could be shown to be acceptable for severe accident
concerns if it: (1) demongrated compliance with 10CFR50.34(f) requirements, (2) demonstrated
technicd resolution of al unresolved safety issues (USIs) and medium to high priority generic safety
issues (GSIs), and (3) contained a design-specific PRA with condderation of severe accident
vulnerabilities. The guidance was subsequently codified in 10CFR52.47. The subject of generic
rulemaking on severe accidents for new reactor designs is discussed in SECY-97-148, which
concludes that such an action is not needed at present.

11. Isthefocusof SA research consistent with what you deem appropriate?

Formulation of the current focus of SA research followed the recommendations in SECY-88-147,
i.e, resolution of risk-dgnificant severe accident issues. Still condgtent with the defense-in-depth
safety philosophy, the focus, however, emphasized early containment failure. Important SA issues
were identified and phenomenologica research was performed to close these issues in a systemétic
manner. The closure process ried on best estimate tools which have inherent uncertainties, abeit,
acceptable ones on basis of some risk measure (perspective).  In that sense, the focus of NRC's
SA research is congstent with what has been deemed appropriate. With the trangtion to a risk-
informed regulatory framework, there is a stipulation that some SA issues may not pose as much risk
as previoudy edimated. However, risk studies are not complete yet to verify the gtipulation.
Resolution of other issues may require that the best estimate tools to be used be more accurate than
those origindly designed. Future SA research should take thisinto consideration.

12. What isyour view: should SA research focuson prevention or mitigation actions?

The Commisson's Severe Accident Policy dtaed the dedrability of peforming a sysematic
examination of each nuclear power plant in order to identify potentid plant-specific vulnerabilitiesto
severe accidents.  The policy led to the issuance of the Generic Letter 88-20 establishing the IPE
program. One stated purpose of the IPE is to gain a better understanding of severe accidentsin
order to prevent or mitigate the same. Whenever possible, emphasisis placed on prevention through
a reduction of the overdl probabilities of core damage and fisson product release. This may be
achieved through a better understanding of the phenomenology and the use of best estimate tools to
reduce undue conservatism in the estimation of severe accident risk. Or, it may be achieved by
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modifications of hardware and/or procedures. Mitigation of severe accidents is the next order of
priority.

Generdly, for new reactor designs, there are opportunities and provisons for design features and/or
modifications to prevent severe accidents. For operating plants also, accident prevention takes
priority over mitigation. However, when prevention cannot be assured, the focus shifts to mitigeation
by devising accident management Strategies.

13. What is your view on backfitsin existing plants to enhance safety and on the issue of
benefits/costs?

The NRC promulgated its first Backfit Rule in 1970 which st forth a sSlandard governing when the
NRC could require a plant previoudy licensed to incorporate a new safety feature. The rule
excepted from this standard any backfit that was necessary to bring afacility into compliance with its
license or a Commission rule or regulation. A backfit of this kind was apparently aways required.
The Find Backfit Rule, which included cost impact in the consideration of backfits, was issued in
1985. The rule gated that: The Commission shdl require the backfitting of a fadlity only when it
determines ... That there is a subgtantia increase in the overdl protection of the public hedth and
safety or the common defense and security to be derived from the backfit and that the direct and
indirect cods of implementation for that facility are justified in view of thisincreased protection. The
Fina Backfit Rule was further amended in 1988 and published as 10CFR50.109. Implementation of
the Backfit Rule continues to evolve due to ambiguity concerning such languages as “subgtantia
increase in the overdl protection” and “codts ... arejudified.” Processes for measuring substantia
increase in protection and verifying cogt judification are dso evolving as the PRA technology
improves.

In the context of severe accidents and related safety issues, SECY-97-171, discussed above in
response to Question 7, provides the Commission with a background on how severe accident risk
has been congdered by the Commission in regulatory decison making. Following the accidents at
TMI, the Commission’s regulatory decisons and actions utilized greater consderation of risks from
severe accidents.  The Generic Letter 88-20 was issued in 1988, which required licensees to
conduct Individuad Plant Examinations (IPES) for vulnerabilities to severe accidents. Insght gained
from IPEs was useful in the development of severe accident management guidance (SAMG). Inthe
United States, management of severe accidents is regarded as an indudry initiative.  Utilities are
expected to deveop plant-specific SAMG documents, however, there are no regulatory
requirements a present and backfitting is not imposed on the industry as a part of severe accident
management Srategies.

The two design-related fixes that came about as a result of SA research and that may be considered
in the backfit category are: hardened vent for BWR Mark | containment and implementation of
hydrogen control measures. We are not aware of any other backfit requirement resulting from SA
research.

14. Doyou feel there are sufficient SA research resultsto satisfy your needs?
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To the extent research results were used to close some of the SA issues, the needs were adequately

met. There are some areas where our understanding is not as mature as desired. Inthose aress, if a
need should exist to reduce uncertainties further to meet specific future requirements as, for example,
may be imposed by the trandtion to a risk-informed regulatory framework, it will be accordingly

addressed.

15. Do you see whether future SA programs envisaged will satisfy your needs in the next
century?

With the completion of the current SA experimenta research programs, in particular, the LHF
program a Sandia and the RASPLAV progran a RRC, we expect to have an adequate
understanding of severe accident issues which may be important risk contributors for current vintage
of designs. The extent of knowledge from over 18 years of SA research is expected to enable plant
operators to devise Srategies to prevent severe accidents from occurring or mitigate such accidents,
should they occur.  However, in the course of implementing risk-informed regulations, one may need
to reduce phenomenologica uncertainties further thus requiring additional focused research.
Furthermore, as we continue to exercise the SA codes, we may identify areas where the current
understanding of the phenomena precludes adequate prediction of the consequences. In these cases,
afocused research effort to improve the understanding and subsequently, to improve the codes may
be warranted. Also, as stated in response to Question 8, new emerging issues such as MOX and
high burnup fud behavior and future design issues may creste new avenues of SA research,
especidly, in light of our trangtion to arisk-informed regulatory framework.

16. Will there beachangein regulatory demandson SA research if theregulatory decison
making is based on risk analysis?

The answer, in principle, isyes. The nature and extent of changes will depend on the results of risk
anaysis. SECY paper, SECY-98-300, “Options for Risk Informed Revisonsto 10 CFR Part 50 -
Domestic Licensing of Production and Utilization Fecilities” dated December 23, 1998, proposed
high-level options for modifying regulations in 10 CFR Part 50 to make the regulations risk informed
and laid out associated policy issues for Commission consderation. Regulatory Guide 1.174, “An
Approach for usng Probabilistic Risk Assessment in Risk-Informed Decisons On Plant- Specific
Changes to the Licensing Bagis,” dated July 1998, describes a condstent goproach to regulatory
decisonsin areas where the results of risk analysiswill be used to judtify regulatory action.

As afollow on to the above inititives, the staff will start the process of making Part 50.59, dedling
with licensee-initiated changes to the facilities and designs dready in FSAR, risk-informed. As a
possible outcome of this process, some current regulatory requirements may not be warranted based
on risk sgnificance and hence, a burden reduction may bein order. Yet, other regulations may need
to be revidted if the process demondirates that the issues covered by the regulations are more risk
ggnificant than previoudy consdered. In these cases, reaults of SA research will be used to
determine additiona regulatory requirements.

17. 1s gaining knowledge to reduce uncertaintiesin risk assessment of value to regulatory
decison making?

For operating plants which meet exigting regulatory and policy requirements, the answer is no unless
a licensee requests amendment to its license usng risk-informed regulations. The dtaff is dso
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exploring changes to the body of the Part 50 regulations to incorporate risk-informed attributes. As
gated in SECY-98-300, these changes could involve such actions as developing a new set of
design-basis accidents, revising specific requirements currently in Part 50, or deleting unnecessary or
ineffective regulations. Some of these actions may require further reduction of uncertainties. For
future designs, gaining knowledge to reduce uncertainties is certainly of vaue since the new designs
are fully expected to achieve a higher standard of sever accident performance.

18. Some regulatory and research organizations have concluded that the following SA
issues have been resolved

- alpha modefailure

- DCH for Westinghouse PWRs

- liner failurefor G.E. Mark |, BWRs

while some of the following issues ar e consider ed unresolved

- vessel failure modes

- fuel-coolant interaction (steam explosions)

- melt debris coolability in-vessel and ex-vessel

- hydrogen combustion (DDT, global detonation)

- sourceterm (revolatization, ex-vessel release)

What are your views on the above statements? Please prioritize the importance of each
one of these and the needsfor further research, if any.

NRC is in complete agreement with the statements concerning the status of resolution of the apha
mode failure, the DCH (for PWRs), and the Mark | liner faillure issues. Additionaly, NRC is of the
opinion that adequate research has been performed on hydrogen combustion and in-vessd steam
explosons. We bdieve sgnificant information exists on the hydrogen combustion issue, which is
aufficient to assess possible threats to containment integrity.  Ongoing programs (LHF program at
Sandia, FAI in-vessd coolability program, RASPLAV program) are expected to yied additiond
information to close some of the remaining unresolved issues on in-vessd coolability and lower heed
integrity. PHEBUS program likewise is expected to yidd information needed to resolve specific
source term issues.  With the unexpected termination of the FARO program, data on ex-vess
geam explosions and FCI will be severdly limited. Findly, if the MACE program is discontinued,
data on ex-vessd mdt coolahility (by top flooding) will be limited and consequently, the issue may
remain unresolved.

19. Are you using any of the SA computer codes or models to support your decison
making? What areyour viewson further development of the SA codes?

SA codes are used to support decison making, but they are not the only tools used. Recent
examples of the use of SA codes in decison making are: licenang review of APG00, evaluation of
steam generator tube rupture scenarios and effect of SA conditions on repair failures, cdculationsin
support of the DCH issue resolution, assessment of the impact of the revised source term, and
evauation of spent fuel pool zirconium fire. As mentioned dsewhere, current emphasis of NRC's
severe accident research is on SA code improvement and assessment.  Further development of
codes, when deemed appropriate, is conddered an integra part of this current thrust.

20. What is your current estimate of the contribution of human error to the SA risk? Do
you feel further research isnecessary or appropriateto reduce this contribution?
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We bdieve that human error is a ggnificant contributor to severe accident risk, and that further
research is needed in this area. NRC sponsors research on the incorporation of human errors of
commission into PRAs. Such errors are generdly not considered in the current PRAS. In addition,
NRC is paticipating in two internationa efforts reated to human rdiability and risk andyss. PWG-5
work in thisarea and COOPRA study of organizationa influences on risk.

21. What are outstanding SA issues that require additional research to ensure proper
credit for Severe Accident Management Guidelines (SAM Gs) being considered by various
Owner’s Groups? For ingtance, is it required to know the decontamination factor (DF)
associated with water, under conditions of steam generator reflood following a tube rupture
scenario, within more than an order of magnitude? What isthe conservative value of water
DF level for which confirmation is not needed?

SAMG consdered by various owner’s groups involve certain generic actions based on symptoms
that are avallable to the operators. Such actions include depressurization of RPV, RPV flooding,
containment flooding, hydrogen control, radioactivity release control and reectivity control. As
mentioned dsawhere, SAMG is an indudtry initiative. In developing generic SAMG or plant specific
guiddines, industry has made use of available SA research results. Additiond research on some of
the unresolved SA issues, identified esawhere, is expected to aid in further improvement of SAMGs.
As for the specific example in question, it is believed that an order of magnitude accuracy in DF
cdculaionsis adequate for mog, if not dl, gpplications.

22. Do you fed that enough is known about operation of catalytic recombiners under
atmospheric conditions with high steam, and aer osol concentr ations?

Yes, there is enough information about the operation of passve autocatalytic recombiners to
adequatdly design the system to account for the effects of high steam and aerosol concentrations.
This conclusion is drawn from the test program that we conducted at the Sandia Surtsey facility
under conditions expected during severe accidents.

23. What should be the main focus of safety, as it relates to SAs - high frequency low
consequence (but highly uncertain with regards to fisson product releases) accidents, or
low frequency (highly uncertain w.r.t. frequency of release) high consequence (i.e, large
releases) accidents?

In conjunction with the trangtion to a risk-informed regulatory framework, NRC is looking into the
useof Large Early Release Frequency (LERF) asabasisfor PRA acceptance guidelines, in addition
to the use of core damage frequency (CDF). Certainly, large release is a concern and, as such,
remains an important focus of safety. Under a risk-informed regulatory framework, the focus would
continue to be placed on credible events and not on speculative scenarios. Also, in implementing
LERF and CDF bases, greater care will be exercised to properly quantify risks and to assure
congstency with the Commission’s Safety Goal Policy Statement.

24. Do you think the focus of SA research should be on reducing the remaining
uncertainties or on devisng ways that SA uncertainties could be circumvented through
SAMG procedures?

Reducing uncertainties happens to be one aspect of SA research. However, diminishing benefits
from an open-ended SA research addressing uncertainties alone should be weighed againgt risks.
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25. What design-related fixes do you foresee that requires additional SA research, that if
implemented could substantially reduce therisk of SAs?

For operating plants, we have concluded that these plants do not pose an undue risk to the public
and no design-related fixes are required except for hardened vents and hydrogen control measures.
Moreover, for operating plants, SAMG is an indudtry initiative and there is no regulatory imposition
on the industry for mgor design-related fixes that may require additional SA research. We are not
aware of any other design fixes proposed by the industry that warrant additiona SA research.

For new plants, however, there is expectation that the designs shdl achieve a higher sandard of SA
performance than the operating plants.  One design feature that has been investigated extensively in
relaion to the APG00 design is the in-vessd retention capability through externd flooding of the
vesH. Provison of cavity flooding is consdered as well in the ABWR design to mitigate core-
concrete interactions, promote debris cooling, and provide fisson product scrubbing. Smilarly,
reliable depressurization systems have been considered for the System 80+ design to address issues
asociated with high pressure melt gection.
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