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Executive Semmary

The purpose of the present report is 1o identily, as well as 1o assess, accident managerient stratogies which
vould be important for preventiog containment failure and/or mitigating the release of fission products during
@ severe accident in a BWR plant with & Mark 11 type of containment, While the development of detailed
actions ix of necessity plant specific, the ideas contamed in this report can be useful 10 individual licensees who
are in the process of developing their accident management programs. The report should also be helpful to
a reviewer of o licensee’s accident munagement plan. The Limerick Generating Station is used as the example
plant in this report, but some of the variations among the other domestic Mark 1 plants are also discussed.

The resent report emphasizes the use of existing plant wapabilities for severe accident management. The
containment and release management (CRM) strategies differ from the existing emergency procedure
guidelines (EPG) primarily in terms of the conditions under which certain actions ate undertaken and certain
systems activated. For CRM, systems are oflen operated in an anlicipatory instead of a response mode, and
often bevond their design limits. Non-safety grade systems are also made use of for CRM. The plant features
that are important to containment and release management of 8 BWR Mark 1 containment are reviewed lo
identify their function and performance under sovere accident gonditions. These include the containment
design, the plant systems amd 1he resourves needed 1o support their operation, the emergency response
focilities, the emergency procedure guidelines, and the instrumentation reguired 1o assess the plant and its
environs during and lollowing an accident.  Impo:tant tssues related (o these syster  ad some of the
uncertmnties involved 10 severe uecidemt phenomeni are disoussed

Maximum use was made o informution cortained i currently available safety studies related 10 BWR
containments in geaeral, and Mark 11 plants in paticular. Use was made of simplified containment and
release event trees (CRE s} in both identiticationand assessment of stratepies. One result of this examination
is o safety objertive tree which links the general safety objectives of containment and release management with
the strategies identified as helpful in mitigating the challenges.

The strategies were assessed by application to certain accident sequences. The sequence ciltegories selected
for strategy assessmient consisted of station blackout, ATWS, loss of containment heat removal, and
containment bypass. These provide a range of accident characteristicswhich need to be considered: the initial
condition of the reactor and the comminment at the meeption of the acodent, the speed of accident
progression, and the availability of major safety systems. The selected sequences also cover all the identified
challenges and thereby allow all the strategies 1o be considered. Sequences with a signiticant probability of
core damage or with the potential for high conscquences are included in the assessment. The strategies
discussed may, of course, also be of benelit in other seq ences than the ones considered in this report.

Important CRM sinegies are discussed in detail in this report w provide guidance for the development of
symptom based strategies which could be considered for implementation. The most important points related
to strategy implementation are discussed with emphusison symptoms leading 1o strategy iniliation, diagnostic
¢ - urns, downside risks, wnd conderns regarding operutor action.  The challenges 1o which & Mark 11
conainment is subjected during u severe acaident are in many wiys similat (o those faced by the other BWR
contiunments, especially Mark 1 plants. Therefore many of the steategies are slso similar, However, because
cl the dilferem geometry of the Maek 11 containment, contaiament response, especially after vessel breach,
ean differ from that of @ Mark 1. The pedestal configeration of the reactor cavity area, which varies among
Murk Il plants, will influence the smount of core-concrete interactions taking place in the cavity sad the extent
o which coriumwill spread on the drywell floor. In plants where the corium can reach the downcomers, these
may fail erenting o bypass of the suppression poel.  Even i corium does not reach the downcomers,
suppression pool bypass can still ocour due 10 fuilure of drains in the cavity region by corium attack or
eventually by drywell Ooor failure. Besides inereasing containment pressare loads, a hypass will significantly
lessen the desirability of venting via the wetwell. Another consequense of these Tailores of the drywell to
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wotwell boundary is the high likelihood of steam explosions in the wetwell when corium drops into the
suppression poal

The BWR Emergency Procedure Guidelines, Revision 4 were used 1o estimate the operational response 10
a severe accident currently available at a Mark 11 plant. While the existing FPGs are designed primarily for
plant conditions expected piior to significant core damage, CRM strategies consider plant conditions well
beyond this point, including vessel breach and containment failure where release management becomes more
important.

Although there are significant uncertaintics in the understanding of some of the phenomena involved in a
severe accident, the ability 1o predict secident progression accuraely, and the plant capabilities under severe
accident conditions, the strategies identilied in this report were found 10 be in general effective based on their
application during the accident sequences considered for the Limerick Generating Station. Often a single
strategy would have multiple benefictal effects on accident management {e.g., drywell spray couid reduce
containment temperature and pressure, serub fission products from the containment atmosphere, and provide
water for corium quenching). However some of the strategies may have significant adverse offr.’

As is true for other containments, the lack of control roor indications of containment variahles in @ Mark 11
could be a significant problem for accident management. This deficiency is particularly serious for a station
blackout sequence. The survival of plant instruments under severe aceide:t conditions is also quite uncertain,
The containment conditions, ¢.g .. tlemperature, pressure, and radiation, that may ocour in a severe accident
may exceed the enviropmenta’ conditions for which the instruments are qualified These areas could benefit
from additional rescarch ellons.

An added suggestion hased on the investigations performed for this report is that, during an actual accident,
decision making for secident management may be enhanced through the use of simplified CRET's with
updated plant status information and probability duta to predict accident progression. When combined with
a simple consequence prediction vade and with the meteoralogical conditions and offsite activities already
available, this could provide an imegrated approach for accident progression and consequence prediction,
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1 Introduction
1.1 Background

Experience obtained from Probabilistic Risk Assessment analyses indicates that a cost effective means for licensees
to reduce severe accident risk even further is to supplement plant operating procedures with additional preparation
and guidance for severe accidents, that is, by planned management of severe accidents. While minor hardware
maodifications may in some cases be necessary 1o implement the resulting procedural changes or additions, much
can be accomplished through innovative use of already existing plant systems. Such an approach to risk reduction
is preferable 10 one which relics on significant, and therelore costly, hardware changes or additions

Aspects of severe accident management have been considered in a number of previous NRC and contractor
reporis such as Reference 1. Brookhaven National Laboratory’s (BNL's) contributions include NUREG/CR-4920,
"Assessment of Severe Accident Prevention and Mitigation Features® {1}, and NUREGATR-$132, "Severe Accident
Insights Report” [2]. In March 199 NURFGAUR 5474, "Assessment of Candidate Acoident Management
Strategies” [3] was published by BNL. In this document & set of candidate accident management strategies,
previously identified from various NRC and industry reports, such as NUREG-1150 |4, were assessed to provide
information to individual licensees for consideration vhen performing their Individual Plant Examinations. The
assessment focused on describing and explaining the strategies, considering their relationship to existing
requirements and practices, as well as identifving possible associated adverse effects. The emphasis of the
strategies assessed in NUREG/CR-5474 wa - on preventing core damage, ¢, on arresting the accident progression
in-vessel. The effects of the strategies considered were generally well understood and many of the strategies were
found to be already implemented at some plants.

The current phase of the NRC Research effort in identifving and assessing accident management actions is
concerned with mitigative strategies which would most likely be applied in the more advanced stages of a severe
acaident [5,6). Before vessel failure the emphasis is on arresting or mitigating core damage progression in the
reactor vessel. If vessel failure has already occurred or is imminent the emphasis is on maintaining containment
integrity, quenching core debris ex-vessel, and minimizing fission product release to the environment. While
ideatification and assessment of advanced in-vessel strategies is being addressed by other NRC concractors, BNL
is producing a series of veports dealing with the containment and release management. The present report is one
of this series. The mitigative strategies discussed here are often applied in situations where present understanding
of the phenomena encountered is hmited. Therefore, the uncertainty for these strategics is larger than for the
stralegies examined in NUREGCR-5474. Also, many of the suggested strategies go well beyond existing
procedures. Often the strategies and the challenges which they address depend on the specific containment types
and thercfore five individual reports are being written for containment and release management, each one
addressing the challenges and strategies applicable to one of the five containment types used m the US.

today [7-9].

1.2 Objective and Scope

The purpose of the present report is to ideatify, as well as 1o assess, accident management strategies which could
be important for preventing or delaying containment failure and/or mitigating the release of fission products during
a severe accident in a BWR plant with a Mark 1l type of containment. The discussions contained in this report
are intended io provide useful information to licensees formulating a severe accident management plaa for their
individual plants. While the development of detailed guidance is of necessity plant specific, the ideas contained in
this report can be useful to individual licensees aho are in the process of developing an accident management
plan.

The report cun also furnish the reviewer of an acaident management plan with a systematic overview of the

challenges & Mark 11 containment may facc during a severe accident and the strategies which could be used to
me¢t these challenges.

11 NURYG/CR-S805
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Introduction

In the sections which follow the chalienges that can impair containment integrity and give rise to fission product
releases from a Mark 11 containment during a severe accident are discussed. Strategies which can he used to
eliminate or mitigate the effect of some of these chalienges are identified. Most, but not all, challenges can be met
by available strategies.

1.3 Organization of the Report

The subsoquent sections of the report are arranged as follows: Section 2 describes the approach taken for strategy
identification as well as for strategy assessment. Section 3 describes the Mark 11 containment, the plant systems
and resources, and existing severe accident management capabilities. A detailed examination of the containment
challenges and the identification of the relevant containment and release strategies for a Mark 11 plant are
presented in Section 4. At the end of Section 4 the challenges and strategies are systematically arranged in a
"Safety Objective Tree" Section § presents the pertinent information for each of the strategies in a consolidated
form. The application of the strategies during certain accident sequences is discussed in Section 6. Section 7
consists of a summary and conclusions. References are contained in Sectic. X

NUREG/CR-580S I-2
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Approach
23 Strategy Assessment Process

Previous history as well as the accident phase during which a challenge arises often play an imporiant role in
determining which strategies should be implemented and how successful theit implementation will be. To account
for these factors certain accident sequences are selected and the strategies are assessed in the context of these
sequences. However, the identified strategics are not only applicable 1o the sequences discussed  The strategies
will often be heneficial under other conditions as well, although these conditions may heed 1o be accounted for in
sitategy implementation.

Since this report deals with containment and release related strategies, socident progression is tracked starting
from a plant damage state. For the Mark 11 strategy assessment this tracking was accomplished through the wse of
simplified containment event trees whose top events consisted of events deemed impartant for accident
uunmmeu actions. These event trees have been used in the strategy identification deseribed in Section 4, where

assessment of the strategies is also presented. A further assessment of the identilied stiategies,
Iollnwiu the progression of selected accident sequences, s presented in Section 6.

To discuss strategy apg - ation it is convenient to distinguish among & aumber of phases Juring sccident
progression. These are: (1) the very early phase, before core damage has ovcurred, (21 the early phase, between
the start of core damage phase to shortly after vessel breach, (1) the late phase, after vessel breach but prior (o
containment failure, and (4) a radiological release phase. These phases need not all ocer in order. Depending
on the accident, the radiological releass phase can be entered from any of the other phases. For example, in the
case of an intcrfacing systems 1LOCA (1S1), the radiological release phase will ocour concurrently with the early
phase  “‘milarly, depending on the sequence andior accident management actions, a recovery can be made from
any of _e first three phases. Figure 4 1 shows the relationship between the swadent phases. 1t should also be
noted that vessel breach is 100 sudden to allow for accldent management actions during the actual time of vessel
{ailure, but cenain actions can be Laken priot to failure with the purpose of mitigating the resulls of vessel bieach,
These actions are considered under the carly phase,
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3 Plant Capabilities and Severe Accident Management

The plant information that is important for containment and release management is discussed in this section.
Section 3.1 describes the peneral featuces Af the pressure suppression system of a Mark 11 containment, Section 3.2
discusses the plant safety and supporting systems that are important to severe accident management, and Section
3.3 describes existing accident management capabilities, particularly the BWR emergency procedure guidelines and
the plant instrumentation required by NRC for plant condition assessment in an accident.

A1 Mark 1l Containment System

The Mark i containment system includes a primary containment system and a secondary containment system.

The primary containment system is a pressure suppression system. 1t consists of (1) a drywell, which has the shape
of & truncated cone and houses the reactor vessel supported on a pedestal, (2) a cylindrical shaped pressure
suppression chamber (wetwell), which is located directly below the drywell, separated from the drywell by a
concrete diaphram slab (drywell floor), and which contains a large volume of water (suppression pool), (3) &
downcomer vent system connecting the drywell and the suppression pool, (4) containment isolation systems,

(5) containment heat removal systems, (6) combustible gas control systems, and (7) other service equipment, The
primary containment system is designed 1o (1) condense the steam released during a postulated 1 OCA, (2) limit
the release of fission product” in an accident, and (3) provide a source of water for the emergency core cooling
svstem (BECCS).

Enclosing the primary containment is the secondary containment. 1t consists of u reactor enclosure and - refueling
area. The secondary containment provides housing for reactor auxiliary and service equipment, reacton refueling,
and tuel storage facilities. 1t also retains airborne radioactive materials leaked from the primary containment in
the event of an accident. s is achieved by a controlied, filtered and elevated release of the sscondary
containment atmosphere.

There are nine BWR facilivies with Mark 31 containment designs in the United States. Two different BWR types
are used in these facilities. The General Flectric (GE) BWRA reactor design is used in five of the nine units and
the HWR/S design is used in the remaining four units. The major difference between the two BWR reactor
designs is in the use of the high pressure emergency core cooling system (FCCS). the BWR/A uses a turbine driven
high pressure coolant injection (HPCT) system and the BWR/S uses a motor-driven high pressure core spray
(HPCS) system. The motor-driven HPCS is also supported by a backup ac power from a dedicated diesel
generator. Table 3.1 provides a listing of the domestic Mark 11 units, and the operator, the BWR type, and related
electric power of each unit.

Figure 3.1 siiows a schematic of the containment design for Limerick. The two parts of the primary containment,
the drywell and the wetwell, comprise a structurally integrated conerete pressure vessel, lined with welded steel
plate and provided with a steel domed head for closure at the top of the drywell  This construction is typical of all
but one Mark 11 containment. Instead of a concrete structure, WNP-2 ulilizes a free-standing steel primary
containment, surrounded by a reinforced conerete structure providing support and biologica! shielding,

Table 3.2 . e values of some plant parameters for the nine Mark 11 units located at six plant sites. As shown
in Table 3 - rated thermal power of the eight operating units (except Shoreham) is within a narrow range,
varying from 2,293 to 3 448 MW, the drywell free volume varies from 200,500 10 303 400 {0, the wetwell free
volume varies from 144,200 1o 192,000 1, and the suppression poal water volume varies from 112,200 to 154,800
ft'. Also presented in Table 3.2 are the relative elevation of the floor inside the reactor pedestal (in-pedestal)
region to the drywell floor, the numbar of downcomers in the in-pedestal region, and the design pressure and
temperature of the containment. The characteristics of the in-pedestal design is important in severe accident
progression and will be discussed in more detail later in this section,

Severe accident management, as defined in the NRC policy issue letter SECY-88.147 [4] includes the moasures

taken by he plant staff to (1) prevent core damage, (2) terminate the progress of core damage if it begins and
retain the core within the reactor vessel, (3) failing that, maintain containment integrity as Jong as possible, and
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finally (4) minimize the consequence of offsite rolcase Ttems (1) and (4) are the objectives of the present study
Containment characteristics and design bases relevant 10 these two objectives are discussed below for the primary
containment. the secondary containment, (he suppression pool, and the in-pedestal design. 1n the following
discussions 1imerick is used as the representative Mark 1 plant. 10 is important to note that there are variations
among the operating Mark 11 plants, and that while much of the subsequent discussion is generic to all plants, the
variations may markedly affect the individual plant response 1o severe accidents. One example of important design
variations is the design of the in pedesial region. Because of its importance in severe accident progression, the in-
pedestal design of the various Mark 11 containments is discussed in some detail in this report

ALL1 Primary Containment

The primary containment for Limerick has an internal design pressure of 85 psig and an external Gesigh pressure
of & psid. The atmospheric design temperature is 340 °F for the drywell und 220 b for the werwell. The leaknge
rate of the primary containment is limited to less than 0.5% free volume per day al design pressure and
temperature. To teduce the possibility of hydrogen combustion, the primary containment is maintmned in an
inerted state by the operation of a aitrogen inerting system, which is a part of the contanment atmospheric control
(CAC) system of Limerick. Containment {nerting is achleved by maintaining a nitrogen rich containment
atmosphere whose otygen concentration is less than 4%

Hecause of the leaktight design of the primary containment, release of fission products (o the environment 18
insignificant if the primary contaipment remains intact and is not bypassed. If the containment does fuil, the
consequence of fission product release will depend strongly on the time and mode of containment fallure. A
larger failure size will result in & more rapid discharge. less residence time for natural deposition, wnd
consequently, in most cases a greater release of radiouctive materials to the environment. A failure in the wetwell
airspace (without suppression pool bypass) will reduce fission product release 1o the environment because the
fission products will be scrubbed by passing through the suppression pool A delayed containment failure will
reduce the amount o radioacti 1y released by allowing more time for fission product decay, sdditional natural
deposition in the coni  ment, and a longer warning period for emergency 1esponse actions, i.e., evacuation,
sheltering, and relocativa.

The primary containment’s pressure capability and its (atlure mode under various containme! Sading conditions
are important factors influencing the consequence of a severe accident. The ability of the primary containment 1o
retain fission products, allowinz natural deposition processes 10 accur, is another important factor affecting fission
product release. Detailed discussions of these issues are presented below.

LLLL Containment Pressure Capability and Failure Mode

Although the design containment pressure of Limetick is £5 psig, the actual containment failure pressure i
expected 1o be much higher. The containment pressure capability for Limerick has been estimated 10 be between
120 to 170 psig [17) at normal temperature. Based on these estimates, the Containment Pe. lormance Working
Giroup Report concluded that a pressure capability of 140 psig was an acceptable upper limit of the internal
pressure. In analyses of the Severe Accident Risk Reduction/Risk Rebuselining Program (SARRP) containment
failure by overpressurization was assumed 10 occur al a pressure of 145 psia with a break arca of 7 1t% in the

drywell {11).

There is considerable uncertainty in estimsting containment strength and failure mode. Probabilistic descriptions
of containment failure pressure and failure mode were used in the NUREG-1150 studies of both the Mark 1 and
the Mark 111 containments {4]. “The Mark 11 containment is not included in the NUREG- 1150 information
published to date (4].) The containment strength and failure mode may also depend on containment temperature,
ard containment leakage may develop at large penetrations hefore containment failure pressure is reached [17].
Sin.e containment temperature of over LOKF has been predicted in some severe accident analyses [13,14],
containment strength and material properties may be degraded during these accidents. Available data to date

NUREG/COR-SROS 1.2




Plant Capabilities

indicates that o likely faflure location due 10 a combination of high containment temperature and pressure is the

doywell head fange seal. 11w sertous Lullute mode, because release through the drywell head bypasses both (b~
suppression pool and & large part of the reactor building. The fission products are therfore not sorubbed before

they are relpased 1o the environment.

During o severe accldent, some actions, like containment venting, have 1o be based on extrapolated containment
loading vonditions and the expected sontainment performance under these conditions. Since such an action may
resull in unnecessary fission product release if implemented 1oo quickly, i.e., before the containment’s actus
pressure limit is reached, o better knowledge of the contalnment's capability will increase the probability of making
the vight decision.

A 112 Containment Fission Product Retention

In the rhsence of additional sources, the amount of fission products io the containment atmospbere will decrcase
with time by nutural deposition procese. s, and consequently, the amount of fission products released 1o the
environment will be reduced if contairment failure is sulficiently deluyed. Additional time also allows more
radioactive decay 1o occur before Fi's sre released  Containment fission product sources ure twofold: those
arising from the degradation of the core materials in the reactor pressure vessel (RPV), and those resulting (rom
the attaek of the conerete floor by the molten core debris after vesse) breach. Under the assumptions of the
modelling for severe secidents used in the Sovrce Term Code Package (STCP), most of the release from the vessel
oceurs belore o an vessel lreich. After vessel failure and the start of core conerete interaction (CCI), the CCL
will roach o peak and then diminish 1o a neghigible level within o fow hours [15]. Although complete cooling of the
dobris oy take o very lomy time, sulficient cooling 10 significantly reduce lission product release should take only
a few hours. NUREG- 180 delines lue containment fallure, when (isson procucts in the containment atmosphere
have heen greatly reduced by natural deposition provesses, us 6 hours after vessel breach for the invessel release
und 3.5 hours after the gart of CC for the exvessel release [19] The models used in other severe accident codes
may produce different CCL histories

30103 In-Pedestal Design

The design of the reglon inside the reactor pedestal significantly influences the progression of a severe aceident
after the debris is discharged onto the drywell oor, The design Testores that ate most important 1o accident
progression are the relative clevation of the in-pedestal floor 1o the drywell floor and the existence of downcomers
nside the pedestal region. Figute 3.2 shows the various in-pedestal design of the domestic Mark 1l containments.
In general, the BWR'S plunts hive o recessed in-pedesial region (reactor cavity) and the BWR/ plants have a flat
in-pedestal floor a1 upproximately the shme elevation us the ex-pedestal drywell floor (see Table 1.2). Among the
damestic Mark 1 plants, only Nine Mile Point Unit 2 (NMP2) and Shorcham have downcomers inside the
pedestal region,

Alter vessel Tadure and the discharge ol core debris, a ressessed cavity would confine the core debris (corium) in
the covity. Extensive corivm-conerete interaetion (CO1) Is expected 10 occur because the potential for corium
coaling is minimal. On the ather hand, a shallow reactor cavity would allow the corium to spread out through the
personnel pathway onto the deywell floor. A portion of the corfum could eater the first row of downgomer pipes.
The remuining portion would he cooled by heat losses (0 the containment stmosphere and the drywell floor [20],
and by the drywell spray il it is eperational.

For plants that have de wncomers in the pedestal region, vorium teleased from the vessel would enter the
suppression pool rapid v this design may eliminate the problems associated with CCL if the corfum is primarily in
liguid phase & d the - essel is not pressurized, but increases the potential of a severe and danaging fuelcoolust

interaction (FCL, or stenm explosion)

The potential for & steam explosion as cotium flows down the downcomer pipes into the suppression pool has been
discussed in Reference 20, The thermal attack by corium could also fail (he downdomer pipes and cause a
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suppression pool bypass. Suppression pool bypass could have a significant impact on containment integrity and,
therelore, fission product release.

In addition to the downcomer pipes, there are drain tubes Jocated in the drywell floor. (ALl plants, except
Susquenhanna, have in-pedestal drains into the wetwell ) These drain tubes could wlso fail by corium attack. This
would result in a suppression pool bypass and FC1 when the cortum {alls into the suppression pool through the
failcd drain tubes, Since there are only a few drain tubes and their size is much smaller than the downcomer
pipes, the drain tubes are expected to have a smaller impact on containment loading than downcomers | 14],

112 Suppression Pool

The suppression pool (SP) is designed 10 condense the steam from the reactor pressure vessel (RPV) during a
postulated LOCA event. 1t is connected 1o the drywell through a downcomer vent system (Figute 11). These
downcomers are 24 inches in diameter and terminate about 11 01 below the normal water leval of the suppression
pool (Limerick). Typically there ate between K2 10 129 downcomers in & Mark 11 containment (Limerick has 87
downcomers)

In a postulated LOCA the drywell is poosun e S energy coolant discharged from the primary system
This drvwell pressute increase in turn § w6 50 w0 vt ete through the downgomer vents into the
suppression pool, where steam is conden, ~fpory v RP ok gates ate released to the wetwell airspace.
Vacuum breakers are provided between the o ¢ %3 s werwdl to relieve differential pressure if the wetwell
pressure exceeds that of the drywell. For Limericd chere are four pairs of 24-inch viguum reliel valves (two valves
in each pait are mounted ip serier) instulled in the wetwell and attached 1o the downcomer pipes above ihe
suppression pool water Jevel The set pressure of hese vaccum breakers is 0.8 psid

The suppression pool also provides a heat sink for stcam condensation during safety-relicf valve (SRY) actuation.
The SRVs are designed to control the primary system pressure. They are mounted on the main steam lines inside
the drywell with the relief lines discharging into the suppression pool.

The suppression poal is an aliernate water source for the high pressure core injection systeins (RCIC and HPCI
for BWRA, or RCIC and HPCS for BWRS), and the principal water sov-.o for the low pressure ECCS systems
(LPCS and 1LPC1) and the containment spray (CS) systems. 1.PCHand CS are different operating modes of the

RHR system and, as such, share components of the RHR system’.

The energy deposited into the suppression pool during an accident can be removed via the RITR heat exchangers.
The ultimate heat sink for the RHR heat exchangers is provided by the RHR service water (RHRSW) system.
The suppression pool plays a very important role in fission product removal during a severe accident. 1t provides
significant fission product scrubbing of any flows passing through it. Since the pool is the water source of many
safety systems, pool conditions, such as water temperature and water Jevel, affect the performance of the
engineered safety featurcs of these systoms. A brief discussion of the role of the suppression pool in severe
aceident management is presented below.

3120 Suppression Pool Decontamination Factors

Suppression pool scrubbing is particularly effective for fission products (FP) produced in-vessel and released
through the SRV spargers. The decontamination factor (DF) used in the NUREG-1150 analysis for in-vesse!
releases of a Mark | containment (Peach Bottam) ranges from 1.2 to 4000 with a median value of 80 (3], In
comparison, the DF for ex-vessel releases and flows passing through the downcomer vents is smaller. The DF
values used (o the NUREG- 1150 analysis for the same Mark 1 plant range {rom 1 1o 90, with a median value of 10.

"In Limerick § Lrogs connection liae €xists between the RUR service water sysiem and one of the RHR kops. and this makes the RITRSW available
for the RITR system
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water tanks outside the containment through test lines for the ECCS or RHR svstem (e g, COST) Since the
suppression pool water could he highly contaminated in a severe accident, finding means 10 remove excessive
suppression pool water for safe storage in a leaktight tank is important

ALY Secondary Containment

Enclosing the primary containment is the secondary containment The performance objective of the secondary
containment is to provide a volume, complelely surrounding the primary containment, which can be used to hold
up and dilute fission products that might otherwise leak 1o the environment following a design basis accident. In
Limerick, the reactor enclosure recirculation system (RERS) and the standby gas treatment system (SGTS) are
designed to provide & mixing of the secondary containment volume and maintain the volume at a slightly negative
pressure. The exhaust air required to maintain the negative pressure is discharged through SGTS filters.

The secondary containment is made up of the reactor enclosure (or reactor building) and a refucling bay ares. At
multi-unit sites, a single secondary containment is divided into distinct isolatable zones. For Limerick, a two-unit
site, there are three zones. Zones 1 and 11 are the Unit 1 and Unit 11 reactor enclosures. Zone 111 is the common
refueling area.

The construction of the secondary containment is similar in all Mark Il plants. The lower levels of the secondary
containment are reinforced concrete structures. Above this, the building structure consists of metal siding
supported on a steel superstructure (Limerick uses a reinforced concrete superstructure). The rool is usually
constructed of steel decking (Limerick uses a reinforced concrete slab). The internal design pressure of the
secondary containment is usually 0.25 psi and the design leakage rate is about 100% free volume per day at .25
inches water pressure. If the internal pressure exceeds the design pressure, the excess pressure is vented 1o the
atmosphere through blow-out pancls located in the superstructure of the buildings  The ultimate failure pressure
of the secondary containment is plant specific. However, in general, it cannot take a significant internal pressure
load.

The secondary containment houses equipment important to plant operation and accident management, ¢ g, the
ECCS and RHR system pumps. The reactor building heating and ventilating system is designed 1o provide
«yitable environmental conditions for personnel and equipment. The system is isolated upon receipt of a plant
isolation signal. The same signal also actuates the standby gas treatment system (SGTS), which is designed to limit
the ground level release from the reactor building by providing (1) a filtered release of the reactor building
atmosphert  removing radioactive particulates and halogens, and (2) an elevated release vin a vent or a stack. The
height of the release point is 200 ft above ground level for Limerick and varies from about 200 1o 430 ft for other
wiark 11 plants (Table 3.2).

The reactor building characteristics and systems that can affect the release of fission products 1o the environment
are discussed below.

3131 Secondary Contalnment Decontamination Factors

The secondary containment provides additional fission product retention from natural processes such as serosol
deposition and vapor condensation. The decontamination facior of the reactor building is primarily a function of
the residence time and thermal hydraulics of the transporting gases in the building and thus depends on (1) the
size and location of the primary containment break, (2) the internal design of the secondary containment (e.g.,
compartmentalization), (3) the ability of the reactor building 10 remain iniact, (4) the magnitude and frequency of
hydrogen burns, and (5) the driving force from the primary containment. The reactor building decontamination
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fission products in the secondary containment and, (n the event of a loss of system filters, accelerate the fission
product release

3.2 Plant Systems and Resources

The plant sysiems and resources that can be used for severe accident management include those that are designed
for emergency containment cooling under accident conditions and those that, *hrough innovative apphication, can
be used to perform accidont munagement functions they were not ofiginally designed for. NURBEGUR-5474 (3
has discussed in detail some accident management strategies related o innovative use of systems and resource
management. Although the emphasis of NUREG/CR 5474 is on maintaining core cooling, the strategies
concerned with locating and managing additional water power, and pneumatic supply resources are equally
applicable 1o containment and release management (CRM). The plant systems and resources that are important
1o CRM are discussed briefly below, Limerick plant parameters are used for illustration.

121 Primary Containment Ventilation, Cooling, and Water Supply

In Limerick, vontilation aud cooling of the primary containment is normally provided by two systems: the
containment wtmospheric - mird (CAC) system and the drywell air cooling system. The RHR system, used for SP
cooling during normal operation, is used during an accident for emergency cooling of the primary contanment. A
short description of (hese systems is given in this section. Also discussed are the RHR system's alternate water
sources which can be used in case its normal water source, the suppression pool, is not available,

The CAC system of Limetick incorporates fcatures for accomplishing  number of functions, including inerting ol
the primary containment with nitrogen, purging of the primary containment, limiting the differential pressure
between drywell and wetwell, monitoring of hydrogen and oxygen concentrations in the primary containment, and
controlling combustible gas concentration in the primary containment after LOCA. The nitrogen inerting part of
the CAC system consists of two liquid nitrogen storage tanks and one steam-aeated water bath vaporizer. It
provides nitrogen to the containment and has a normal pressure of 40 psig [23]. The containment is inerted by
high-volume purging during its normal inerting and de-inerting operations, € g, during normal startup or
shutdown. There are four high-volume purge lines: a 24-inch drywell purge supply line, & 24-inch drywell purge
exhaust line, & 20-inch wetw=1l purge supphv line, and an 18-inch wetwell purge exhaust line, Gases from high-
volume purging are processed by the SGTS prior 1o release to the environment. Low-valume purging is used
during reactor operation 10 maintain the pressure and oxygen concentration of the primary containment within
specified ranges. 1t s also used for post-LOCA oxygen concentration control as a backup 1o the hydrogen
recombiner system. 1 ow-volume purging us~s a |-inch supply line and a 2-inch exhaust line. All of these purge
lines can also be used for containment venting, which is one of the severe accident strategies discussed latet in this

report,

The drywell air cooling system serves 1o remove heat from the drywell during normal plant operations and to
maintain air circulation in the drywell under accident conditions. 1t is designed 1o limil the temperature inside the
drywell to 135%F during normal operation and 10 maintain the drywell atmosnhere in a tharoughly mixed condition
Tollowing an accident to prevent stratification of oxygen in the drywell. The drywell air cooling system includes
eight drywell unit coolers, each of which contains two redundant coaling coils and two redundant fans. The flow
rate of cach unit cooler is 7,000 cfm and the cooling capacity of each cooling coil is 0.575 MBtuhr. Chilled water
is supplied 1o the unit coolers by the drywell chilled water system during nermal operation and by the reactor
enclosure coolitig water system during the loss of offsite power, when the chilled water is not availabie

The RHR system, in its containment cooling operation, is used to prevent excessive containment temperature
following a LOCA so that contsinment integrity is maintaioed. The RHR system in Limesick is comprised of four
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independent loops. Each loop contains & motor-driven pump, piping, valves, instrumentation, snd controls. The
RHR pumps take suction from the suppression pool and are powered by the emergency diesel generators if offsite
power is not available. Two of the loops have heat exchangers that are cooled by the RHR service water
(RHRSW). The heat exchanger in each loop is estimated (0 have a beat removal capacity of approsimately 122
MBtuhr (based on a 95°F service water temperature and a 212°F suppression pool temperature). The combined
heat removal capacity of both RHR heat exchangers is about 2.2% of the rated thermal powet of the reactor. The
RHR heat removal capacity may be higher if the pool temperature is higher thaa 212°F, but corrosion o1
biofouling could also reduce this capacity significantly. The RHR gystem can be operated in either the suppression
pool cooling (SPC) mode or the contalnment spray (CS) mode for containment cooling. Both of these modes are
manually actuated. Since they share systems with the RHR core injection mode, their use is prohibited by an
interlock, unless the core has been reflooded to two-thirds the core height. The wontrol toom operator can
override the inter'ock using a keviock.

The RUR system is designed to lake suction from the supprosion pool. An alternste water source is needed in a
severe accident if this normal water source 18 not available eiror due to an alignment problem or because the
suppression pool water temperature is higi enough to raise ~ ncern about insufficient net positive suction head
(NPSH) and possible damage 1o the pumps.  Alternate wate . supplics can be obtained from crossties with other
plant systems or from soutces outside the plant. In Limerick, & crosstic with the RHR service water (RHRSW)
system is already available. The Limerick RHRSW system takes suction from the spray pond, the plant's ultimate
heat sink (UHS). The UHS is designed to provide cooling water, and act as a heat sink, for the emergency service
water (ESW) system and the RHRSW svstem during accident conditions.  The spray pond has a storage volume ol
close 10 30 million gallons, and makeup water is available from the Schuylkill niver. The RHRSW system
automatically aligns itself to the spray pond mode upon standby diesel start, and can be manually alighed to a
eooling 1ower, which cools and recirculates the RHRSW, i this mode 15 available.

A crosstie of the RHR system can also be made with the fire water (FW) sysiem.  The fire waler system in
Limerick has a diesel-driven pump as backup 10 an electric motor driven pump, and, therefore, could supply water
1o the primary containment during station blackout when ac power from both offsite sources and the standby diescl
generators is not available. Each of the two pumps can provide a flow capacity of 2500 gpm at 125 psig, and is
capable of taking suction from either of the two 7.2 million gallon cooling tower basing of the two units.

The use of alternate water sources not presently available 1o the RHR system has also been suggested in previous
investigations [3). Crossties may be arranged to make these water sources available to the RHR system. For
plants that have multiple units, crossties of similar svstems from different units exist in many cases. These include
the cross-connection of the water storage tanks of various water supply systems. Waler sources from outside the
plant include the municipal water system via the use of portable pumps, or the use of offsite tanker trucks or
railroad tank cars.

32.2 FElectric Power and Paeumatic Supply

Flectric power and pneumatic supplies are required to support the operation of safety equipment. Their
availability is critical to plant safety and accident management. A brief discussion of the electne power and
pneumalic supply systems for Limerick is given in the tollowing along with their availability and the possible
additional sources and backup systems that can be used in a severe accident.

The Limerick station has two independent sources of offsite power. Tn the event of the loss of any one of the two
connected offsite power sources, a third independent offsite source can be connected for emergency use 1o supply
the engineered safeguard loads . The onsite standby ac power is supplied by four independent diesel geaerators
(eight for both units). Fach diesel generator is exclusively connected to one of the four independent standby
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power divisions. The diesel generators start automatically on a total loss of offsite power. Tach diesel engine and
its related generator cirewit breaker are tripped by protective devices under abnormal conditions such as high
coolant of lube il temperatute low coolant of lube oil temperature, of low fuel il pressure. However, some of
these trip signals are bypassed when the diesel generstor receives an emergency (1OCA) start signal [21] For a
BWRS plant there is an additional diesel generator dedicated to the HPCS system.

The dc power system consists of independent Class 1 and non-Class 11 de power systems. In Limerick, there are
four independent divisions of Class 1 de systems for each unit two 125280 V, three wire systems, and two

128 V, two-wire systems. Fach 128250 V sysiem is comprised of two 125V batteries, each with its own charger, &
fuse box for protection of each of the several 128 V' power distribution cirouits supplyving 1287250 V motor conirol
conters, and two 128 V power distribution pancls. (The 250 V de power is used to supply power for the larger
louds, such as de motor-driven pumps and valves. 1t is supplied by the two 125 V sources of the system, connected
in series and distributed through 250 V de motor control centers.) Fach 128 V system fs comprised of one 125V
battery with ite own charger, a fuse box, and two 125 V power distribution panels. The non-Class 11 de systems
for Limerick consist of a 250 V non-Class 1 de svstem and & 125250 V non-Class 1E system.  The de power can
provide control and switching power to saleguard systems and apparatus, do auxilianios, und motor operated valves
during station blackout (loss of all ac power) 1n Limenick, the Class IE batteries have sulficient capacity 1o supply
the required loads for fear hours in a station blackout (SBO) event |2,

Strategies 10 extend the availability of electric power have been discussed in NUREG/ACR-5474 (3], For example,
the availability of ac power, from either offsite or emergency diesel generators, can be enhanced by crossties with
ather units in & multiple unit station; the operation of the dicsel generators can be extended by bypassing certain
protective trips or changing their trip setpoints if such action will not result in carly diesel generator failure; and
hattery life can be extended by shedding non-essential loads or with the use of portable hattery chargers The
plant dc power can also be extended by utilizing the non-class IE de systems. Detailed discussions of these
strategies related 1o loss of power can be found in NUREG/CR-5474

The pneumatic supplies in Limerick are provided by the instrument air, the service air, and primary containment
instrument gas (PCIG) systems, The instrument air system (IAS) provides filtered dry, oil free, compressed air for
air operated control devices and instruments throughout the plant. The service alr system (SAS) is used 1o provide
filtered compressed air for service and maintenance operations and (o provide a backup 1o the instrament air
system. The PCIG system provides a supply of compressed nitrogen gas for operating the pneumatic devices
Jocated in the containment. The TAS backs up the PCIG system through two control room operated valves,

The instrument ait system for Limerick consists of two full-capacity compressors, complete with filter, air deyer,
and aftercooler. During normal operation, one of the instrument air compressors is selected as the lead
compressor, while the other serves as a standby. Fach IAS compressor has a capacity of 397 sefm and can deliver
compressed air at 110 psig to support the operation of safety related equipment  The air receiver of each 1AS
train has & cupacity of 223 ft'. The service air system consiats of one full-capacity compressor with a capacity ol
397 sofm and a pressure rating of 110 psig. 11 is arranged as an sutomatic backup supply to the instrument air
system through the use of a control valve which apens on reduced pressure in the instrument air line, There is a
single backup service air system that can supply cither of the two Limerick units in the case of loss of service air.

The PCIG system of Limerick consists of two full-capacity trains of gas filters, compressors, aftercoalers, moisture
separators, dryers, reccivers, and associated piping, valves, controls, and instrumentation. The PCIG compressors
take suction from the drywell, and each has a capacity of 10 sofm and a pressure rating of 110 psig. The gas
receiver of each PCIG train has a capacity of 80 1" and the two trains are cross-connected by 4 common header.
A backup 1o the PCIG system 1s provided by an intertie 1o the TAS via a normally ciosed valve remote-manually
operated from the control room. Vital components, such as MSIVs and SRVs, are provided with accumulitors to
assure reliable function without compressor operation. Some plants, such a¢ Limerick, also utilize o long-term,
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backup, salety-related, paeumatic supply 10 the ADS valve accomulators. 1o Limerick, gas hoitles with seismic
Category | supports are provided for operation of the ADS valves for seven days and a seismic Category | external
cannection is provided outside the reactor enclosure for the operation of the ADS valves bevond seven diys.

NUREGACR-5474 [3] har discussed strategies 1o enabie emergency replenishment of the paeumatic supply for

safety related air operated components. The options for additional alr supplies include: diesel air compressors
and additional vnsite storage of bottled gas systems.

123 Comtainment Spray System

The containment spray (CS) system is designed 10 keep the pressure and temperature loads on the primury
contamment within their design basis limits. The CS system is an operating mode of the RHR system and shares
components with ather operating modes. Two of the four RHR loops can be utilized by the €S system. Fach of
the two loaps forms a completely independent and redundant €S train containing its own motat-operated valves,
motor-driven putip, heat exchangers, drywell spray header. The wetwell spray ring is common 10 both loops. The
C8 system normally takes suction from the suppression pool and each of the two CS loops can deliver 4 Nlow rate
of 10,000 gpm 1o the contaimment, Y5 100% of this flow van be delivered 1o the drywell spray header with the rest
gomng 10 the wetwell spray ring. The capability 10 use the RIRSW systom as 8 S water source is also av silable
via an existing crosstie (see Section 3.2.1).

In addition to its design function of containment pressure and temperature control, the CS system s slso
significant severe accident management ool because of its ahility 1o remove fission products from the containment
atmosphere. If given suffictent time, containment sprays are very effective in reducing airborne concentrations of
fission product serosols and vapors. This can greatly reduce releases in those scenatios involving failure of hoth
the contuinment and the drywell (4).

There are possible aderse effects associated with the apetation of the C8 system, particularly after the
containment has been vented. These include unacoeptable containment negative preseure loads caused by spray
operation und containment deinerting due 1o steam condensation allowing the possibility of subsequent hydrogen
combustion. The impact of these potential adverse effects on containment integrity and the subsequent release
profile should be assessed before spray decisions are made. More discussion of these items can be found in later
sections of this report dealing with the BWR EPGs and the loading conditions during severe accidents.

124 Primary Containment Venting

Containment venting has been recognized as an important sccident management strategy and has been
incorporated in the BWR EPGs. 1t is used to prevent containment failure by providing a controlled release of the
containment atmosphere if the containment pressure approaches a speaified limit. A successful implementation of
8 containment venting strategy requires: (1) establishing an optimum venting pressure, (2) identilying and
priotitizing available vent paths, (3) evaluating the flow capacity of the identified vent paths, (4) assessing the
structural capability and loading of the paths during venting, (5) appraising potential adverse effects,

(6) investigating the aperability of the vent paths under severe accident conditions, and (7) preparing containment
venting guidelines or procedures. Some of the above issues are discussed in the following. More detatiled
discussions of these issues and possible hardware modifications 1o improve containment venting have been
presented in the Mark 1 report on CRM 7).

The objective of contuinment veating in the | WR EPGs is to prevent gontainment overpressure failure. To

reduce the probability of unpecessary radioactivity release, the venting pressure should be set at the highest
possible value without failing the containment. However, there are other considerations for determining venting
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operations in the secondary containment, (1) the time and manpower available to perform the required venting
operations, (4) the desgn and environmental qualification of the equipment, and (%) accessibility 1o needed venting
equipment if local operation is tequited. Most of the above requirements are dictated by the accident sequence
that is occurring. Thorough investigation of vent path operability under various severe accident conditions. to
identity problems und methods (o surmount these problems, and deatly defined guidelines or procedures are
easential for the suecess of containment venting.

A3 Existing Accident Management Capabilities

Accident management capabilities curtently existing in nucleat power plants are based on NRC requirements
described in NUREGAOT37 regarding « cergency response capability [27) and NUREG-0654 regarding radiological
emergency respense plans and preparedness [28] The Tacilities and procedures established in response to these
requirements will be used during a severe accident for accident management. The effectiveness of these
capabilitics in severe accident management needs to be evaluated and information obtained from this evaluation
can be used 1o modify or extend existing capabilities to improve their effectiveness.

The elements of the existing capabilities that are most aportant to the investigation of CRM include

(1) emergency response facilities, (2) existing emergency operating procedures (FOPs), and (3) the plant
instrumentation und safety parameter display system (SPDS). These items will be discussed below. General ideas
on extending existing emergency procedures for severe accident management and the relationship between the
extended and existing procedures are also discussed.

AL1 Emergency Response Facilities

The emergency response facilities include (1) the technical support center (15C), (2) the operational support
center (OSC), and (3) the emergency operations facility (EOF). These facilities are designed (o support the
contral room (CR) during an accident, and will be activated according to the severity of the emergency. Four
emergency classes (in otder of increasing severity) ure defined by NUREG-0654 (28] They are (1) Notification of
Unusual Event, (2) Alert, (1) Site Area Emergency, and (4) General Emergency,

The TSC is an onsite facility located close 10 the control room (within 2-minue walking time) and is designed 1o
provide management and technical support 1o the personnel located in the control room during emergency
conditions. Tts activation is optional for the Notification of Unusual Fvent emergeney class, but is required for
Alert and kigher classes. Upon activation of the TSC, designated personnel shall report directly to the TSC, and
the TSC shall achieve full functional operation within about 30 minutes. The FOF is an offsite support facility for
the management of overall licen ‘¢ emergency response.  This involves coordination of radiological and
environmental assessment, and deiermination of recommended public protective actions. Its activation is optional
for Notification of Unusual Event and Alert emergency classes but required for Site Emergency and General
Emergency classes. The OSC is an onsite faciiity where predesignated aperations support personnel can assemble
during &n accident. While the OSC is not specifically required by NRC regulations, both the TSC and EOF are
required facilities.

When activated, the EOF is primarily responsible for the management of corporate emergency response resources
and radiological emergency response plans. The TSC is responsible for the management cf plant operations and
provides technical support 1o reactor operations, thes taking the primary responsibility for the containment and
release management (CRM) of interest to this report. ¥ scrtheless, the EGE assumes overall responsibility for
accident maragement upon its activation.
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As noted above, the TSC is activated during the Alert emergency class. The Alert emergency class is defined in
Reference 33 as follows: "Fvents are in process or have occurred which involve an actual or potential substantial
degradation of the level of safety of the plant. Any releases are expected 10 be limited 1o small fractions of the
EPA Protective Action Guideline exposure levels” Examples of initiating conditions for the Alert emergency class
include: Loss of offsite powet and loss of all onsite ac power; failure of the reactor protestion system 1o initiate
and complete a scram which brings the reactor subcritical, and primary coolant icak rate greater than SO gpm. The
plant conditions when CRM is requited will most likely exceed these conditions, and thercfore the TSC is expected
10 1ake control of plant operations and emergency response functions and make accident management decisions
until the EOF is activated.

The TSC staff consists of technical, engineering, and senior designated licensee officials. The TSC personnel are
provided with reliable data to determing site and regional status.  They determine changes in the status, forecast
the status and take appropriate actions. They are also provided with accurate, complete, and current plant records
essential for the evaluation of the plant under accident conditions. However, additional guidelines and
calculational aids prepared specifically for severe accident management may be useful in the TSC for more
effective management.

132 Existing Emergency Procedure Guidelines (EPGs)

The emergency operating procedures (EOPs) are plant procedures that direct operator actions needed to mitigate
the consequences of transients and accidents that have caused plant paratieters o exceed reactar protection
system set points or engineered safety feature set points, or other established limits [29]. The technical basis of an
individual plant's EOPs are the BWR Emergency Procedure Guidelines (1EPGs), Revision 4, prepared by the
Gieneral Electric Company [15).

The BWR EPGs Revision 4 are functionally divided into four guidelines: (1) the RPV control guideling, (2) the
primary containment control guideline, (3) the secondary containment control guideline, and (4) the radicactivity
control guideling. Three of the four guidelines, ¢, Guidelines 2,3 and 4, are related o _ontainment and release
controls. The EPGs are symptomatic guidelines: Operators’ actions ate based on the values of the control
variables, €.2. suppression pool temperature, and not on their judgement regarding what types of events are
ovcurring.

Because the procedures are symptom based. the operator should be able to follow the procedures well into a
severe accident by observing selected plant variables. However, some of the assumptions on which the EPGs are
bhased may not be adequate for severe accidents. Operator actions limited to the present EPGs may not be
optimum of even appropriate for severe accident management. Additional guidelines for severe accidents may
need 10 be developed, and the decision to switch from one guideline to another during the progression of a severe
accident may also need to be addressed  The FPGs that are related to containment and release control are briefly
discussed in the following sections.

1321 Primary Containment Control Guideline

The purpose of the primary containment control guideline is (o maintain primary containment integrity and protect
equipment in the primary containment. The entry conditions to this guideline used in a Mark 11 containment are
(1) high suppression pool temperature (¢.g., above 95 °F), (2) high diywell temperature (e.g., above 135°F),

(3) high drywell pressure (e.g., above 2 psig), (4) high or low suppression pool water level, or (5) high containment
hydrogen concentration (e.g., greater than 19 ) [15]. The entry conditions given above are symptomatic of both
emetgencies and events which may degrade into emergencies. Entry into the procedures does not necessarily
mean that an emergency has occurred
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content that may not be appropriate for severe aceidents after core damage, (2) some of the procedures that aove
the early stuge of an emergency are not applicuble in the tate stage of an accident but may atill gommand the
operator's attention and thus hecome a distraction, and () i & severe accddont progresses 1o a certan stage, the
emphasis shifts 10 the control of fissian product release which is not speaifically covered for severe seclident
conditions in the existing FPGs.

To focus the attention of the operating personnel on sevete accident management a scparate guideline specifically
prepared for severe accident management, instead of modifyiog and extending existing FPGs 1o cover the whole
; range of severe accident conditions, may be desituble. Some of the later parts of the cxisting FPCGs may be
incorporated into the severe accident managemaont (SAM) guideline for a smoother transition. A logical transition
point from existing EPGs 1o SAM guidelines is when significant core damage has occurted. SAM includes baoth in-
| vessel and ex-vessel management, the present stdy of containment and release management (CRM) considers only
the ex-vessel part of SAM.

I

i The CRM guidelines may have » similar general structure as that of the existing EPGs, by spocifying operator

] sctions based on plant symptoms, to guard against serious musdingnosis. However, the CRM guidelines should be

t mote fexible because of the large uncertaintics in our understanding of plant capabilitios and severe accident

‘ phenomenologies. The guidelines should pay adequate attention 1o (1) mnovative use of available cquipment and

E resources for accident management, and (2) directi  “tions to recover lost, of identify alternate, equipment and
resources, As discussed in Section 1.3.1 the TSC is most likely activated and in contral of plant emergency
functions when CRM activities are demanded. The TSC has the capability 10 assess severe accident conditions and
is suitable to manage the accident (otowing more flexible guidelines. However, specific TSC personnel should be
designated to take definite responsibiities 1o assure sucvesslul severe acadent management.

1.3.3 Instrumentation, SYDS, and Environmental Qualification

Regulatary Guide 1.97 (Rev. 3) [30). There are five types of variables 1o be monitored during an acaident and
secording 1o their importance to safety they are separated into three design and qualification criteria catlegories.
The five types are: Type A, those variables that provide primary information needed to permit the control room
aperating personnel (o take the specificd manually contralled actions for which no automatic contryl is provided
and that are required for safety systems 1o accomplish their safety functions for design basis accident events; Type
B, thase variabies that provide information 1o indivate whether plant safety functions are being acc mplished; Type
C, those variables that provide information 1o indicate the potential for being hreached of the actual breach of the

g bartiers to fission product release; Type D, those variables that provide infarmation to indicate the aperation of

, individual safety systems and other systems important to safety, and Type b, those variables 1o be monitored as

' required for use in determining the magnitude of the release of radicactive materials and tor comtinuously

| ussessing such releases [30]

|

[

|

i
r
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r
, The instrumentation required to assess the plant and its enviro 5 during and following an accident is described in
]
|
i

Certain control room instrument indications that are essential to the emergency response capakility of the nuclear
plant are displayed on the Safety Parameter Display pancl. NRC requirements for the Safety Parameter Display
System (SPDS) design are specified in NUREG-0737 [27). The SPDS is required to provide » concise display of
critical plant variables 1o the control room operators to aid them in rapidly and reliably determining the state of
the plant. 1t shall provide sufficient information to plant aperators about (1) reactivity wontrol, (2) reactor core
cooling and heat removal from the primary system (3) reactor coolant system integeity, (4) radivactivity control,
and (8) containment conditions. The design of the SPDS shall be integrated with the design of instrument displays
based on Regulstory Guide 1.97 guidance and the development of fuaction oriented emergency operating
procedures (EOPs),
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A set of the five types of variables specifiod in Regulatory Guide 1.97 is available in both the TSC and the FOF

In addition, all seasor data and caloulsted variables not specified in Regulatory Guide 1.97 but included in the
data sets for the SPDS will alse be avallable for display in both emergency response facilities This will help the
TSC and EOF 10 make severe accident management decisions. However, under some accident conditions, such as
that in & stution blackout sequence, some plant instrumentation information that may belp in severe accident
management could be lost. Contingency plans for obtaining plant information (for example, using local instrument
taps) may be of benefit.

The three qualification eategories referred 1o above are defined in Position 1.4 of Regulatory Guide 1.97 as
follows: “In general, Category 1 provides for full qualification, redundancy, and continuous real-time display and
requires onsite (standby) power. Category 2 provides for qualification that is less stringent in that it does not (of
itsell) include seismic qualification, redundancy, or continuous display and requires only s high-reliability power
souroe (not necessarily stundby power), Catepory 3 is the least stringent. It provides for high-quality commercial-
grade equipment that requires only offsite power.” For both Category 1 and 2 variables, the instromentation
should be qualified in sccordance with Regulatory Guide 189 [31] There is a0 specific provision for the
qualification of Category § equipment.

The envirormental qualification of the Category 1 and 2 equipment includes consideration of temperature,
pressure, humidity, and radiation conditions. 1t also accounts for the effects of sprays and chemicals. The
environmental profiles deseribed in TEEE Std 3231974 [32] are acceptable 1o Regulaiory Guide 189 [41], They
are based on the postulated design basis accident event (LOCA events) with additional marging to cover
uncertainties. The margins required for the gualification curves are: an increase of 15°F for the tempersture
profile, an increase of 10% gauge pressure for the pressure profile, and an increase of 10% in the time period the
equipment is required to be operational  TEEE S1d 323.1974 calls for qualification for & typical integrated
radiation dose of 26 Megarads and a spray exposare of demineralized water at o rate of 015 galminft’ The
instruments outside the primary containment are quatified for the expected environmental conditions, which may
be less sevore than those within the primary containment and are plant specific

Instruments whaose ranges extend beyond the qualification values specified in TEEE $1d 3231974 are required by
Regulatary Guide 1.97 1o follow the guidance provided in ANS-4.5 [33] for equipment qualification. The value of
the maximum range, instead o1 the value obtuined from the design basis accident events, of the monitored variable
is 10 be used as the peak value in the qualification profile. Only the qualification profile of the measured variable
needs to be extended and the other profiles remuin as those derived from design basis accident events. The
cavironmental qualification of the containment pressure instrument for detecting potential containment breach is
an example: While the peak value ofdained from design hasis accident events is about the design pressure, the
required instrument range is four times the design pressure (for @ steel containment). This instrument is therefore
quaiified for a pressure of four times design pressure. However, the qualification temperature is still that from
design basis accident events,

Ihe availability of an instrument during a station blackout sequence depends on its power supply and seems (o be
plant specific. In general, all control room instrument information will be lost after the depletion of all station
batleries. Since station backout (SHO) contributes significantly to the total core damage frequency for 1imerick,
lack of instrument indication during SBO presents a serious problem for CRM particularly after the depletion of
plant batteries. Methods to obtain plant status information without electric power need 10 be identified. For
example, drywell lemperature information could be available at indicators accessible from outside the control
room, suppression chamber and drywell temperature information can be obtained by monitoring instalied
thermacouple elements using a portable self-powered potentiometet, and containment pressure information may
he available from mechanical pressure gauges. The plant information that is not readily available in the control
room but can be obtained elsewhere in the plant during station blackout will be plant specific. 1t is important 1o
identify the availability of, means 1o access, and manpower required to collect information not rendily svailable in
the control room.  An independent power supply for plant parameters that are important to CRM such as that
recommended by CP1 for RPV depressurization may also be desirable
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Table L1 Dome.dc BWK Facilities With the Mark [l Contuinment System

P R B S e e R S TS S S e S B AW DRSS AR ST i T 0 T 0 o s e

Plants Licensed
for BWR Operation Licenses Net MWe'lin. BWR Type
LaSalle Units 1 and 2 Commonwealth Edison 1,026 s
Limerick Units 1 and 2 Philadelphia Electric Co. 1,08% 4
Nine Mile Point 2 Niagara Mohawk Power Corp 1,072 §
Shoreham’ Long Island Lighting Co. R0 i
Susquehanng Units 1 and 2 Pennsylvania Power & Light Co. 1,038 i
WNP.2 Washington Public Power Supply System 1,098 s

T B L, SO T S e A P O ST SRS SRR HE TR T i S0 SR Tegl om0 T TR s T T

*The Shoreham unit received o full power operating license on April 20, 1989 11 achieved criticality and produced power, bt closed hefore |
could bepln commercinl operation by agreement between the Long Ieland Lighting Company and New York Sate
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4 Strategy ldentification

The strategy identification process used in this report is the same as that discussed in a previous report on Mark |
containments [7). Existing information on severe accidents is reviewed 10 identify (1) the challenges a Mark 11
containment could face during the course of a severe accident, (2) the mechanists behind these challenges, and
(3) the strategies that can be used 10 mitigate these challenges. A systematic method utilizing » simplified event
trec structure is emploved 10 guide the review effort. One result of this examinaiion is u safety objective tree
which presents in a tree structure the relationship between the safety objectives of acoident management, the safety
functiont needed to preserve these objectives, the challenges o the salety functions, the mechanisms causing these
challenges, and the strategies o counter these mechunisms and thus mitigate the effects of the challenges.

In the following sections, the containment and release event tree (CRET) used for strategy identification is briefly
discussed. (A more detailed discussion can be found in the Murk | report [7]) This is followed by a discussion of :
the challenges and strategies identificd by the process and a presentation of the safety olyective tree which |
summarizes the results of this identification effort (Figure 4.2). ,'

4.1 Containment and Release Event Trees

The containment and release event trees (CRETS) used in the present investigation are simplified containment

event trees covering the different phases of o severe acoident. Fach CRE T covers « time period of distinet plant |
status characteristics and distinctive emphasis of severe sccident munagement (SAM) activities. The early CRILT |
extends from the beginning of an accident, up to the time when the reactor pressure vessel (RI'V) breaches.
Procedures based on existing EPGs are expected to be applicable and carried out during the early part of this
period before significant core degradation occurs. Invessel severe accident management activities 1o prevent core
damage, of retain the core in the RPV if core damage is unavoidable, will be emphasized during this time. The
late CRET covers the time period between vessel breach (VH) and containment failure (CF). The primary
objective of SAM activities during the late CRET is to maintain containment integrity. The release CRET covers
the time period after containment failure. Here the emphasis of SAM activities is 1o minimize the corsegquence of
offsite fission product releases. Since containment failure could occur in any phase of an accident, procedures
based on existing EPGs or in-vessel activities may be cartied out concurrently with release management activities,
Figure 4.1 shows the time phases of accident progression, as well as the time phases covered by the CRETs and
the accident management guidelines (including the existing FPGs).

Besides being used for challenge and strategy identification, the CRETs could also be used to quantify the risk
reduction offered by the strategies, and % @ severe accident management tool for accident management decision
making These aspects of the CRE | hevr been discussed in the Mark | report [7)

4.2  The ldentification of Challenges, Mech ‘nisms. and Strategies

The CRETS are used to examine some important accident sequences to identify the challenges, the mechanisms
behind these ckallenges, and the strategies which can mitigate these chullenges. Most recent information on
containmen . at trees (CET), or accident progression event trees (APET), is available in the NUREG-1150
report and its supporting documents.  Since the Mark 11 containment is not one of the containment designs
evaluated in NUREG- 1150 (4], such information for a Mark 11 containment is not provided in Reference 4
However, similar information for Mark 11 containments can be found in the documents on probabilistic risk
assessments (PRAs) prepared by the utilities [34-37], review of these PRAs by NRC contractors [3%, 19, and
studies associated with NRC"s CPI program {12,13]

The data provided in the NUREG-1150 documents, although not specifically prepared for a Mark 11 containment,
can still be useful in the evaluation of accident progression in &« Mark 11 contuinment. Table 4.1 prosents the
vilues of some the plant parameters for & Mark 11 containment (Limerick) and other BWR containment types that
are included in the NUREG-1150 study (Peach Botom for Mark 1 and Grand Gull for Mack 1) Table 4.1
shows significant similarity between a Mark | containment and a Mark 11 containment. However, there are
differences that may affect the progression of a severe accident. The containment free volume of & Mark 1
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containment is greater than that of & Mark | containment (by about 30-40% ) The coniainment pressure rise for
Mark 11 containment from mass snd energy addition during a severe accident may therefore be slower than that
for a Mark | containment. This results in a longer duration 1o containment overpressure failure, and allows
additional time to plant personnel for concadnment venting and emergency response operations.

In addition 1o the parametes prosented in Table 4.1, the relative configuration of the drywell, the suppression
pool, and the weiwell is also important 10 accident progression.  For both Mark 1 and Mark Il containments, the
drywell and the wetwell are sepurate compartments connected by a vertical downcomer veal system. This is in
contrast to & Mark 11 containment, where the wetwell encloses the drywell, and & horizontal vent systom connects
these two volumes, The consequence of a drywell failure 1 therefore similar between @ Mark [ and a Mark 11
containment, but quite ditfferent for o Mark 1 containment. However, despite the gencral similurity between a
Mark 1 and & Mark 11 contalament, there are specific features that are different in these two containment types
which have important effects on the progression and vonsequence of i severe accident. The smaller drywell foor
area and the steel st 2 construgtion for the Mark 1 containment make it more liable 1o drywell shell melt through
(hy the attack of the hot core debris discharged from the RPY after vessel breach). On the other hand the
location of the downcomers and the design of the in-pedestal region for the Mark 11 containment make it more
lisble 10 # suppression pool bypass after vessel Freach (Section 1.1.1.3). The mell through of the drywell floor by
the corium is also more Tikely for @ Mark 11 containment than s Mark 1 containment because of the smallor
drywell floor thickness of the Matk 11 containment. While s deywell floor failure for & Mark 11 containment allows
the corium 1o fall into the suppression pool, resulting in & suppression pool bypass and fuel coolant inleraction
(PO, o similar failure for & Mark 1 containment will result in a breach of the containment and fission product
relesse 10 the environment

I'he important sequences that can lead to a severe accident (or plant dumage stites; PDSs) include station
blackout (SBO), anticipated transient without scram (ATWS), transients, loss of coolant accldent (LOCA), and
Joss of comainment heat removal (TW sequence). Table 4.2 shows the contributions from these PDSs to the total
plant core damage frequensy (CDF) for Limerick (Matk 11), Peach Bottom (Mark 1), Grand Ciulf, and a generic
Matk 11 containment used in the CPI program (based on 4 BWRA plant). For the plants presented in Table 4.2,
both Limerick and Peack Bottom utilize 8 BWRA reactor design and use a turbine-driven HPCT system for the
hieh pressure FCCS. Grand Gulf utilizes a BWR/ reactor design and uses a motor-driven HPCS system with a
dedicated diesel generator for the high pressure ECCS, a feature similar 1o those Mark 11 plants utilizing a BWRS
reactor design. 1o general, SBO is the largest contributor o the total CDF for ali BWR containment types.
Transients, as shown in Table 4.2, are a large contributor to the CDF of a Mark Il containment. The leading
transient sequence is normally the one where the high pressure injection bs lost and the low pressire injection is
not available due to & RPV depressutization failure (a TQUX sequence). The large contribution of transient
sequences 1o the total CDF of a Mark 11 containment is partly because of the use of a higher ADS failure
probability (based on the ADS initiation logic prior to the recommonded modification by Reference 40). Another
important sequence shown in Table 4.2 is the ATWS sequence. 1t is & significant contributor to the total CDF for
all containment types. The smaller contribution of ATWS Lequences to the Limerick CDF is partly dug 10 the
several ATWS relatud enhancements carried out in Limerick (i.e., alternate rod insertion and automatic, two train
standby liquid control), and may not be typical for other Mark 11 plants. The other sequences shown in Table £.2,
LOCA and TW, are less important and are negligible in the analyses of some plants. The SBO, ATWS, and
transient sequences can be further divided into a fast sequence and a slow soguence. In NUREG- 1150, a fast
accident sequence is defined as one with core damage occurring in a short time after scadent initiation
(approximaiely 1 hour), and & slow accident sequence is defined as one with core damage cocurring in the long
term after acciden’ initiation {approximately 12 hours).

Table 4.3 shows the timing of key events for some aocider” sequences. The vidug - shown in the table are from
calculations by the source term code package (STCP) (1Y, 14] or & combinmion of the BWR-LTAS, BWRSAR,
and MELCOR [13] codes, and are typical for accident pr geession withow: any operator intervention. Table 4.3
shows that containment failure could occur at different yimes in S ffereat requences. Although not shown in Table
4.3, the sequence of the key events for 8 TW sequence would te e sarse as that for the slow ATWS sequence,
except that the time intervals between key events are much 2onges. *yucal time Lo containment failure is expected
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10 be geater than one day (30 hours for Peach Bottom), snd typical time interval between vessel breach and
containment failure is also very long (20 hours for Peach Bottom) because of the reduced decay power with time.
The sequences of key events may be changed due (o variation in plant parameters or by opetator actions. For
example, the containment would (ail at vessel breach for the fast ATWS sequence prosented in Table <3 if a
containment fallure pressure of 110 psig, instead of 130 psig, was assumed in the STOP calevlation. The
containment could also fail at, or before, vessel breach in a slow SBO sequence if the battery life was extended
much longer (than six hours used in the caleulation), or an alternate water supply was located and used for core
injection.

The accident sequences discussed above have been examined in the challenge and strategy identification provess.
The challenges, mochanisms, and strategies identified in the various time phases of a severe accident are discussed
in the following. The important time phases, as shown in Table 4.3 and Figure 4.1, include the very early phase,
before significant core melt has developed. the carly phase, between the end of the very early phase 10 shightly
after vessel breach; the late phase, when the core debris is discharged 10 the reactor cavity and core-concrete
imteraction (CCI) is in progross; and the release phase, when containment integrity is Jost.

For cas - where similarity exists between a Mark 11 and a Mark | containment, only briel discussion - will be
presented in this report. More detailed discussions for these cases can be found in the Mark | report |7)

42.1 The Very Early Phase

‘The challenges 1o containment integrity during the very carly phase, before significant core melt has developed,
include suppression pool (SF) boundary loads and containment pressure loads (Table 4.4). The mechanisms that
may cause significant SP boundary loads include (1) SRV air clearing and (2) SRV steam condensation. The
mechanisms that cause significant containment pressure loads include () loss of pressure suppression capability
either due 10 high SP temperature or SP bypass and (2) inadequate contanment heat removal (CHR). The
drywell temperature may exceed its design value in some accident sequences but it will not reach a value that
challenges containment integrity in this very early phase. SP temperature may also reach a level thul may Cause
damage 10 pumps which take suction from the SP. This concern has been discussed in Section 3.1.2.2 and will he
addressed later in strategies rclated o resource management.

Existing EPGs [15] are expected 10 be applicable during this phase of an accident. The control variahles in the
primary containment control guideline include SP temperature and witer level, containment pressure and
temperature, and containment hydrogen and oxygen concentrations. When the value of a control variable exceeds
its predefined limit the operator is instructed 10 use designed plant foatures, o g, the primary contamment cooling
systems discussed in Section 3.2.1, to maintain it within limits. I this effort is not successful, the operator will then
take additional actions to mitigate the effects of thic apnormal plant condition

SP Boundary Loads: The SP houndary loads are design assessment loads of a BWR containment, and, as such,
the containment has been assessed for these loads under normal or design bhasis accident conditions, of operating
procedures have been established 1o prevent plant conditions from reaching specific limits 1o ensure that
unacceptable loading conditions would not occur, (e.g., the suppresiion poal level limits or the suppression pool
heat capacity tesnpotaiure imit, HOTL). However, during a severc accident, these limits may be exceeded due 10
the foss of certain plant safety functions. Furthermore, the loads 'hat could occur concurrently with the SP
boundary loads during a severe accident may be diffcrent from those used in the design assessment. For example,
the containment may experience a high containment pressure joad during this phase of a severe acadent. A
combination of e SP boundary loads and the high containmen', pressure load may result in containment failure
earlier than expected. The strategies that can be used 1o eliminate these loads are presented in Table 4.4, More
detailed discussions can be found in the Mark T repont [7].

Containment Pressure Loads: The primary ceuse of an unacceptable containment pressure load is the lack of
adequate containment heat removal (CHR) capability, This may occur either in an ATWS sequence or a TW
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pressure rise from the high pressure biowdown (about 50-70 psi, predicted by the STCP and MELCOR for fast
and slow SBOs and ATWS [11, 13]). Although containment failure was not predicted to occur in either of the
above sequences in Table 4.3, containment failure cannot be totally ruled out because there is considerable
uncertainty regarding the containment pressure capability, the pressure immediately before vessel breach, as well as
the pressure rise al vessel breach.

Drywell sprays, if activated before vessel breach, will condense steam and remove heat fro= ¢ containment

atmosphere and thus reduce the pressure rise during vessel blowdowr  Varly containme - g, before the
vessel is breached, will reduce the initial containment pressure and, & « consequence, e © gontainmen!
pressure load at vessel breach. Since this pressure load is caused by a high pressure vess. dowsn, i« can be

mitigated by maintairing the RPV at low pressure hefore vessel breach.

Direct Containment Heating (DCH). The pressure rise attributed to the above high pressure blowdown event may
be augmented by the energy addition to the containment atmosphere from DCH. DCH relers to a series of
physio-chemical processes that contribute significantly to the energy and mass input to the containment and thus
the pressure rise in the containment atmosphere. In DCH, a fraction of the ejected core debris may be dispersed
into the containment as fine particles, and a substantial portion of the debris’ heat can be transferred ranidly to the
atmosphere. The metal in the dispersed debris can react chemically with the oxvgen or steam in the containment
atmosphere (an exothermic reaction) and release more energy and noncondensible gases. The impact of DCH on
containment integrity has many uncertainties. For example, the severity of DCH depends on the fraction of
mowen core ejected, the unoxidized metal content | the melt, the mode of vessel failure, 2ad whether there is
siificient time for the downcomer vents 1o clear. Since a large amount of aerosols, including refractory fission
products, could be generated in high piessure melt ejoction, significant release of radioactive material could result
should the coniairment fail due to the DCH loading.

The mitigating effect of water in the reactor cavity for DCH (for plants with a deep reactor cavity, see Section
3.1.1.3) is still not clear. The water in the reactor cavity could either be dispersed ahcad of the bulk of the cjected
debris or co-dispersed with (* - debris. The water co-dispersed with the debris may continue to quench the debris
and thus mitigate the effects ¢ OCH. However, the steam generated in this process would increase containment
pressure or cause additional metal oxidation. The effects of water on DCH are sensitive 1o the timing and location
of water addition, the assumpticns vegarding droplet-debris reaction kinetics, and the amount of water involved [4].

As in the mass and energy addition case, drywell spray can be used to reduce the containment pressure rise by
condensing steam and removing energy from the containment atmosphere. The impact of drywell spray on
dispersed core debris is not well understood and its effect on DCH is probably similar to that of the co-dispersed
water discussed above. In general, the operation of drywell spray before vessel breach is believed to be beneficial
and desirable. Early spray will ensure a substantial inventory of water in the reactor cavity , which would help
mitigate the effect of DCH and promote the quenching of core debris. Additional strategies to mitigate the effect
of DCH include early wetwell venting, which reduces the initial pressure in the containment and thus the impact of
DCH, and RPV depressurization, which prevents HPME and can eliminate DCH,

Fue! Coolant Interaction (FCI): Two types of containment challenges may occur when the molien core debris
contacts water: a steam explosion and a rapid steam generation, which of these is more likely to occur remains
unceratin at the present time. In steam explosion, the rapid energy transfer from the fuel 1o the coolant results in
an eruptive steam formation and a shock wave in the fuel coolant mixture. The containment loading conditions
associated with a steam explosion thus include those from the vapor pressure, the shock wave, and the missiles
generated by the explosion. In the other challenge, a rapid steam generation, the fuel coolant interaction does not
exhibit shock wave characteristics. A large amount of steam is produced in rapid steam generation but the process
is not explosive. The containment loading condition associated with this non-explosive steam generation is a quasi-
static pressure load in the containment atmosphere [44].

The impact of FCI on a Mark Il containment depends on the design of the region inside the reactor pedestal
(Section 3.1.1.3). For those Mark !l containments that have downcomers inside the pedestal (Shoreham and
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NMP2), the core debris will flow down the downcomers and into the suppressic o pool. Significant FCI occurs
when the core debris contacts the suppression pool water. The FCI loads that may cause containment (ailure
include a dynamic pressure load (through the suppression pool) on the suppression pool boundary and a quasi-
static pressure load on the containment walls. Both of these loads may fail the containment directly, or fail the
reactor pedestal first and fail the containment indirectly. These loads could also fail the downcomers and create a
suppression pool bypass condition. There are significant uncertainties on the nature and amplitude of the ¥l
loads, and analytical touls that can accurately predict FCT are still lacking.

For the Mark 11 planis that do not have downeomers in the pedestal region, the impact of the FCI loads depends
on the geometry of the reactor cavity. They can in general be separated into two categories: those with a shallow
reactor cavity and those with a deep raactor cavity. For the plants that have a shallow reactor cavity (Limerick and
Susquchanna) the amount of water in the reactor cavity is limited, and the loads resulting from the interaction of
the core debris and the water in the reactor cavity is not expected to be very scvere. However, in addition 1o the
above FCI that oceurs in the drywell ¥ * may also occur in the suppression pool for these plants. The core debris
discharged from the RPV may overflow. e reactor cavity, spread 1o the ex-pedestal region of the drywell, and
consequently enter the suppression pool through the ex-pedestal downcomers.  The subsequent FCI in the
suppression pool will be similar to what happens in the plants with in-pedestal downcomers, but .he loads are
expected to be smalier because of the smaller amount of core debris involved in the FCL The drywell FCT is most
significant for the plants that have a deep reactor cavity (WNP2 and La Salle), if the reactor cavity is flooded at
the time of vessel breach. A significant drywell FCI may fail the reactor pedestal and thus indirectly fail the
containment, or fail the containment directly by a quasi-static pressure load. A wetwell FCT is not likely to occur
during this phase of the accident for these plants.

Although there are substantial uncertainties in the determination of the FCI Joads, significant loads could occur in
most cases. Lven if these loads may not fail the containment by themselves, a combination of these loads and the
loads that already exists in the containment from other sources may result in containment failure. Strateg.es 10
prevent the occurrence, or mitigate the consequences, of the FCI loads are therefore needed. There does not
seem 10 be any effective strategy, besides hardware modifications, for the wetwell FCL On the other hand, the
drywell FCI can be avoided by removing the water in the reactor cavity and preventing the use of any system that
can add water 1o the reactor cavity, ¢.g., drvwell spray. However, these actions are in direct conflict with other
strategies that require the flooding of the reactor cavity or the use of the drywell spray. Early wetwell venting, as
used in the other cases involving rapid containment pressurization, can be used here 1o reduce the initial
containment pressure and thus the impact of pressure rise from FCJ

t Pressure Load on RPV Pedestal: The volume beneath the RPV (reactor cavity) is small and restricted
(Figure 3.1). The primary communication passageway between this volume and the containment is one or two
walkways. These have a limited area and will restrict the dispersal of the mass and energy from a high pressure
blowdown. Consequently, there will be a transient pressure differential between the inside (reactor cavity) and the
outside (drywell) of the reactor pedestal during vessel blowdown, The magnitude of this pressure load depends on
the area of the walkways and the mass and energy input rate to the cavity. In general, the area of the walkways
should be sufficiently large to keep the pressure differential low enough to prevent an excessive loading of the
RPV pedesial.  However, the time scale of vessel blowdown can be very short, and the mass and energy addition
very large and thus cause a problem. In the NUREG-1150 analyses of Peach Bottom, a finite conditional
probability for early containment failure was predicted to be caused by this load [41]. Since this load is caused by
a high pressure RPV blowdown it can be nrevented by KPV depressurization.

4.2.3 The Late Phase

As defin.d in Figure 4.1, a severe accident enters the late phase after vesse! breach but before containment failure.
The sudden change in RPV aad containmunt coaditions associated with vessel breach indicates the beginning of
the late phase. Failure of the RPV may result in 1 sedden increase in containment pressure and a sudden
decrease in RPV pressure. The radioactivity in the drywell atmosphere may also show a sudden increase, since
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prior 1o vessel breach (if the accident is not a LOCA), the discharge of the fission products to the containment
atmosphere was through the SRV lines and the sappression pool, while after vessel breach the discharge goes
directly to the drywell atmosphere. This increase in radioactivity will depend on the specific scenario and 1 likely
to be more pronounced for transients *han for LOCA's.

For the accident sequences presented in Table 4.3, containment failure is predicted to occur in the late phase for
both the slow and the fast SBO sequence and the fast ATWS sequence. The energy transfer from the hot core
debris, and the hot gases released from the core-concrete interaction, cause the temperature and the pressure in
the containment atmosphere 1o rise. The containment pressure may reach its failure pressure if mitigating actions
are not taken in time. The drywell temperature is also very significant. It could reach about 1,000 a few hours
after vessel breach if containment cooling systems are not activated and CCI continues [13, 14]. Wetwell
temperature will stay much lower than drywell temperature during CCI if the suppression pool is not bypassed.
However, the probability of a suppression pool bypass for a Mark 11 containment could be very high [12].

CCl is the most important mechanism for containment los ‘ing in the late phase. As the high temperature core
debris falls into the reactor cavity, the molten core debris starts to heat and decompose the structural concrete,
The steam, carbon dioxide and other oxidants released from the decomposing concrete will react with the metallic
constituents in the molten corium and generate a significant amount of noncondensible and combustible gases and
release the chemical heat of reaction. The release of the high temperature gases and the transfer of heat from the
hot corium to the containment atmosphere will result in significant pressure and temperature loads on the
containment, and the release of combustibie gases increases the probability of a combustion event. The progress
ol CC1 is influenced by many uncertainties, ¢.g., the composition and mass of the core debris discharged from the
RPV, the initial temperature and the decay heat level of the debris, the amount and geometric configuration of the
core deuris on the floor, and the compasition and material properties of the structural concrete.

In the Mark I containments, the design of the region inside the reactor pedestal has an important effect on the
amount and geometric configuration of the corium on the drywell floor (Section 3.1.1.3), and consequently, a
significant effect on the progress of CCL Again, the Mark 11 plants can be separated into three categories
according to the designs of the in-pedestal region. The plants that have downcomers in the pedestal region may
have a smaller effect fron. CCIif most of the core debris remains liquid. In this case, the debris is directed 1o the
suppression pool. The reactor cavity in the plants that have a deep cavity, is large enough to contain all the core
debris discharged from the vessel. The confined geometry of the ex-vessel core debris will make the cooling of the
core debris difficult. These plants may be vulnerable to pedestal floor failure. The plants that have a shallow
cavity and no downcomers are likely to experience still another CCI scenario. The ex-vessel core debris in these
plants may spread to outside the reactor pedestal, and some of the core debris may even flow 1o the suppression
pool through the downcomers closest to the pedestal. The smaller amount of core debris remaining on the dryweli
floor, as compared with those plants having a deep reactor cavity, will result in shallower penetration. The greater
contact area between the corium and the concrete floor due to corium spreading will cause a faster containment
pressurization, but also less drywell floor penetration [14].

In addition to containment pressure and temperature loads, CC1 may also create a suppression pool bypass
condition for a Mark II plant. In the plants where corium can reach the downcomers, the corium may fail the
downcomers upon contact, and tne failure of the downcomers will create 4 bypass condition. In the plants where
there is a deep reactor cavity and the corium can not reach the downcomers, suppression pool bypass is still likely,
because all these plants (in fact, all Mark 1l plants with the exception of Susquehanna) have drains (into the
wetwell) inside the reactor cavity, and these rains could fail by corium attack a short time afier vessel breach
(about 20 minutes) [12]. A suppression pool bypass will increase the containment pressure load due 1o the loss of
suppression cooling and condensation. It will also have a significant effect on containment venting. If there is a
suppression pool bypass containment venting is likely 1o be less desirable at this time, when the radioactivity in the
containment atmosphere is high, and the SP fission product scrubbing capability is lost.

Although the effect of CCT is reduced if some of the corium is transferred to the suppression pool, the
containment pressurization rate may not be reduced. The corium entering the suppression pool will generate
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calculations with a deywell spray at various flow rates. Drywell temperature is significantly reduced by the spray
due to its energy removal capability, and drywell pressare is decreased accordingly.

Containment cooling cannot pres it a further containment pressure rise if the release of noncondensible gases
continues, Containment venting is needed 1o remove the noncondensible gases and maintain the containment
pressure below the failure pressure. Since the containment atmosphere is highly contaminated at this time wetwell
venting should be used unless the suppression pool is bypassed. 1t should be noted, however, that containment
venting during CCl, wher high temperaiure gases are released 1o the containment atmosphere, may result in
higher containment temperature, and thus earlicr containment failure (than the no venting case) by combined
temperature and pressure loads' (7). Additional energy removal from the containment atmosphere is needed 1o
prevent containment failure in this situation. Such removal car be achicved by the operation of the drvwell spray.

Since CCl is & major source of the containment pressure load, the control of its progression is an important
consideration. Availability of water in the reactor cavity hefore vessel breach and a continuous supply of water 1o
the reactor cavity after vessel breach are the most effective means o control the progress of CCL CCH will not
oceur if the core debris is in a coolable configuration and there s water in the reactor cavity 1o ool it, The
availability of water 10 the core debris at vessel breach will incrcase the pronability of having the core debris in a
coolable configuration. Water may be introduced to the reactor cavity before vessel breach by the drywell spray.
However, as discussed above, water in the reactor cavity increases the probability of an ex-vessel steam explosion
(Section 4.2.2.2).

A continuous supply of water to the reactor cavity can keep the core debris flooded and cooled. The water that is
added to the RPV after vessel breach will flow through the break to the reactor cavity. Water can aiso be added
1o the corium through the drywell (e.g, by the drywell spray). This is more casily achieved, and the effect more
significant, for the plants that have a shallow reactor cavity, where corium is likely to spread to the drywell region
outside the reactor pedestal. A drywell water supply not only reduces the containment pressure load by reducing
the progression of CCI, but also has the potential to prevent a suppression pool bypass by preventing downcomer
failure due to corium attack. Water addition through the drywell is more unlikely for the plants that have a decp
cavity. Although there may be communication paths between the ex-pedestal drywell floor and the in-pedestal
cavity, these paths may be plugged during CCT and addizng water to the corium through the drywell then becomes
impossible, Even if water can be delivered to the corium, the effect of water on the progression of CCl may not
be significant because the corium layer in the reactor cavity is thick and confined.  However, water addition is still
desirable because the overlying water can cool the gases released from CCland scrub the fission products. On the
downside, the addition of waler (o the corium on a dry floor may cause an ipitial pressure increase due o steam
generation. However, the pressure increase is in general expected 1o be moderate and the benefit from water
addition is expected to be more important.

Continuously adding water 1o the coniainment using water sources external to the containment will result in a
containment flooding. Containment flooding has been suggested as an in-vessel strategy to cool core material in
the vessel by removing heat through the bottom head if injection cooling proves unsuccessful  From the ex-vessel
point of view, once flooded, conling can he provided to the cotium with minimal use of active equipment, €.g..
pumps,

“Ihe results presented in Reference Twere obiuined from STOP calculations Since the drywell was mosdelled as a single volume in STCP, the effect
of drywell source {or sink) kxtations and thermal nizgiification s not accounted for i (he analyses. A multipie volume goxde, which ean acgount
for buoyancy, €. MELCOR, & required o provide a more detailed drywall wemperature foad profile. The deywell lemperature loads will depond
o the souree (¢, guses released Trom CC1) and sink (¢ g, downtonier ven! ontrance i the wotwsll i vonted) locations and the corresponding
circulation curecnts established in me drywell abmsphere  The conssanence af the drywell lemperature [oads will depend oo the temporatie
stratification and the relative location of contalnmient aress that are villnerahle o high femperature load (¢ g senl arca;
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¢ Drywell temperature can be significantly higher than the design temperature if
mitigating actions are not taken in time. As a consequence, the containment may fail due to the high temperature
or a combination of temperature and pressure loading (Section 3.1.1.1). Drywell temperature can be controlled by
removing energy from the drywell atmosnhere or by quenching the corium. Some of the strategies discussed above
for containment pressure control can be used for drywell temperature control as well, e.g., containment cooling
and drywell spray can be used 1o remove containment energy, and flooding the containment to keep the corium
submerged can moderate and eventually terminate CCl.

v ion: As discussed above, drywell floor melt-through or RPV
pedestal erosion could challenge the containment integrity directly or indirectly. Since these challenges result from
concrete attack by hot corium, they can be moderated by quenching the corium. Corium and containment flooding
discussed above can be used to achieve this purpose.

4.2.4 The Release Phase

The accident enters the release phase when the containment loses its integrity and the containment atmosphere is
discharged outside of the primary containment. This phase is characterized by high radiation, high temperature, or
high water level in the secondary containment. Both the emergency response facilities and the radiological
emergency respense plans (Section 3.3) would probably have been activated hefore the accident reaches this phase.
The secondary containment and radioactivity release control guidelines of the EPGs (Sections 3.3.2.2. and 3.3.2.3)
would also have been previously initiated to control fission product release. The general aim in the EPGs of
isolating the leak area, or isolating the leaking systems, is certainly applicable for release control during this
accident phase, but the actual simation in a severe accident will most likely be much worse than that anticipated in
the EPGs. Additional strategies beyond the existing FPGs are therefore beneficial to mitigate Fy release afier
containment failure,

The challenges, mechanisms, and strategies during the reicase phase are shown in Table 4.7, For some of the

wllenges, the conditions that could lead to a FP release exist before an actual release occurs and actions to
mitigate these challenging conditions can be taken either before or after containment failure (CF). For examp'e,
reducing the amount of fission products in the containment atmosphere before CF will reduce the potential for FP
release should CF actually occur and is thus desirable. Reducing the containment pressure before CF is also
desirable because it reduces the driving force for FP release should the containment fail later. For other
challenges, diagnostic and mitigating actions are possible only after FP release has started. A detailed discussion
of these challenges and strategies is presented in the following.

: } in the Containment At here: The source of fission product release before vessel breach
{in-vessel release) is the degraded reactor fuel. In general, almost all of the noble gases are released, and
significant fractions of the more voiatile radionuclides (1 and Cs groups) will also be released. The release of
other less volatile FP groups will be a small fraction of their inventory

For Limerick and other Mark 11 plants the fission products from the in-vessel release will pass through the
suppression pool (by SRV actuation) as long as RCS integiity is maintained. As a result, a significant fraction of
the non-noble gas fission products will be retained in the suppression pool (suppression pool decontamination) and
the impact on environmental consequences may not be important (Section 3.1.2.1). The in-vessel release will be
more important for those sequences where RPV inventories are discharged directly to the DW, e.g., sequences
with a stuck-open vacuum breaker on the SRV tailpipe or LOCA sequences.

It is desirable to have the in-vessel release passing through the suppression pool, preferably through the SRV
spargers, before discharging to the containment airspace. RPV depressurization before VB will assure a discharge
of RPV inventories through the SRV spargers and thus the greatest degree of decontamination achievable. The
release of fission products to the containment can also be reduced by reducing the probability of stuck-open SRV
tailpipe vacuum breakers. This can be achieved by delaying valve closure after each actuation (thus reducing the
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containment, without the benefit of SP scrubbing, if the containment fails in the drywell. Early wetwell venting,
which has been suggested in the provious seciivins as a stiategy 1o reduce the probability of CF, can also be used to
reduce the driving force for FP release in cases where significant DW failure potential exists or even after CF.
Wetwell venting will provide SP scrubbing and reduced FP releases if subsequent drywell failure is inevitable.

! onial de pat: The release of FP after CF can be either directly to the
cnviroumcm or lhtough thc secondary containment Ihc rate of FP release depends on the pressure in the
containment and the size and location of the failure.

In certain modes of containment leakage, the magnitude of the leak area increases with containment pressure
(NUREG-1037, [17]). The total pressure-depeadent leak area for Limerick, including that from the drywell head,
equipment hatches, and suppression chamber access hatches, is estimated in NUREG-1037 to be less than 0,008 in’
at 55 psig, 1.3 in” at 85 psig (1 in’ in the drywell and 0.3 in’ in the wetwell), and 42.9 in” at 140 psig (42 in” drywell
and 0.9 in’ wetwell). Amang these potential leak arcas leakage at the drywell head is one of the most important
carly CF modes identified in NUREG-1150 [4). Such a failure will result in a direct leak path from the
containment to the upper part of the secondary containment (SC), bypassing the suppression pool and most of the
secondary containment.

Since the volumetric flow rate from an ! in® leak area is approximately one containment volume per day for a
Mark Il containment, containment depressurization from the above leak arcas could be slow (in terms of hours).
To reduce the total amount of release from the drywell leak areas, wetwell venting can be used to accelerate the
pressure reduction and possibly to reclose the drywell leak areas. Although the total amount of containment
atmosphere released to the outside is not reduced by wetwell venting, FP* amounts released to the environment are
reduced. Additional release reduction may be achieved by selecting a wetwell vent path that provides a greater
secondary containment retention capability and a more favorable release point.

The FP release will also be reduced if the leak area can be fiooded. The flow from the containment atmosphere
will then pass through a pool of water where some of the fission products will be retained. SC radiation and
temperature monitoring systems can be used to identify the leak location. Analytical results on containment
performance such as those presented in NUREG-1037 can also provide information about possibie leak sites and
ways 1o flood these areas. One particular leak area that warrants special attention 1s the drywell head. Flooding
of this location in the reactor refueling well area, using the water source and systems designed for reactor
refueling, will have a significant beneficial effect on FP release and offsite risk. Its feasibility for individual plants
warrants further investigation.

A containment isolation failure may result in the leakage of radioactive material to the secondary containment or
directly to the environment. The probability of this failure mode is low for Mark Il containments because a failure
of some parts of the containment isolation system can be identified during plant operation from excessive nitrogen
requirements for containment inerting. However, il an isolation failure should occur, the BWR EPGs provide
guidance to identify and isolate such leaks. In cases where the failed system cannot be identified and isolated, the
result will be similar to that of any other containment failure and the strategies discussed above can be applied.

EP Release From the RCS to Outside the Containment: In 2 containment bypass sequence (V sequence), the

radioactive material in the RCS can escape directly to the reactor building or the environment. This may occur
when a failure of the pressure isolation valves (PIVs) between the high pressure and low pressure systems results
in the rupture of the low pressure piping from excessive pressure (an interfacing systems LOCA, ISL). It is a very
unlikely, but high consequence, event. Should a containment bypass occur, the release could be reduced by
reducing the RCS pressure, i.e. the driving force for the release. The release could also be reduced by flooding
the pipe that leads to the leak area or keeping the leak area submerged under water, both of which are practical
only when the RCS presaure is low. A flooded or submerged break would result in the trapping of some fission
products in the water and thus reduce the amount of release to the environment. Finally, if the system that
contains the break could be isolated the release would be stopped.
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vironment: According to the BWR EPGs, the secondary containment (5C)
HVAC simuld be isolated and the SGTS initiated if the secondary containment HVAC exhaust radiation level
exceeds the isolation setpoint. The system will also be isolated upon receipt of a plant isolation signal. The SGTS
then provi des a filtered release of the secondary containment atmosphere to the environment at an elevated
location. Direct release to the environment is prevented because the SGTS maintains the secondary containment
at a negative 0.25 inch water gauge pressure,

The combination of SC isolation and SGTS operation can significantly reduce the release of radioactive materials
to the environment if the flow from the primary containment (or the primary system if there is a bypass) to the
secondary containment is within the capacity of the SGTS. For cases where the flow rate exceeds the SGTS
capacity (e.g.. due to high containment pressure and/or a large leak area), the pressure in the SC will increase, and
leakage directly to the environment, as well as failure of the SC blow-out panels, or even structural damage 1o the
SC or the SGTS, may result. Even under conditions where substantial leakage from the SC develops, the
operation of the SGTS will still be beneficial because part of the leak flow will pass through the filters of the
SGTS and be released at an clevated location. The fow through the SGTS, and thus the benefit of filtering, could
be enhanced if the SGTS can he operated in a recirculation mode.

The performance of the SGTS is also limited by the amount of aerosols collected in the high efficiency particulate
air (HEPA) filters. The pressure drop across the filter increases as the amount of aerosols collected on the filter
increases. The HEPA filter could be ruptured when the pressure drop across the filter exceeds its design limit.

I'he above limitations indicate that the effectiveness of the SGTS will be reduced if the rate of gases leaked or
vented into the RB is large or if aerosol content in the gas discharge is high. In the containment performance
improvement program, a hardened vent path bypassing the SGTS is suggested for containment venting. This is
particularly helpful for containment venting carly in an ATWS sequence when the required venting flow rate is
large and the fission product content is low. The serosol content in the containment atmosphere will be high if
the acrosols generated from core degradation are released directly to the drywell, or if no mitigating actions are
taken to remove the aerosols generated from CCI during the ex-vessel release. Because of the limited capacity of
the HEPA filters for aerosol loads, acrosol scrubbing by the SP or containment sprays should be utilized to reduce
the amount of aerosols released to the SC and thus the acrosol load on the SGTS filters

It is important to maintain the SGTS functional throughout an accident. It has the capability to remove volatile
forms of jodine, e.g., elemental iodine, from the release. Such volatile forms of iodine cannot be removed by poal
scrubbing or deposition, and the potential for their release late in an accident from the water pools in the
containment exists. The SGTS may lose its funciion or its effectiveness from structural damage. Possible sources
of striclune damage and methods 1o avoid such damage have been discussed above. In addition to structural
damage, the SGTS may also lose its function if its fire dampers close.

If & significant amount of fission products is released to the secondary containment, the SC fire spray system, if
manually operable, can be used to serub fission products from the SC atmosphere and consequently reduce the
release of fission products to the environment.

4.2.5 Fission Product Release During Containment Venting

The objective of the strategies described in Sections 4.2.1 and 4.2.2 is to prevent containment failure and the
resultant uncontrolled fission product release. Containment venting has been suggested as a potential strategy to
prevent containment failure during various accident situations. The implementation of containment venting is
usually based on the assumption that containment failure is inevitable without venting and that the consequence of
& controlled release would be less seveie than that from containment failure. The decision to initiate venting thus
involves projection of future accident progression. To make optimum accident managemenl decisions, tools for
this purpose should be readily available to the plant operation personnel.
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CRETs discussed in this report could be used as such a tool for accident projection, the results of which can be
used 10 make CRM decisions. The data for the important events used for accident projection during an accident
would be different from those used for pre-accident PRA studies because some events have already occurred.
Some plant conditions may be obtained from plant instruments and more appropriate probability distributions may

be inferred for some of the crucial events.

For example, using probability data that is updated as the accident is in progress to quantify the probability of
recovery of equipment and resources, and using the short term forecast of meteoralogical conditions, and the
existing and expected offsite emergency response data, would result in a more reliable data base than that available
from pre-accident PRA analyses, for making CRM decisions. Parametric studies using the above approach could
provide valuable information for SAM decisions. Using this technigue, containment venting decisions could be
based on predictions of the expected consequences both with and without containment venting. Additional
information may be needed 1o help the decision for venting. This may be derived from additional analyses
addrescing timing and pressure rise rate.

4.3 The Safety Objective Tree

The results of the above strategy identification effort are summarized in the safety chjective tree shown in

Figure 4.2. As indicated in Section 2.2, for containment and release management, two principal safety objectives
exist: maintaining containment integrity and mitigating fission product releases to the environment. If
containment integrity is preserved little or no fission products are released. However, since containment integrity
may be violated not only by a bypass or failure of the containment, but also by venting strategies intended to
prevent uncontrolled containment failure, it becomes important to minimize the amount of fission products
released under these circumstances. Figure 4.2 was constructed according 1o the process defined in Section 2.2
and the results ol strategy ideatification presented in Tables 4.4 through 47, 1t systematically defines the
challenges to the overall safety objectives for a Mark 11 containment, identifies safety functions that need to be
preserved 1o meet the objective and lists the specific chalienges found in a Mark I containment during a severe
accident which could interfere with maintaining these safety functions. Various mechanisms which could cause the
challenges are listed and strategies which may be able to prevent the mechanisms {rom occurring, or which can
mitigate their effect, are identified.

As can be seen from Figure 4.2, a particular strategy is often used for many different mechanisms and their
associated challenges. This indicates that the same or very similar actions may be taken for a vanety of reasons
and that once such an action is taken it can have a beneficial ¢ffect on arresting and mitigating a number of
mechanisms besides the ones which may have originally triggered its implementation. This point s further
developed in the detailed strategy description presented in Section §.
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'- Table 4.1 Comparison of BWR Mark L 11, and 11l Containments :
B e T e e S f
: Limerick  Peach Bottom  Grand Guil :
| (Mark 1) (Mark ) (Murk 1D l_
¥ I
5 Reactor Type BWRA BWR 4 BWR :
Rated Power (MW1) 3203 3,293 3,81 |
Drywell Free Volume (") 248,700 159,000 270,000 ?
| Wetwell Free Volume (ft) 155,400 127,000 1,264,000 f
= Suppression Pool Water 124,700 122,900 136,000 I
E Volume (ft")
Containment Design hhl 56 15
' Pressure (psig)
5 Drywell Design 340 281 330
r Temperature (°F)
| Wetwell Design 220 281 185
vemperatuse (°F)

: Estimated Containment 140 150° 58" |
| Pressure Capability (psig) |
R T e R S S S, R e i

{ "S0ith percentile value in NUREG-1150.
} Tahle 4.2 lmportant Plant Damage States and their Contribution
l in Percentage to the Total Plunt Core Damage Fregquency
R B B R T T o T S R TS S R TS I S SR TS
f Plant Damuge Generic Mark ‘.
| State Limerick™ Peach Bottom™ Grand Guif™' s '-
' CDF (11) 1.SE-$ 4.5E-6 4.0F-6 1AE-S
SBO 444 46.7 9.1 416
I' ATWS 7.7 43.1 29 27.9
Transient 373 50 - 227
[LOCA 04 88 - 2 ‘
™ 50 o “ 2.7
I Note: (1) Based on the top 20 core damage sequences (95% of total CDF) of Limerick PRA.
(2) Data from NUREG-1150,
(3) Data from NUREGCOR- 5528,
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Table 4.5 Challenges, Mcchanisms, and Strutegies During the Early Phase

Challenge Mechanism Strategy
| 1. SP Boundary Load SRV Discharge with High RPV RPV Depressurization

| 2. Containment Pressure Load

| 3. Drywell Temperature Load

Noncondensibie Gas Conicit
Mass and Energy Addition
(Noncondensible Gas Buildup)

Burning of Combustible Giases

Mass and Energy Addition

Containment Cooling,
Containment Spray, and Wetwell
Venting

Maintaining Containment
Inerting, Wetwell Venting 1o
Reduce Initial Pressure, Vent and
Purge, or Containment Spray

Containment Cooling and
Countainment Sprays

l 5

3.

| At Vessel Breach
| 1. SP Hydrodynamic 1Load
|

Containment Pressure Load

Pressure Load on RPV
Pedestal

NUREG/CR-S805

Pool Swell from RPY Blowdown
with Primary System Conditions
Different thau that of LOCA

Mass and Energy Addition at VB
Direct Containment Heating
(DCH)

Ex-vessel Steam bxplosion

(For Above Three Mechanisms)

Rapid Mass & Energy Addition to

the Inside of RPV Pedestal

4-20

RPY Depressurization

Drowell Spray or RPV
Depressurization

RPV Depressurization, Drywell
Spray, or Flooding Reactor Cavity

Fliminate Water in Reactor
Cavity

Early Wetwell Venting to Reduce
Initial Pressure

RPV Depressurization

s R
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Table 4.6 Challenges, Mechanisms, and Strategies During the Late Phase

Challenge

Mechanism

Strategy

1. Comtainment Pressure
Loads

Mass and Energy addition
(CCI or FCI)

Burning of Combustible
Gases

Containment Cooling, Wetwell Venting
or Small Area Venting with SGTS,
Corium and Cavity Flooding, Drvwell
Spray, or Containment Flooding with
Drywell Venting

Wetwell Venting to Reduce lnitial
Pressure, Vent and Purge, or
Containment Spray

2. Drywell Temperature Load

High Temperature Gas and
Energy Addition

Containment Cooling, Drywell Spray,
Corium and Cavity Flooding, o
Containment Flooding with Drywell
Venting

3. Drywell Floor Meltthrough
or Pedestal Erosion

Thermal Attack by Core
Debris

Drywell Spray, Corium and Cavity
Flooding, or Containment Flooding with
Drywell Venting
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1. [ Very Early Phase | Early Phase I Late prase A
Accidem‘ Core Vessei

e Initiation Melt Breach I

\—mmmﬁ'& I taecr L

L Early Fission Product Reiease 1 _Late FP Release }
3 | Eany CRET 1 Late cRET

| Retease CRET J
4 in-vessel Management

Prevert Core Retain Core Within
Damage Reactor Vessei
Ex-vessel Management % ]

Maintain Containmerst Integrity
Minimize Consequence of Offsite Release

5. | Exsting EPGs

]

Notes

1 Time Phases of Accident Progression

2 Prenomenociogical Events

3  Comtainment and Release Event Tress (CRETs)
4 Severs Accident Management Activities (SECY 88 147)
5 Apphcabity of Exnsting EFGs

Figure 4.1 Time Phases of Accident P~ .gression and Accident Management
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SAFETY
OBJECTIVE

SAFETY
FUNCTIONS

CHALLENGES

MECHANISMS

STRATEGIES

Preventing Contaioment Failure

r

Suppression Pool
Dynamic Load Control

| |

uonwagnuap| Lneng

Contamnment Containment
Pressure Control Temperature Control

Thermal Attack
Control

(Continued on Next Page)

Figure 4.2 Safety/Ctjective Tree with Identified Strategies for a Mark Il Containment
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FUNCTIONS

CHALLENGES

MECHANISMS

STRATEGIES
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Preventing Contamnment Failure

Suppression Pool Dynamic
Load Control
]
L 1
Suppression Pool Suppression Pool
Boundary 1 oad Hydrodynamic Load
i 1
SRV Asr SRV Steam Dewncomer Pool Swell
Cleaning Condensation Vent Chugging at VB

Eliminate Source
of Chalienge

*RPV

Depressurization
*SP Water Level

Control

I

|
!

J
Eliminate Source . Fliminate Source

of Challenge
*RPV

of Challenge
*DW Spray w

Depressurization  Redistribute

*SP Coohing

Noncondensible
Grases

Eliminate Source
of Challenge

*RPV
Depressurzation

Figure 4.2 Safety/Objective Tree with Identified Strategies for a Mark 1l Containment (Continued)
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OBIECTIVE

SAFETY
FUNCTIONS

CHALLENGES

MECHANISMS

Lt

STRATEGIES

SONS UV OTHNN

Preventng Comamment Failure

Containment Pressure Control

prem

Slow Pres. “rization

Loss of Vapor
Suppression

Capability

- Eliminate Source
of Challenge
*Restore SP

’apability

~Reduce Energy
input
*RPV
Depressurization

~Mitigate Effect
of Challenge

*Contamment
Spravs

Inadeguate or Loss of
Contamnment Heat
Removal Capability

-~ Eliminaste Source
of Chalienge
*Restoring CHR

— Mitigsate Effect

of Challenge
‘Containment Coohing
“Containment Venting

Mass and Encrgy
Addition

~ Maoderate or
Fliminate Source
of Challeage

*Corum and Reactor
Cavity Flooding

*DW Spray

‘Contaiament Flooding

_ Mitigate F ffect

of Ck Henge

*Con’ ainment Cooling
*Containment Spray
*WW Ventng

of Chalienge

*Man ain Contamment
Inerti g

*Coma nment Vent
and P rge

~Mitigat, Effect
of Challe wge

*Cont. ioment Spray

Reduce initial
Freseure
"W N Veatng

Figure 4.2 Safety/Objective Tree with Identified Strategies for a Mark 1I Containment (Continued)
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SAFETY . : k
OBJIECTIVE Preventing Comtamment Fardure
1 ]
SAFETY Comtainment Temperature Contamment Structure
FUNCTIONS Comtrol Thermal Attack Control |
B
: : Drywell Temperature Drywell Floor Melttbrough
CHALLENGES Losd 55 Dedeatsl Piasion
o High Temperature Gas Thermal Attack !
MECHANISMS l and Esergy Addition by Core Debsis Jl
STRATEGIES — Moderate or [liminate Moderate or Eliminate
Source of Challenge (CTDH Source of Challenge (CCI)
*Cormum and Reactor *Cormm and Cavity
Cavity Flooding Flooding
*DW Spray *C. atmemert Floodmg
*Contamment Hoodmng
with DW Venting
L. Mitigate Effect of

Challenge
*Contamnment Cooling

*Drywell Spray

Figure 4.2 Safety/Objective Tree with Identified Strategies for a Mark 1l Containment (Continued)
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SAFETY
OBJECTIVE

SAFETY
FUNCTIONS

CHALLENGES

MECHANISMS

STRATEGIES

Mitigating Fission Prod
Release 10 Fovironment

Fisswon Product Release Control

Fission Products
m Contamment
Awmosphere

Driving Force
for FP Release

FP Release From
Cont. to Outside
Containment

FP Release From
RCS 10 Ouiside
Contamment

¥P Relcase From
SC 1o Ervironment

(Continued on Next Page)

Figure 4.2 Safety/Objective Tree with Identified Strategies for a Mark Il Containment (Continued)

aonesuapy Adoesg

T T RS I SRR RN TR IRRRTRTN NN B O\ IwR»=

i

-



SORSUVOTANN

oL

SAFETY
OBJECTIVE

SAFETY
FUNCTIONS

CHALLENGES

Mitigating Fission Product
Release to Environment

Fiussion Prodect
Release Contrel

|

Fission Products in
Containment Atmosphere

r

|

MECHANISMS | In-Vessel Release Ex-Vessel
‘ Release During VB Release
L"P Removal Eliminate Source Moderate or
*SP Scrubbing of Challenge Eliminate Source
*DW Spray *RPV and FI Removal

STRATEGIES

Depressurization (CChH

*Cormam and Cavity
Flooding

*DW Spray

*Contampenmt Flooding

Revalauthzation

Fron RCS

~ Maoderate or

Fliminste source

*Adding Water
o RPV

*Containme nt
Coohag

*DW Spray

*Conta:nment

Flooding

~FP Removal
*DW Spray

Late lodn.s
Release From
Water Pools

Maoderate or

*SP Cooling

*DW Spray

"Containment
Flooding

*Adding Base to SP

Figure 4.2 Safety/Objective Tree with Identified Strategies for a Mark 11 Containment (Continued)
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One of the most important water sources for plant safety systems is the suppression pool (SP). During a ssvere
accident, the SP 1emperature may bee yme high enough 1o cause acoelerated pump wear or inadequat NPSH, or
the water level may become low enough 10 prevent the pool from heing a viable water source. 1t is then necessary
to switch 1o a cool alternate water source. Additional discussion of this topic can be found in Section 3.1.2.

The electric power and poeumatic su, -+ / for Limerick have been discussed in section 3.2 2, along with the
strategies to extend the availability of efectric power or 1o enable emergency replenishment of the prcumatic

supply.
5.2.2 Strategy to Depressurize the RPV

RPV depressurization is one of the key actions contained in the BWR EPGs. Emergency RPV depressurization is

called for under the primary containment control guideline when (1) the SP temperature cannot be maintained

below the Heat Capacity Temperature Limit (HCTL, about 150°F it RPV at system pressure), (2) the drywel, and
containment temperature cannot be maintained below their design temperawure limits (340°F for the drywell and

220°F for the wetwell for Limerick), (3) the containment pressure cannot be maintained below the pressure ';
suppression pressute (PSP), (4) the SP water level cannot be maintained above the heat capacity level limit ,
(HOLL) or below the SRV tail pipe level limit (TPLL, for SRV air clearing load consideration), or (5) the

containment hydrogen concentration reaches 6% and the contasnment oxygen concentration is above §%. RPV ‘
depressurization is also called for in the RPV control guideline of the EPGs and may occur automatically when i
some plant conditions are reached, €.g., a low RPV water level and a high drywell pressure condition.

The RPV will most likely be depressurized during the course of a severe accident. However, due 1o loss of electric
power, loss of pneumatic supply ot insufficient supply pressure, or operator error, the system may not remain
depressurized. Since depressurization requires de power, the RPV will be pressurized again in s stabon blackout
sequence after battery depletion. RPV pressurization may also recur when containment pressure i~ high enough so
that the pneumatic supply pressure is insufficient to reopen the SRVs. The probability of maintaining the RPV
depressurized can be improved by (1) extending the availability of de power as discussed under resource
management and (2) increasing the pressure of the pneumatic supply or maintaining a lower containment pressure.

As a result of the CPI program, the NRC staff has recommended 10 the commissioners an enhanced RPV
depressurization system for Mark | comainments [45]. This Mark [ improvement is also recommended for
consideration for the Mark I1 containments [46]. The recommended ADS enhancements for Mark 1 containments
include the assurance of electric power beyond the requirements of existi=» regulations, improvement in the
temperature capability of the cables {from 340°F to 800 or 1600°F), an additional nitrogen bottle for each ADS
valve to allow longer aperation (up to 16 hours), and a logic change to provide more complete automation for iSL
evenis. This enhanced RPV depressurization reliability would significantly reduce the likelihood of high pressure
scenarios such as those from station blackoul sequences.

As a CRM strategy, RPV depressurization before substantial core damage has developed could help (1) 1o avoid ‘
SP boundary loads when a significant amount of noncondensible gases is generated in the RPV from cladding

oxidation, (2) to avoid the challenges associared with HPME, and (3) to reduce the amount of fission products ‘
released to outside the containment during an ISL. event. The parameters that can be used to “dentily these

challenges are shown in Table §.1. RPV in-vessel instrument indications, e.g, core lemperature, are required to

estimatie the potential for or degree of cladding oxidation, the corresponding amount of hydrogen generated, and

the probability and timing of vessel breach. An ISL event would be indicated by a high temperature and radiation

level in the secondary containment or the environment and a relatively low temperature and radiation level in the

primary containment.

RPV depressurization may also reduce the amount of in-vessel FP release (release before VB) to the containment

atmosphere because of the greater FP decontamination factor of the SRV sparger compared to that of the
downcomer vents, and the uncertainty of having intact SP vents at VB, On the dowaside, carly RPV
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depressarization may accelerate the invessel core melt progression after the loss of core injection, could

sul stantinlly increase clad oxidation, and shorten the time 1o vessel breach. RPV depressurization may also
increase the probability of an Alpha mode failure. The beneficial effects of RPV depressurization are in general
more important, particularly after significant core damage has developed snd core melling conlinues.

523 Strategies Related to Containment Venting

Contalament venting (s recommended in the BWR EPGs as 8 means 1o prevent contain: 4 {ailure due 10 high
pressure.  The BWR EPGs provides EOP guidance for the opetator (o carry out conlainment ven®ing before the
pressure reaches the primary containment pressure limit (PCPL)'. As indicated in Table $.2, venting can also be
uselul for other 1easons. These uses are. (1) 10 prevent containment pressure failure by reducing the base pressure
hefore mechanisms that may cause rapid pressurization take effect and (2) to rednce the total amount of fission
products released 1o the environment even after the loss of containment integrity  The adverse effects associated
with venting, as shown in Table 8.2, are (1) the release of FP to the environment, (2) the drywell temperature load
auring CCL[7], and (3) the environmental loads on equipment in ** - SC. These issues of containment venting are
discussed in the fulowing.

revent O _ / . Conainmen) «enting has been described as a
“lust res . effort to prevent containment failure and uncontrolled fisston product release 10 the eavironment. To
avoid exceeding the PCPL, the BWR EPGs eall for venting even if the permitted offsite radioactivity release level
is excecded.

Containment veating is the most effective action that plani personnel can take 1o prevent a containment pressure
failure due 1o noncondensible gas buildup. The containment venting systems were not originally designed for
severe accident conditions.  Therefore, some important issues, €. g., the flow capacity of the selected vent paths,
their structural capability, and their operability under severe accident conditions, should be investigated when
establishing o containment venting program, These issues have been discussed in section 3.2.4.

The determir *ion of the venting pressure, PCPL, is another important issue. Starting venting st too low a value
may cause | essary release of fission products 1o the environment while a higher value increases the pot ntial
for contaim ailure. The containment venting pressure for Limerick is 70 psig, which is about 1.3 times the
design presse ot far lower than the expected containment failure pressure of about 140 psig.

Presently there is no guideline in the BWR EPGs on when (o reclose the vent path(s). 1t would be desirable that
guidelines, based on pressure and vent path operational considerations, be provided for vent reclosing to minimize
the release of fission produdts. Such a requirement is provided in some BWR plant specific FOPs.

Direct instrument indication is available for containment pressure, The post-accident primary containment
pressure measuring system covers a range from -5 paig to 3 times design pressure for concrete and 4 times design
pressure for steel containments [30]. Since the PCPL is usually taken 1o be one (o two times the design pressure,
this range is sufficient. However, the pressure indication may not be available wfter the loss of electric power, and
this presents  erious problem for containment venting in SBO sequences because PCPL is most likely reached
alter the depletion of plant batteries.

Larly Venting to Reduce Coptajument Pressure: The purpose of venting at a pressure lower than the PCPL s 1o

‘educe the iniaal containment pressire, in anticipation of a sudden, large pressure increase associated with a high
pressure vessel breach, and thus prevent catastrophic early containment failure. Assuming containment failure is

'Wetwell venting is the preferred venting mode of containinent venting and is the venting mode that must be used if the objective of veoting s to
reduce fission prodact release. Drywell venting is needed only In sequences whete the required veating rate is high, € g, ATWS sequences. The
term venting i ased in the following discussion to imply wetwell venting with the understanding that drywell vealing will be included if wetwell
vetiting isell & not sufficient 1o achieve the veanting ohjective
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valves can be aperated from the control room by de power, and this would significantly increase the probability of
sucoessful containment venting. The CPI program has also recommended the inclusion of a rupture disk in the |
veat path. The presence of such a disk will affect the feasibility of using carly venting to lower base pressure and

wetwell venting for fission product scre Shing, as suggested here. If these two strategies are deemed to be

important for & particular plant, they ma._: be considered in choosing a disk rupture pressure, or some vent paths

without rupture disks must be included.

In accordance with the requirements of NUREG-0696 [47], the 15C will provide technical support o the reactor
operators. Since venting procedures have been established in the existing EPGs, it is very likely that these
procedures will be carried out when the PCPL is reached. However, without explicit guidunce, the operator will be
reluctant 10 vent the containment before the PCPL is reached, particularly with the contaminated contunment
atmosphere which will often exist when venting could be useful. Responsibility for venting decisions should be
clearly defined and explicit and unambiyuous guidance should be given 1o the operators.

Potential Adverse Effects: Potential adverse effects that may result from venting have been discussed in Section
124, The important adverse effects include (1) loss of plant safety equipment due to containment
depressurization and SP flashing, (2) SC contamination and resultant loss of function of safety related equipment
ot loss of accessibility 10 the secondary containment, (3) fission product release 1o the environment, and (4)
hydrogen burning in an oxygen rich SC. Methods to avoid or mitigate these adverse effects are also discussed in
Section 3.2.4. The use of a hardened vent path, as recommended by the CP1 program, will further lessen the
concern of SC contamination.

£.2.4 Strategies Related to Drywell Spray

As indicated in Table 5.2, drywell spray can be used 1o meet most of the challenges presented in Table S.1. In
addition to its designed function of containment pressure and temperature control, the drywell sprav also can
remove fission products from the containment atmosphere, provide water to the corium on the drywell floas, and
reduce the probability of drywell floor melt-through, (Section 3.2.3), Furihermore, drywell spre  also has a
potential to mitigate the effects of hydrogen combustion (Section 4.2.2.1), to reduce the challe  ges associated with
HPME (Section 4.2.2.2), and 1o prevent excessive SP boundary loads due to chugging (Section 4.2.1).

The use of drywell spray to control containment pressure and temperature under accident conditions is described
in the BWR EPGs. Drywell spray is calied for in the EPGs when the drywell temperature reaches the design
tempa rature (or ADS qualification temperature) or when the containment pressure exceeds the suppression
chamber spray initiation pressure (SCSIP). Drywell spray is also called for in the BWR FPGs when containment
hydrogen and oxygen concentratious cannot be controlied 10 below predefined limits and containment pressure
cannot be maintained below PCPL.

The use of the drywell spray as a water source 1o flood the reactor cavity and to add water 1o the corium on the
floor will be discussed in Section 5.2,

' “issi Scrubbing: One of the most important functions of drywell spray in CRM is its
ability to scrub fission products from the containment atmosphere (Section 3.2.3). This function is particularly vital
after vessel breach when airborne fission product concentrations are high or when a containment leak or rupture
exists and fission products are released without the benefit of SP scrubbing.  The FI* scrubbing capability of the
drywell spray is more important for Mark 11 plants than for Mark 1 plants because of the higher SP bypass
probability of the former (Section 4.2.3),

As & fission product scrubbing tool, drywell spray is activated when the radiation level in the conmtainment is high
or, if the containment has already been breached, as indicated by the radiation level in the reactor building or
offsite. When operating the drywell spray, containment pressure and temperature should be constantly monitored
10 assure that the spray will not lead 1o a containment failure due 10 negative pressure (about -8 psig desipr). The

5.8 NUREG/AR-SROS

e e R | e A T Tt =







Strategy Discussion

rale may gencrate an unacceptable pressure differential between the drywell and the wetwell. A less than
sulficient spray Aow rate may resull in a0 additional pressure increase from steam genetation (Section 4.2.2.2).

£2.5 Reactor Cavity Flooding

This sttategy involves two parts,  The first is fooding the reactor cavity before vessel breach 1o; (a) provide
conditions favarable for cooling the core debris discharged from the RPV and (b) mitigate the challenges
assoviated with HPME. (However, curtent studies indicate that small amounts of water in the cavity may enhance
DOH pressurization [48].)  The second is to continuously add water 1o the core debris after it falls into the reacton
pedestal region and interacts with concrete, 100 (a) modetate of terminate the progress of CCL (b) reduce the
probability of a suppression pool bypass due 1o the hreach of downcomer vents or drywell floor drains, and

(¢) provide an overlying wawer pool for fission product scrubbing. The effocts of water on the phenomena
assoctated with HPME and CCT still involve some uncertainty, byt are expected 10 be beneficial and desirable
This strategy is not wpplicable to the Mark 11 plants that k.0 ¢ downeomers inside the reactor pedestal region.
Unless these downcomers become blocked duting the coue of the accident, most of the core debris discharged
from the vessel in these plants will be directed 1o the suppression poal and CCLin the reactor cavity will be
limited! (Section 4.2.3)

Most of the time, only indirect inferences are available o deduce the existence of the challenges that are
addressed by this strategy (Table 5.1). For example, 1o assure sufficient water in the reactor cavity belore vessel
breach, the drywell spray needs 10 be initiated considerably before vessel breach. The water level in the drywell
may be indicated by the drywell sump level instrument or inferred from e time and flow rate of spray operation.

Lo ‘ Lguipment Reguirements: Drywell spray is the only means 10 add water 1o the reactor
cavity before vessel breach, other than flooding up the containment  The operator actions and equipment required
are the same as those discussed in Section $.2.4 for drvwell spray. However, after reactor breach, if both systems
are aperational water can be added 1o the corium either through the vessel by the use of core injection o by
drywell spray. While adding water through the vessel can keep the core muterials in the vessel conled (Section
4.2 3 on revolatilization from RCS), adding water vin the drywe s spray can provide an additional fission product
srubbing capahility and also cool the comtainment atmosphere. For the Mark 11 containments that have a shallow
reactor cavity, adding water via the deywell spray may also reduce the probability of downcomer melt-through and
thus reduce the probability of SP bypass. On the other hand, for the Mark 11 containments that have a deep
teacior cavity, adding water via the drywell spray may be impossible after VB Water can be added only through
the RPV break area in these plants (Section 4.2.3).

Since this sirategy is likely to be implemented when significant encertaintios in plent conditions exist, it will be
more dithicult 1o provide specific procedures and predefined parameter values for strategy implementation. 1t may
be more desirable 1o provide flexible guidelines as well as relevant data and calculational tools, as discussed in
Section 3.3.2.4. As discussed above, sucoessful implementation of this strategy will require coordination with other
accident management activitics,

stenti g g ¢ The same adverse effects associnted with the drywell spray strategy discussed previously
are of concern here. In addition, the existence of water in the reactor cavity before vessel breach may resalt in
FCTat vessel breach (Section 4.2.2.2). This pressure increase due to FCL when combined with the inerease from
mass and encrgy addition at vessel breach, may threaten containment integrity. However, this adverse effect has to
he weighted against the possible benelicial effects for the mitigation of HPME and CCL Current knowledge
indivates that flooding the reactor pedestal region and drywell floor is more desirable than maintaining these
segions dry, although phenomenalogical uncertainties are high

Adding water could also result in a puff release of fission products to the environment if it ocours during
containment venting o1 after containment failure. The decision to flood the corium may also need to be
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coordinated with other acoident management activities, ¢ g . the time of venting and offsite evacuation, if these ate
needed

8£2.6 Combustible Gas Control

The amount of combustible gases that can be generated from hoth invessel core degradation and CCT s
significant and may create an atmosphere that exceeds combustible limits (Sections 4.2.2.1 and 4 2.3). (Note that
there may also be enhanced radiclysis due to the corium's location and its exposure 1o waler ) Combustible gas
contral is primarily achieved by maintaining an ineried containment, i.e. by avoiding the introduction of osygen  If
the contuinment gas composition reaches unacceptable limits, inerting can be regained by a containmont vent and
purge operation. Contaiument spray can also be used to mitigate the effect of combustion if the above efforts fail
(Section 4.2.2.1). The hydrogen recombiners if still functionul, can also be used (0 achieve some limited control

Instrument indications are available for hydrogen and oxygen concentrations in hoth the wetwell and the drywell,
Samiples of containment atmosphere can also be obtained and analyzed during an accident 1o provade data on
containment gas concentration. Detailed knowledge of hydrogen stratification is important. However, existing
hydrogon monitoring svetem in operating plants may not be capable of providing such information

I wetwell venting or drywell spray s needed for combustible gas control, the requirements for the operation of
those svstems need 1o be followed. The pressure and flow mitations of the systems that can supply aitrogen 1o
the containment, i, CAC system, need 10 be observed 10 avold damage 1o these systems (Section 3.2.1). If
combustion occurs during wetwell venting the discharge of the containment atmosphere to the outside may
increase significantly.

5.2.7 Flooding & Leak Area for Fission Product Scrubbing

Should the containment lailure mode be a leak, fission product release can be reduced il the Jeak Jocation van be
identified and flooded.  The leakage will then pass through a pool of water and some of the fission products will
be retained. Where applicable, this strategy can be wsed 1o reduce fission product release 10 the environment from
the containment atmosphere or directly from the RCS (Section 4.2.3).

Secondary contaioment radintion and temperatiure moniloting systems can be used to identify the leak area
Anzlytical results on containment performance, such as those presented 1o NUREG1037 can provide information
about potential leak areas and the ways 10 flood these areas

One of the important leak areas is the drywell head area. Flooding this ar¢a will have a significant eftect on ¥P
release and otfsite risk (Seotion 4.2.4). Flooding this area will also provide an external cooling 1o the drywell head
seal and thus may prevent its [nilure due 1o thermal Joad, and may reduce or even prevent the leak [12].

As discussed in the Mark | report [7), even a moderate loak area would result in u significant voluraetnic flow rate,
consequently, the operating stalf must determine quickly, after the leak is identitied, whether the area can be
flooded, the means o flood the area, and any poteniial adverse effects

528 Primary Containment Flooding

Primary containment flooding, once schieved, can provide cooling 10 the corium and P scrubbing with minimal
use of active systems. Since Contingznoy #6 of the RPY Control Guideline of the BWR EPGs calls Tor lloodiag
the containment up 1o the top of the active tuel (TAF) level of the reactor core, flooding may have been carried
out earlier in an accident us an invessel strategy o provide core cooling.  This strategy could also be of benefit tor
comainment and release control
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| 1 withstand a significant pressure load and substantial leakage will develop in the SC us pressure
increases. SGTS operation under this condition will still be beneficial because part of the leak flow will pass
th the filters of the SGTS and be released at an clevated location. The flow through the SGTS, and thus the
benelit of filtering, could be enhanced if the SGTS can be operated in & recirculation mode. Even f the HEFA
fillers of the SG TS fail from serosol plugging, their charcoal bed adsorption efficiency may stili be maintained
Even whet both HEPA and charcoal filters (all, the operation of the SGTS may be desirable because of the
clevated release paint it provides, On the negative nT:me operation of the SGTS may reduce the residence time
of fission products, and thus their retention, in the secondary containment. This adverse effect heoomes impaortant
if the filters of the SGTS have failed and the SC pressure is low (e, a low containment leak rate)

Additional issues regarding the SGTS were discussed in Sections 3.1.3.2 and 4.2.3

&

econdary Containment Fite Spray for ission Froduct Ketention: The secondary containment fire spray system
can also be used o reduce the release of radioactive materials if the system can be actuated manually. Similar to
the containment spray system, the fire spray system can remove aithorne fission product aetosols and vapors by the
mechanism of impaction, interception, Rrownian diffusion, diffusiophoresis, and thermophoresis.

N

The fire system lor Limerick has & diesel-driven pump as a backup 10 an electiic motor-diiven pump. Fach pump
has @ capacity of 2,500 gpm at 12% psig. Since the diesel driven pumps do not depend on plant electric power, this
strategy could be available during SBO sequences if the ability 1o ma 3 Ty operate the fire system exists.

The need for fission product removal from the secondary contaizment stmosphere can be infessed from high
offsite radioactivity and high secondary containment area radiation readings. However, the secondary containment
instrumentation may not be working properly because the environmental conditions neat the contamment break
may be harsher than that for which the equipment 1s qualilied.

On the negative side, She fire spray will condense the steam in the secondary containment and increase the
possibility of &n early hydrogen burn in the secondary containment.

§.2.10 Other Strategies
The other strategies listed in Table §.2 are strategies that have been included in the BWR EPGs and in some cases

involve the designed use of the systen.s, e.g, containment and SP cooling. The challenges these strategies can
mitigate are shown in Table $.1. These strategics have been discussed in Section 4
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Strategy Application

6 Strategy Application to Accident Sequences

In this section the t2iategios are assessed by application 1o certain accident sequences. For strategy assessment each
sequence is divided into the phases described in Section 23 Under each phase the expected challenges are
discussed, the strategies which can address these challenges are applied, and the effecis of implementing accident
manageme at strute gies evaluated.

I'he Limerick Gienerating Station was used as the surrogate plant for this assessment. The BWR EPGs were used
1o determing the opetation response as currently cxpected at the plant.

6.1 Severe Accident Sequence Selection

The selection of sequences used in the strategy assessment process requires engineering judgement and should
fullill several objectives. The sequences selected should anong them cover all the identified chatlenges and
thereby aliow all the strategies to be considered. At the same time sequences with a high probability of core
damage or with high consequences should obviously be considered. Especially the latter need to be included in
the assessment of containment and release strategies. Multiple failures of safety systems should also be treated.

The sequence categories selected consisted of station blackout, ATWS, loss of containment heat removal, and
isolation failute. These provide a range of accident characteristics which need to be considered: the initial
condition of the reactor and the containment at the inception of the accident, the speed of accident progression,
and the availability of major salety systems.

Selection of the above sequences should not be construed as implying that the identified strategies are only
applicable 10 the sequences discussed. The strategies will often be beneficial under other conditions as well,
although the circumstances surrounding those conditions may need to be accounted for in the sirategy
implementation

6.2 Station Blackout Sequences

Station blackout (SBO) sequences are initiated by a loss of off-site power and all on-site diesel generators. For
the Mark 11 plants that utilize a BWR/S reactor, this includes the Joss of the dedicated diesel generator for the
High Pressure Core Spray (HPCS) system. An SBO leads in a Mark 11 BWR 10 the loss of all active engineered
safety features except the steam turbine powered Reactor Core Isolation Cooling (RCIC) system, and, for the
plants that utilizes a BWRA reactor the High Pressure Core Injection (HPCT) system (Section 3.1). Since both the
RCIC and the HPCL system require de power for control, they fail after the depletion of station batteries, The
RCIC and HPCT turbines may also trip because of high turbine exhaust pressure (i.¢., containment pressure) ot
high SF temperature, both of which occur due 1o the loss of containment heat removal in SBO. The loss of all
con ¢ injection would result in core damage, vessel breach, and eventual containment failure, if recovery and
mitigative actions are not successful

The SBO sequence where all core injection is lost at the beginning of the accident and core damage ocours early,
at about one o two hours after accident initiation, is termed a fagt SBO sequence (or short-term SBO sequence).
A last SBO sequence may be caused by the loss of all de power, or simply a failure of the RCIC and the HPC
system, in addition (o the loss of all ac power. A slow SBO sequence {or long-term SBO sequence) is a sequence
where core injection (¢.g., by RCIC) is available initially and core damage begins a1 about 12 hours after accident
initiation {Table 4.3).

61 NUREG/CR-$805




]
?
|
!

6.2.1 Characteristics of SBO Sequences

SBO sequences ate characterized by the loss of most of plant jestruments and equipment.  The avadability of
containment instrument indication afier the loss of ac power, or the Joss of both ac and de power, would be
minimal, and is plant dependent. The plant also Joses the systems for containment heat removal (CHR) (e g,
containment and SP cooling), and the ability 16 deliver water 1o the containment (¢, containment spray). The
most important accident management activities after o station blackout therefore should be (1) 10 recover s
power, (2) 1o extend de¢ power, and (1) 1o identify and utilize alternate systems and resources. Mare detalled
discussions of these issues have been provided in Section $.2.1 for resource management. (Other sirategies
discussed in Soction § may also help 10 prevent or mitigate the effect of the challenges thit may occut during the
progression of the accident. Detailed discussions are presented helow.

6.2.2 Containment Response to SBO Sequences
i
|

Figures 6.1 snd 6.2 present containment pressure and temperature histories of a fast SBO sequence caleulatod by
the BWR-LTAS, BWRSAR, and MELCOR codes for a synthetic BWR/A Mark 11 plant (13 The synthetic plant
uses reactor and contalnment patameter values of Susguchanna (which are similar to Limerick) and hus u deep in-
pedestal reactor cavity, typical for BWRS plants (Section 3.1.1.3). The reactor was not depressurized in the
caleulation. This could be due o the lots of de power, which is tequired for ADS actuation.

In the fast SBO case discussed sbove, the core starts 10 melt at about two hours, and the RPV is breached at
about four bours after accident initintion. The mass and energy addition 1o the containment {from the high
pressure RPV blowdown causes a sharp pressure rise in the containment immediately after VB Containment
pressure continues 1o rise after VB, primarily duc to the energy and noncondensible gases released from CCL untii
the containment failure pressure of 150 peia is reachied at aboul 10 hours after accident initintion. Since the
caleulation did not incorporate & containment failure model, Figure 61 shows a continuous containment pressure
rise after the containment faiture pressure is reached. Containment pressure reaches approximately 174 psia at the
and of the calculation, when the drywell floor (4.7 fi thick) §s penctrated by CCL

As shown in Figure 6.2, there is a signilicant temperatore stratification in the containment airspace. The
containment tomperature basically follows the same trend as the containment pressure, except fof & temperatare
spike occurring immediately after VH, The containment temperature reaches ahout K0T when containment
failure pressute is teached, and continues to rise afterward Unlike the containment pressure, which would
decrease after the containment fails, containment femperature would continse (o rise after containment failure,

In & slow SBO sequence, the comainment pressure belore core degradation depends on the duration of core

injection. Figures 6.3 1o 6.5 present the containment pressure, coptainment tempetature, and suppression pool

water temperature lime histories, respectively, of 4 slow SHO sequence for the synthetic Mark 11 plunt. Core

injection wiss assumed to be available until battery depletion, six hours after accident initiation. According 1o the I
calculstion, the suppression pool is not saturated, and the containment pressure i low (about 10 psig) before core
degradation (about 12 hours after accident initiation). Hewever, the suppression poal can be saturated and the

containment pressure may be sigaificant if core injection {s maintaioed for a longer time duration, cither by an |
extended hattery life or by the use of an alternate water supply, In the “streme case, when core mjection is

maintained indefinitely, the SRO sequence would bebave like a TW (oss of CHR) sequenge, with the removal of
containment heat a major concern,

RPV depressurization was assumed 1o be sucvessful in ihe siow SBO sequence. The RPV pressure wis controlled
at about 200 psia in the calculation by the use of the HPC system in the test mode. (RPV depressurization would
also be controlied by the SRVs, and it would he the method used in BWR/S plants which do nut have the HPCL
system.) However, control of the RPY prossure s lost after battery depletion, and RPV pfessure increases until
the vessel is breached at high pressure.  The containment pressure and tomperalure responses after battery
depletion in the slow SBO case ate in genoral similar to those in the fast SHO case,
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In some cases early wetwell venting can be used 10 reduce the base pressure and thus the impact of HPME
(Section $.2.3). Farly venting is advisable only if the vent path can be rechosed before significant fission products
ate released. Venting the containment stmosphere belore core degradation beging is thevelore mor desirable
because the radioactivity in the containment atmosphere is low. However, according 1o BWRSARMET COR
culoulations, the containment pressure before core melt (CM) is 100 low (about 10 psig for the sow SBO case and
less for the fust SBO case) for this strategy (o be practical. Venting after CM but before VH, while it will result in
some PP release, will have SP scrubbing, and result in less FP release than an carly HPME induced containment
failure. The containment pressure before vessel breach, as shown in Figures 6.1 and 6.3, reaches its highest value
after the second major SRV discharge, about one hour before VB, and venting during this time period will give
the greatest base pressure reduction. Farly venting therefore has the potential 1o reduce the contuinment base
pressure by 30 psi for the fast SBO gase and 50 psi for the slow SBO case. Pressure reductions of these
magnitudes may be belpful 1o prevent an early containment failure immediately after VB The containment
pressure reduction by catly venting will be more signilicant if the pressure before CM or VI is greater, as would
happen in the cases where high pressure injection can be maintained for a longer time  However, the benefit 1s
uncertain bocause of the uncertaintios in containment pressure and containment pressure capability predictions,
The ability to vent the containment during an SHO sequence is another uncertain issue and has been discussed in
Section 3.24.2.

It should be noted that early venting may not be beneficial for risk reduction. In Lact, it may cavse unnecessary FP
release if the contbinment integrity can he maintained without containment venting, or change a late release case
(due 10 late O 1o an carly release case. A simplified probabilistic risk analysis showed that preemptive venting,
i.¢., venting betore a significant rise in containment pressure in a SBO sequence 1o prevent eotitsinment ailure,
would result in significant increases in the important risk measares considered in the analysis (Le., the population
dose, the mean number of lutent fatalities, and the offsite cost) [12]. However, in the analysis, it was assumed that
the vent path, once opened, could not be reclosed.  The risk will certainly be reduced if the vent path can be
reclosed before significant fission products are released 1o the containment atmosphere. Additional considerations
using actual plant data during av sccident, such as those discussed in Section 4.2.5, will also help 1o make an
optimum venting decision.

There are other strategios that may be useful during this phase of a SBO sequence. As discussed in Section 6,
flooding of the reactor cavity before VI may have a beneficial effect on the load associated with hPME. The
aperation of drywell spray, in addition 1o providing water to the reactor cavity, may also mitigate the effects of
HPME. However, it is unlikely that water would be available for the drywell spray at this time. Available water
would be used for core cooling before vessel breach. However, in sequences where the RPY is repressurized after
the loss of dc power, an alternate water supply system, ¢ g the fire water system, may not have sufficient head 10
deliver water 1o the RPV, consequently, it could be used for the drywell spray.

6232 Challenges and Strategies in the Late Phase

Containment pressure and temperature continue to rise after the accident enters the late phase. As shown in
Tables 6.1 and 6.2, containment conditions would exceed some PO limits (¢, the pressute suppression pressure,
PSP, or the primar containment pressure limit, PCPL), but some of the actions required are not relevant any
more (€.g., RPV depressurization). Containment cooling and drywell spray. if available, can be used 1o remove
energy from the containment atmosphere and thus reduce pressure and te  derature loads. Containment venting
can be used 10 remove both mass and energy from the containment atmosphere and thus reduce the pressure.
The latter action is the only means (o reduce the pressure increase due 10 the noncondensible gases resulting from
CCL As shown in Figures 6.1 and 6.3, the containment venting pressure (PCPL, 70 psig for Limerick) is reached 4
hours after accident initiation for the fast SBO sequence and about 16 hours after accident mitiation for the slow
SBO sequence; and containment {ailure pressure (135 psig for Limerick) is reached about 10 and 21 hours, and
drywell floor penetration (by CCI occurs about 12 and 28 hours, after accident initiation, for the fast and slow
SBO sequences respectively,
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the pumps may not be lost at containment fuilure. Nevertheless, core injection may still be lost because of random
hardware faults or operator errors (e g, failure 10 depressurize the RPV,

In & slow ATWS sequence, core imjection is lost late so that core damage, core mell, and vessel breach occur after
contsinment lailure. In a last ATWS sequence, core injection is lost early such that core damage occurs in the
short term, and core melt and vessel breach occur prior to containment failure. This may occur of the high
pressure systerm, which takes suction from the SP, fails due 10 high pool temperature or excessive back pressure,
and the low pressure systems are unavailable due 10 either random system faults or a failure 1o depressurize the
RPY.

6,31 Characteristics of ATWS Sequences

ATWS sequences are characterized by the ségnificant amouat of thermal power generated in the core and released
to the containment. The primary objectives of operator actions are 10 (1) reduce cote power by in-vessel
strategies, and (2) increase the encrgy removal capabit iy from the RPY andior from the containment. Energy can
be removed from the REV by restoring the main condenser as the heat sink (an in-vessel strategy), o from the
containment by venting (an ex-vessel strategy). The major concerns for comainment venting are whether there is
sufficient venting capacity to remove the input thermal power and whether there is sufficient time 1o complete the
venting actions. These and other issues regarding venling have been discussed in Section 124,

Since ac power is available during an ATWS sequence, most of the important plant systems and instruments
discussed in Section 3 would be available during the accident. Some of the plant systems and instruments may be
lost during the aceident due 1o harsh environmental (e.g., containment temperature and pressure) or loading (¢.g.,
loads associated with HPME or hydrogen combustion) conditions.

6.1.2 Slow ATWS Sequences
6321 Contalnment Response 1o 4 Slow ATWS sequence

Figures 6.8 and 6.9 present the contanment pressure and temperature time histories of & slow ATWS sequence
calculated by the STOP code for Limenick (104 case of NUREG/CR-4624 [11]). In the cakeulation, the reactor is
assumed 1o be at 30% rated thermal power.  The containment pressure, as shown in Figure 6.8, reaches its failure
point (130 paig) at abowt 40 minutes after accident initistion. The ECCS fails after containment failure, and core
melt starts al ahout one hour.  Vessel breach ocours a1 150 minutes after accident initiation. Since a catastrophic
comtainment failure (& failure area of 7 17) is assumed in the calculation, containment pressure drops to
atmospheric level and remains there after the contamment fails. Containment temperature, as shown in Figure
6.9, reaches its design value early in the accident, drops slightly after containment faiture, and then tises to about
WOF & few nours after vessel breach. 1t drops suddenly at ahout eight hours after accident initiation, when the
drywell floor is penetrated by corum attack, and continues 1o decrease afterward because the corium has relocated
o the suppression poos,

The control of reacior power by in-vessel stratogies, ¢ g, RPV level and pressure control, will affect the energy
inpul rate to the containment and conscquently the pressure and temperature responses in the containment. This
will influence the vent area required for containment pressure control, the time of occurrence of major
phenomenological events, and the time available tor ex-vessel responses.

6322 Challenges and Strategies of Slow ATWS Sequences
Table 6.4 shows the challenges and the strategies and SAM actions required for a slow ATWS sequence. Results

of the TC4 sequence, shown in Figures 6.8 and 6.9, are used 1o provide timing and wontainment conditions for
Table 6.4 Table 6.4 is used 10 guide the discussions that follow
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61221 Challenges and Strategies in the Very Early and Early Phases

With the failure of the reactor protection system Lo initiate and complete a soram, an Alert would be declared at
the beginning of a slow ATWS sequence. A Site Arca Fmergency may also be declared. The TSC and the 1OF
would be activated carly in the accident and the TSC is expected to be operational in about 30 minutes after
accident initiation

As shown in Table 6.4, the EPG control variables would exceed their limits within about 30 minutes after accident

initiation because of the enormous energy input rate to the containment. The operator actions required o

respond (o these conditions include RPV depressurization, drywell cooling, drywell spray, and containment venting

Although the RPV was assumed 1o be at high pressure in the calculation of Figures 6.% and 6.9, RPV

depressurization can be successful and the low pressure ECCS system is then available for core cooling if needed.

Drywell cooling and drywoll spray (if operated with RHR heat exchangers) would remove some encrgy from the

containment, but their combined capacity (designed for about 2% of rated thermal power, Section 3.2.1) may be

below the energy input rate. However, with the addition of containment venting there mavbe the capacity 1o :
handle the energy input rate and prevent containment failure for many ATWS cases

The venting area required 10 keep the containment pressure selow the failure pressure depends on the net energy
input rate 1o the containment atmosphere and the pressure loss along the flow path. Figure 6.10 shows the
effective venting arca required to keep the containment pressure at a constant value for various energy input rates.
(The curves in Figure 6,10 are based on isentropic flow of dry steam taken as an ideal gas ) For a pariicular net
energy input rate, the containment pressure will increase and stabilize at a higher pressure if the vent area is 100
small, and containment failure may occur if this steady state pressure is above the containment failure pressure.
Figure 6.10 shows that an effective vent area of aboui 1.5 ft7 is required 1o maintain containment pressure below
70 psig for a net energy input corresponding to 10% rated thermal power of the reactor. The effective vent area
could be much smalier than the nominal area of the vent path. Factors sccounting for the actual valve opening
area, the pressure loss along the flow path, and the effect of actual composition and real gas properties should be
considered in the determination of the effective vent area.

Containment venting is the most important strategy to prevent a very carly containmesd failure. Containment
venting pressure (PCPL) is reached in approximately 30 minutes after accident initiation. Since ac power is
available, there seems 10 be sufficient time to open the vent path (described in Section 3.2.4). The impostant issue
is then whether the vent area is sufficient to maintain the containment pressure at PCPL. Because of the high
reactor power, the vent area required 1o maintain the containment pressure at (or below) PCPL will be relatively
large. The total vent area available for Limerick, i ¢, the area discussed in Section 3.2 4, seems 1o be sufficient 1o
maintain the containment pressure below the failure pressure if the reactor power can he reasonably controlled
(€., less than 15% rated power), However, as discussed above, the real flow capacity of the vent lines needs to
be assessed. Since containment venting is needed before core melt begins and the radioactivity in the containment
atmosphere is low, actual venting could be started earlier, before PCPL is reached. The use of « hardened vent
path eliminates the concern of potential damage to the RB structures and the equipment (Section 3.2.4.2).

In the ATWS sequences, the SP is saturated about 30 minutes after accident initiation. The opening of the vent
paths will cause the containment 1o depressurize and the SP o Nlash. Consequently, in some Mark 11 plants, the
pumps that tak, suction from the SP could fail. These pumps should be switched 1o an alternate suction source
before the opening of any vent path (Section 3.2.1),

Shortly after containment venting, the containment atmosphere would be practically void of noncondensible gases
and bocome full of steam. The use of a high capacity, cold containment spray in this stcam environment, after the
vent path has been closed, could cause a rapid containment pressure decrease and an unacceptable negative
pressure load, and should therefore be avoided. The CAC system in the containment vent and purge mode
(Sections 3.2.1) can be used 1o supply nitrogen to the containment after the reactor power is under control and the

containment is depressurized.
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63222 Challenges and Strategies in the Late and Release Phases

Without successful containment venting, containment pressute would continue 10 rise until the contiin_ ..ot fails,
This will be followed, in some Mark 11 plants, by the loss of the ECCS pumps, core melt, and vessel breach
Betore containment failure pressure is reached, the RPY may repressurize because the preumatic supply pressure
may not be sufficient 1o keep the SRVs open with the high contuinment back pressure. However, the decrease of
containment pressure after containment failure would permit the RPY o depressunize again, and core mell and
vessel breach would take place at a low RPY pressure. Since the containment has already failed in the very early
phase of the accident, the primary objectives of CRM in these later phises are 10 control the progress of CCLand
10 reduce the release of the fission products to the eovitonment. Since the core power is reduced 10 ity decay
power level aftet core melt, the challenges and strategies of the release phase of the acadent will be similar to
those of the SBO cases discussed in Section 6233,

603 Fast ATWS Sequences

6321 Contalnment Response to o Fast ATWS Sequence

Figures 6,11 and 6.12 present the contuinment pressure and temperature time histories, respectively, of 4 fast
ATWS sequence for Limerick (TC3 case of NURFG/AR 4624 (1)), The difference between this case and the
slow ATWS case is that in the present case core injection is lost, and core melt starts, before containment failure.
The high pressure injection systems are Jost due 1o either high SP temperature or high turbine exhaust back
pressure, and the low pressure injection syatem is not available due 10 RPV depressurization failure,

Before the loss of core injecdon, the reactor power is high and the containment pressure rises rapidly. After the
loss of injection, the reactor power is reduced 1o its decay value as the RPY loses its water level, and the encrgy
input rate 1o the containment is greatly reduced. Containment pressure stays almost level after the start of core
melt because of the combined effects of lower energy input rate and energy absorption by containment heat
structures, This Jeveling of containment pressure lasts until the core collapses (at about 70 minutes in Figure
6.11), after which the containment pressure increases considerably (about 30 psi, Figure 6.11). The high pressure
vessel blowdown that follows results in a significant prossure rise in the containment (about 70 psi, Figure 6.11),
and containment failure pressure is reached about one hour after VB, Containment temperature basicully follows
the same trend as containment pressure before containment failure, drops sharply after containment failure, and
increases steadily during CCT to over SO0°F. 1t drops sharply again at about six hours after accident initiation
when the drywell floor is penetrated by corium attack, and continues to decrease afterward, when the corium is
relocated to the suppression pool

6322 Challenges and Strategies of Fast ATWS Sequences

Tuble 6.5 shows the challenges as well as the strategies and SAM sctions for o {ast ATWS sequence. Results of
the TC? sequence, shown in Figures 6.11 and 6,12, are used to provide timing and conlainment conditions for
Table 6.5, The challenges 10 containment integrity for a fast ATWS sequence are similar 1o those for a fast SBO
sequence except that, because of the availability of ac power, the plant systems are available for the ATWS
sequence,

Since POPL is not reached before vessel hreach, containment venting is not likely to be carried out as a result of
the EPGs. As shown in Figure 6,11, the venting pressure is reached during vessel blowdown. Since containment
failure pressure is reached approximately one hour after VB, there would be sufficient time to open the vent path
10 prevent a containment overpressure {ailure. The situation after VB 1 similar 1o the fast SBO sequence
discussed in Section 6.3, 1t should be noted again, however, that thers are considerable uncertainties in both the
containment pressure capability and the ability to accurately predict accdent progression. The containment failure
pressure could be reached during vessel blowdown, immediate'y after VB Shoutt this happen, there would not be

NUREG/CR-S808 610




e R S R S T T

Stralegy Application

suificient time for vontainment venting, and carly containment venting to reduce the hase pressure before VB
becomes more important,

Table 6.5 shows the challenges and strategies for this case. They are in generas similar 1o those of Table 6.2 for
the fast SBO sequences. However, the availability of electric power would improve the chances tor
implementation of some strategies. For esample, containment cooling or containment spray may be avaluble, and
their use will remove energy from the contwinment atmosphere to reduce the base pressure and temperature.
However, the effect may not be significant because the temperature of the containment atmosphere bofore vessel
hreach is not significant.

6.4 Loss of Containment Heat Removal Sequences

Accidents involving the loss of long term containment heat removal (CHR) are similar 10 the slow ATWS
sequences discussed in Section 6.3.2 in terms of the sequence of major events (¢ g, vessel breach and containment
(ailure ) and the {ailure mode of the RPV #nd the primary containment. There ix a net energy increase in the
comtainment for both types of accidents, and the containment will fail by overpressure il corrective actions are not
tuken. Since the net energy input to the comainment in a loss of CHR sequence is at the decay heat level, which
is much lower than the energy involved in an ATWS sequen e, the containment pressure increase is much slower
and the time available for operator action is consequently much longer.

The operator response reguired 1o mitigate the various challenges of a loss of CHR sequence is similar 1o that for
i slow ATWS sequence (Table 6.4), but with much longer time windows available for action. The most important
operator action, containment venting, is not required until more than about 20 howrs after accident inception. The
capacity of the contmnment venting area is also not a concern because of the low power level in this sequence,
The probahility of successful containment venting is therefore very high. This reduces the significance of the loss
of CHR sequences, and as a result, this sequence does not contribute significamily to the total core damage
frequency of BWR plants in NUREG- 1180 [4)

If containment venting is not successful, or if all reactor core makeup is Jost, the accident will progress 1o core
degradation and subsequent vessel breach. The ap plication of CRM measures will be similar 1o that of a slow
ATWS sequenve discussed in Section 6.3 2,

6.8 Containment Bypass Sequences

Containment bypass sequences (V sequences) involve the breach of the reactor coolant system (RCS) pressu e
houndary at an interface with a low pressure system.  The rupture of the Jow pressure system outside the primary
containment and the unavailability of the core coolant makeup systems (which may be a consequence of the
rupture) lead to a core melt and the release of fission products directly to the secondary containment. The V
sequence is not included in the plant damage states (PDS) considered in NUREG-1150 due 10 the low core
damage frequency (CDF) associated with this type of sequence. However, since the release bypasses the primary
containment and the suppression pool, it is a high consegquence sequence and will be discussed here.

There are no appreciable pressure and temperature increases in the containment before vessel breach because the
break is outside the primary containment. The primary system loses its water inventory through the break area,
and core degradation and vessel breach will follow after the depletion of all core water.

The blowdown of the high-temperature, radioactive steam from the RPV directly to the outside, bypassing the
primary containment, will result in a high temperature radioactive a*mosphere in the area aear the break and an
entry condition f, the secondary containment control procedure (based on BWR FPGs). Following the
instructions in the procedures, the operator will try 1o isolate the systems that are discharging into the high
temperture area. 1t this fails to control the secondary containment conditions, the operator is then instructed by
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the procedures 10 shutdown (he reactor, enter RPV control guidelines, and perform emergency RI'Y
depressurization.

The secondary containment ares radiation level would ulso exceed the oporating himit as the acadent proceeds.
The operator nctions for area radiation level control are similsr 10 those for ares temperature control discussed
above, 1t should be pointed out that high secoudary containment are temperatures may also be caused by a fire
in that particular area. However, with the instrumentation indication available for the RFY 2od for the area
radistion monitoriag system, it should not be difficuli to distinguish one scenario from the other.

Isolation of the systen; that beaks to the cutside of the primary containment could climinate the source of the
accident and terminute its progression, or it could change the sequence o one that loses core injection hut without
containment bypass, similar 10 an SBO sequencs discussed in Section 8.2 1 the break ares cannot be isolated,
RPV depressurization would reduce the driving force for the break Now and thus the amount of release 10 the
outside. (The pressure in the RI'V before vessel breach may remain bigh, cven with the leak ) Duning RPV
depressurization, some of the gases and the fission products generated in the RFV are discharged 1o the
containment through the SRY lines and the SP; the total flow and fission products leaked 1o the outside of the
phimary containment are thus reduced. Since significant amounts of fission products are generated in the RPV
after the start of core melt (about 30 minutes after accident inftiation), it 1, desitable 10 imitlate emergency
depressurization as soor as possible, and to maintain the SRVs apen thraughout the aceident. The EPGs are
adequate 10 address release control as discussed above

The release could also be reduced by flooding the pipe thal leads to the leak nrea or by keeping the leak ares
submerged under water. This is very plant specific, and the identification of potential loak areas and the
preplanning for possible means to flood these potential leak areas are important for the success of this strstegy.

After vessel breach, the pressute in the RI'V would be in equilibrium with (hat in the contanment. The
pressurization of the contatnment from CCLwould drive the containment atmosphore through the RPV and the
leak area (o the outside of the containment. By passing through the RUS, the fsson product release may be
enhanced bocause of RV revolatilization. The radicactivity (rom this mode of release can be reduced by reducing
the containment pressure. This can be achieved by wetwell venting.  The flow 1o the secondary containment from
wetwell venting will have the benefit of fission product scrubbing by the SP, and the 1otal release will therefore be
reduced. In fact, if the Jeak arca cannot be isolated, it may be desirable 10 open all available containment vent
paths as early as possible 1o have the maximum amount of the release pass througn the SF. Since the PCPL is not
reached and the radioactivity released would exceed the operating limit, containment venting is not likely 1o be
carried out hased on the EPGs.

After vessel breach, the containment atmosphere will leak 10 the outside of the containment through the RCS.
Containment integrity is therefore lost after vessel breach. The primary objective of accident management is then

1o control the progress of CCT and the release of fission products. The challenges and strategies fof this case are
similar to those for the SBO cases discussed in Section 6.3 (Tables 6.1 and 6.2),
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Table 6.1 Challeages and Strategies for a Fast SBO Sequence

Plant Statas

Challenge Comment)

Strategy or SAM Actions

&:1s

0:20

200

400

Loss of Both AC & DC Power

(Plant Damage Staic)

of the Acch

SPT>9F (EPG Entry Condition )
SPY > 110F Potential Unaccepiable SP

Boundary 1 oad

{TSC Operational)
LWP > 2 psg (EPG Emtry Coadiion)
DWT > 135F

Eariy Phase of the Accident

Core Melt Starts
SPT > HCTL Same as Above
DWIT> 330 F Containment Temperature [ oad
DWip > SCSip

DWIP Increase & VB meounen:

Vessel Breach

{oad Assocated with HPME
{DCH, M&E Addmon & SP
1 oad)

Alert & Site Emergency Dedlared

(Mmm
Activate TSC & FOF

Very Early Recovery Achons

Monitor and Comtrol SP/T, SPA
DWP. and DW/T (Note 1)
SP Cooling (Nese 2)

Enter EPG RPV Control (1.
(Note 3)

CAC Systern ané SGTS
DW Cooling & WW Spray

Farly Recovery Actions

woreanddy Gojeng

—
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Tabie 6.1 Chalienges and Strategies for a Fast SBO Sequence (Continwed)

Note:

re

-

wopeoddy dlaeng

Containment! Failore

Invessel Release and Refease at  FP m Coatammnent Atmosphere RPV Depressurzation
VB

Ex-Vessel Release (CCT) Corem Flooding
Revolatiization Water 0 RPV & DW Coolng

Late fodine Release SP Cooling
All Above DW Spray and Contamment

Flooding

Containment Failure or Venting FP Release from Contamment to WV Vesting
Outside Flooding Leak Area
Coatamment Flooding

SGTS
Fue Spray

SPr'f-WM{SP)Tw.SPﬂ,~SP{mLDW‘!’-D¢ywlm(‘mm.D“fT-Dtyvele.
Letters in italic indicate that the information or system may not be available because of lack of support, e.g.. electric power.

The RPV control guideline should have heen entered carker

mm««wmwmmmmswm Unless special arrangements have been made. they
are generally not available However, recovery of electic power will make some of them avaslable.
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Note:

vonwanddy Faeng

Containment Pressure Load

Contamment Pressare, Drywell
Temperature, Noncondensible
Gas Generations, DW Floor Melt-
through, and SP Bypass

DWP > PCPL Contammment Pressure Load

Containment Failure
Release Phase of the Acodent

In-Vesse! Release and Release at FP m Contaimment Atmosphere RPV Depressurizaion

vB

I'x-Vessel Release (CCT) Corum Floodmg

Revolatihzation Water 10 RPV & DW Cooling

' ate lTodine Release SP Cooling

All Above DW Spray and Contmnment
Floodmg

Contamment Failure or Venting FP Release from Containment 10 WW Venting
Outside Flooding Leak Area
Contamment Flooding

FP & Pressure m SC FP Release from SC w SGTS
Eoviroament Fire Sprav
M

oo

SP/T - Suppression Pool (SP) Tomperature, SPA - SP Level, DWP - Drywell or Containment Pressure, DW/T - Drywell Temperature.
lrnmsiniulicindiatclhnheMm«mmmthMthkdmcg.mwv

‘The RPV control guideline should have been entered carlier

The RPV will repressurize after the Joss of SRV control power (e, dc power). RPV dcwmmhcmm*m
ckamm(km)ndmmkmm(Pﬁ)uMbyCH
‘mumdquwammmnswmm‘ Uniess special arrangements have heen made, they
are generally not available. However, recovery of E/P will make some of them available.
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Table 6.3 Consequences of the Various APBs in Figure 6.7

Base Case 12 S§Vi1 sV2
Latent Fatalities 3,040 139 100 91
S0-Mile Population Dose 1.5(%) 1.2(4) 7.2(3) 7.0(3)
(Person-sieverts)
Offsite Cost () 539 34N 1.2(M) 1L.27)
Decontaminated Farm Area 70 0 0 0
(Hectares)
Interdicted Farm Area 70,500 701 264 312
(Hectares)

M

Note: "1.5(5) = 1.8 x 10'
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Late Phase of the Accide
1:40
DW'T > 340 F Containment Temperatere Load
DWP > pCPL Containment Pressure Load
«Cl Containment Pressure, Drvwell
Temperature, Noncondensible
Gas Generation, Drywell Floor
Melt-Through, and Suppression
Pool Bypass
2:40 Containment Failure
Release Phase of the Accident
0:35 - 1:40 In-Vessel Release and kelease at FP in Containment Atmosphere  RPV Depressurization
VB
1:40 - Ex-Vessel Release (CCH) Conum Flooding
Revolatilization Water to RPV & DW Cooling
Late lodine Release SP Cooling
All Above DW spray and Containment
Floodi
2:40 - Containment Failure or Venting FP Release from {entainment to  'WW Venting
Outside Flooding Leak Area
Containment Flooding
P & Pressure in RB FP Release from RB i SGTS
Environment Fire Spray
=T
Note: 1. SP/T - Suppression Pool (SP) Temperature, SPL - SP Level, DWP - Drywell or Containment Pressure,

e

DW'T - Drywell Temperatuare.
The RPV control guideline should have been started earlier.

wonmiddy dawmng
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Figure 6.1 Primary Containment Pressure Distribution for the Mark il Short-Term Station Blackout Sequence
Without ADS Actuation (Reference 13)
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Figure 6.3 Primary Containment Pressure Distribution for the Mark Il Long-Term

Station Blackout Sequence With ADS Actuation (Reference 13)
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Figure 6.8 Containment Pressure Respouse for Limerick TC4 (slow ATWS) Sequence
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Summary and Conclusions

7.1 Existing Accident Management Capabilities
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Summary

i

|

t

|

[' dse of CRETs discussed above, can be utilized to provide data for decision making. The probability of making the
| right decision will be increased if the uncertaintios can he reduced. Important areas of uncertainties include

} current understanding of containment performance, and the ability to predict accident progression accurately. For
, some strategies further investigation at this time may not be warranted until severe accident phenomena are better
c understood. Fven when these uncertainties are resolved as best as possible, there will be a need to vonsider an

r optimum choice of strategies. The optimum choice will depend ap the impact of a strategy on a particu.ar

| challenge, as well as on other challenges that may occur concurrently or at later times. As severe accident

L _ phenomena are understood better, it should become increasingly worthwhile 10 investigate and re-evaluate such

| optimum choice of strategies.

; 7.4 An Integrated Approach for CRM |

[ CRETs have been used in this report as a guide in the examination of accident wqucnces*challcngc and
| strategy identification. The same tree structure, with appropriate probability distributions ¥igned 10 the

' individual elements of the tree, can be used 10 quantity the effectiveness of individual strategies. Another

l upplication of the CRETs for sccident management is in the prediction of accident progression during an actual

| accident. When combined with a simple consequence prediction code ana with the meteorological conditions and
| offsite activities already available, this could provide an integrated approach for accident progressian and
I

PR | S p——

consequence prediction.

ds

NUREGACR-5805 .



10,

12,

| 13,

14,

16.

17,
18.

19,

8 References

"Assessment of Severe Accident Prevention and Mitigation Features,” Brookhaven National Laboratory,
NUREG/CR-4920, Vol. 11, July 1988,

"Severe Accident Insight Report,” Brookhaven National Laboratory, NURFG/CUR-S132, April 198%

"Assessmont of Candidate Accident Management Strategies,” Brookhaven National Laboratory,
NUREG/CR-5474, March 1990,

"Severe Accident Risks: An Assessmeni for Five US. Nuciear Power Plants,” (Fina! Report), NUREGT150,
December 1990,

“Integration Plan for Closure of Severe Accident Issues,” USNRC, SECY-88-147, May 1488,

"A Systematic Process for Developing and Assessing Accident Management Plans,” Idaho National
Engineering Laboratory, Inc., NUREG/CR-5543, March 1990,

“ldentification and Assessment of Containment and Release Management Strategies for a BWR Mark |
Containment,” Brookhaven National Laboratory, NUREG/CR-5634, July 1991

"Application of Containment and Release Management to a PWR lce-Condenser Plam,” NUREG/CR-5707,
July 1991

"Identification and Assessment of Containment and Relea.c Management Strategies for a BWR Mark 111
Containment”, Brookhaven National Laboratory, NUREG/CR-SR02, February 1992,

"MELCOR Analyses for Accident Progression Issues,” NUREG/CR-5331, January 1991

"Radionuclide Release Under Specific L WR Accident Conditions,” Battelie Columbus Laboratories,
BMI-2104, Volaome VIII, July 1986,

"An Assessment of BWR Mart (1 Containment Challenges, Failure Modes, and Potential Improvements in
Performance," NUREG/CR-5528, July 19%0

"T'he Response of BWR Mark [l Containments to Station Blackout Severe Accident Sequences,”
NUREG/CR-5568, April 1991.

"Assessment of devere Accident Mitigation Strategies for a BWR Mark 11 Power Plant,” Brookhaven National
Laboratory, Technical Report A-3964, December 1988,

"BWR Owners Group - Emergency Procedure Guidelines, Revision 4," General Electric Co., NEDO-3133],
March 1987,

"Accident Management Information Needs," Idaho National Engineering Laboratory, NUREG/CR-5513,
April 1990,

"Containment Performance Working Group Report,” NUREG-1037, May 1988,

"Fission Product Release Characteristics Into Containment Under Design Basis and Severe Accident
Conditions,” Brookhaven National Laboratory, NUREG/CR-488]1, March 1988,

“Evaluation of Severe Accident Risks: Expert Opinion Elicitation on Source Term Uncertainty [ssues,”
Rough Draft, Sandia National Laboratories, NUREG/CR-4551, Volume 2, July 1989,

8.1 NUREG/ACR-5808



Relerences

200 "Uoimate of Farly Containme  Loads from Core Melt Accidents,” NUREG-1079, December 1985,

21, "Final Safety Analysis Report, Limerick Generating Station, Units 1 & 2°, Philadelphia Electric Company,
1983,

22, "Radionuclide Release Under Speciiic LWR Accident Conditions,” Batielle Columbus Laboratories,
BMI-2104, Volume 11, July 1984,

23 "Limerick Generating Station Simulator Test®, General Physics Corporation Training Services, 1981

24, "An Analysis of Containment Venting as a Severe Accident Mitigation Strategy for the BWk Mark 11
Containment,” IEEL Transactions on Nuclear Science, April 1990.

25 "Recommendation of Containment Performance Improvement Program for Plants with Mark 11, Mark 111, fce
Condenser, and Dry Coatainments,” USNRC, SECY-90-120, March 1990

26. "Mark | Containment Performance Improvement Program,” USNRC, SECY-89-017, January 1989,

27, "Requirements for Emergency Response Capability,” Supplement 1 10 NUREG-0737, December 1982,

28, "Criteria for Preparation and Evaluation of Radiological Emergency Response Plans and Preparedness in
Support of Nuclear Power Plants," NUREG-0654 FEMA-REP-1, Rev. 1, November 1980 and NURFEG-
D654 FEMA-REP-1, Rev. 1, Supp. 1, November 1937,

29, "Guidelines for the Preparation of Emergency Operating Procedures: Resolution of Comments on
NUREG-0799" NUREG-0899, August 1982,

30, “Instrumentation for Light-Water-Cooled Nuclear Power Plants to Assess Plant and Eavirons Conditions
During and Following an Accident,” USNRC Regulatory Guide 1.97, Revision 3, May 1983,

31, “Environmental Qualification of Certain Electric Equipment Important to Safety for Nuclear Power Plants,”
LISNRC Regu'story Gaide 1.89, Revisioa |, June 1984

32 "IEEE Standard for Qualifying Class TE Equipment for Nuclear Power Generating Stations,” The Institute of
Electrical and Electronics Engineers, Inc., TEEE STD 323-1974.

33, "Criteria for Accident Momitoring Functions in Light-Water-Cooled Reactors,” Armerican Nuclear Society,
ANEIANS 4.5-1980, 1980

34, "Probabilistic Risk Assessment - Limerick Generating Station,” Philadelphia Electric Company, 1982

35, "Probabilistic Risk Assessment, Shoreham Nuclear Power Station,” Science Applications, Inc. for Long (sland
Lighting Company, June 1983

36, "Susquehanna Steam Electric Station Individual Plant Examination,” Pennsylvania Power and Light,
NPE-86-001, 1986.

37. "Containment and Phenomenoiogical Event Tree Evaluation at Full Power for the Shoreham Nuclear Power
Station,” Science Applications International Corporation for the Long Island @ighting Company, February
1988,

3% "Review of the Limerick Generating Station Probabilistic Risk Assessment,” Brookhaven National Laboratory,

NUREGACR-3028, February 1983,

NUREG/CR-580S B-2



S i

g P ——

39

41

42

43,

45

47.

PR o P L e e S P e sm—

References

"A Review of the Shoreham Nuclear Power Station Probabilistic Risk Assessment,” Brookhaven National
Laboratory, NUREG/CR-4050, June 1985,

"Classification of TMI Action Plan Requirements," NUREG-0737, October 1980,

"Evaluation of Severe Accident Risks: Peach Bottom, Unit 2," Sandia National Laboratories, NUREG/CR-
4551, Volume 4, Rev. 1, Decembor 1990,

"Radicnuclide Release Under Specific L WR Accic:nt Conditions," Battelle Columbus Laboratories, BMI-
2104, Volume 11, July 1984,

“Technical Aspects of Hydrogen Control sud Combustion in Severe Light-Water Reactor Accidents,”
National Academy Press, 1987,

“Fuel-Coolant Interactions and Vapor Explosions; Recent Results and Related Issues,” NUREG/COP0104,
The Seventeenth Water Reactor Safety Information Meeting, October 1989,

"Mark I Containment Performance Improvement Program,” USNRC, SECY-89-017, January 1989,
"Completion of Containment Performance Improvement Program and Forwarding of Insights for use in the
Individu:: Fiant Examination for Severe Accident Vulnerabilities,” U.S. NRC Generic Letter No. 88.20,
Supplement No. 3, July 6, 1990,

"Functional Criteria for Emergency Response Facilities,” NUREG-0696, February 1981

"An Integrated Structure and Scaling Methodology for Severe Accident Technical Issue Resolution,” Draft
Report for Comment, NUREGATR-5809, November 1991.

K3 NUREG/CR-S%)5



US NUCLEAR REGULATORY COMMISSION § 1 REPORT NUMBER
By NRC A Vol S ey
701 3305 BIBLIOGRAPHIC DATA SHEET o .
190% 3200
T e e NUREG/CR- 5805
(Sme ngtruc in i B
BNL-=NUREG-52306
2. TITLE AND SUBTITLE
Identification and Assessment of Containment and Release
Management Strategies for a BWR Mark 11 Containment 3 DATE REPORT PuBLInED |
)_, & » \ - _‘M‘\)~\':‘v - _'VT -‘-.«.-"
June ' 19492
4 FINOR GRANT NUMBE B
L1240
5 AUTHURIG) 6 TYPE OF REPORT
C. €. Lin, J. R. Lehner Technical
PERIOD COVERED linchume Dater)

8 PERFORMING DRGANIZATION - NAME AND ADDRESS s 48 provide Divgion. O or Region 15 Nuciew Regulatary Commmsion ang making sddwss 17 contatos . covide
Dame andt macting soteeas |

Brookhaven National Laboratory
Upton, NY 11473

BPONSORING ORGANIZATION - NAME AND ADDZESS (1f NRC tppwe “Sarve gi abowe i contrgetas provide NPT Divigian. Ofhes ar Rogion 4 5 Nuckes: Reguigtory Commissson
Mg i e )

34

Division of Svstems Reseirch
Office of Nucleu: Regulatory Research
U.8, Nuclear Regulatory Commissior
Washington, DC 20555

10 SUPHLEMENTARY NOTES

11 ABSTRACT /200 words or ew)

Accident menagerient strategles that have the potential to maintair containment
integrity and cont-ol or mitigate the release of radicaciivitv fc)lowing a severe
accident at a boiling water reactor with a Mark I1 type of containment are identified
and eviluated. The strategies are referred to as ccntainment and release strategies.
Using information available from probabiliscic risk assessments and ofher existing
severe accident research, and employing simplified containment and release
trees, this report identifies the challenges a Mark II containment may encounter during
a4 severe accident, the mechanisms behind these challenges, and the strateeies that could
be used to mitigate the challerges. By means of a safety ol jective tree, the strategies
are linked to the general safety objectives of containment and release management . As
part of the assessment process, the strategies arz applied to certain Hcvcré accident
sequence categories deemed important to a Mark II containment. These SeqUEencs
categories exhibit one or more of the following characteristics: high probability of
core damage, high consequences, lead to a number of challenges, and involve the failure
of multiple systems., The Lim-rick Generating Station is used as a representative Mark
IT plant to 1llustrate plant specifics in this report.

12 KEY WO-G;DQ’DESCF‘PTOWS!m: Ot O A rases INBE Wil aRIS! FRSRArT ey W loCRtIng IAe resert 13 AVAILABILITY “TAYE
Unlimited
BWR Type Reactors- Containment Systems, Fission Product Release, 7o SECORITT CLASSIFICATION ]
Management, Reactor Accidents, Probability, Core Damage, Loss of TTis Pog.
Coolant, Radiation Protection, Failure Mode Analvsis, Risk Assesc- *classified
ent, Evaluation, Limerick~l Reactor. Limerick-2 Reactor (Thi Aegort

Unclassified

16 NUMBER OF PAGES

16 PRICE

NAC FOMM 308 (789



THIS DOCUMENT WAS PRINTED USING RECYCLED PAPER



UNITED STYATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555-0001

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE, §300

SPECIAL FOURTH.CLASS RATE
POSTAGE AND FEES FAD

PERMIT MO G-87




UNITED STATES f

SPECIAL FOURTH.CLASS RATE
POSTAGE AND FFES PAD
UsSNaC
FERMIT NO G687

REGULATORY COMMISSION

B OVl ¢ T2l
I N 2 £ 20 3

NUCLEAR

F-etall




