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Executive Summary

The purpose of the present report is to ideatify, as well as 10 assess, accident management strategies which could
be important for preventing containment failure and/or mitiy ding the release of fission products during a severe
accident in & BWR plant with a Mark 111 type of containmen... While the development of detailed actions is of
necessity plant specific, the ideas contained in this report can be useful 1o individual licensees who are in the
process of developing their accident management programs. The report should also be helpful 1o a reviewer of a
licensee’s accident management plan. The Grand Gulf Nuclear Station is used as the example plant in this
report, but some of the differences among the four domestic Mark 111 plants are also discussed.

The present report emphasizes the use of existing plant capabilities for severe accident management. The plant
features that are important to containment and release management (CRM) of a BWR Mark 111 containment are
reviewed 1o identify their function and performance under severe accident conditions.  These include the plant
systems, the resources needed 10 support theis operation, the emergency respanse facilities, the emergoncy
procedure guidelines (EPGs), and the instrumentation required 1o assess the plant and its environs during and
following an accident. Important issues related to these systems and some of the uncertainties mvolved in severe

accident phenomena are discussed

Maximum use was made of information contained in currently available safety studies related 10 BWR
containments in general and Mark 111 plants in particular. Use was made of simplified containment and release
event trees (CRET's) in both identification and assessment of strategies. One result of this examination is a salety
objective tree which links the general salety objectives of containment and release management with the strategies
identified as helpful in mitigating the challenges

The strategics were assesse § by appheation (o certain accident sequences. The sequence calegories selected for
strategy assessment consisted of station blackout, ATWS, loss of containment heat removal, and containment
bypass. These provide a range of accident characteristics which need 10 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 safety systems. The selected sequences also cover all the identified challenges and thereby
allow all the strategies 1o be considered. Sequences with a significant probability of core damage or witl: the
potential for Figh consequences are included in the assessment. The strategies discussed may, of course, also be
of berefit in other sequences than the ones considered in this report.

Important CRM strategies are discussed in detail in this report to provide guidance for the development of
syptom based strategies which could be considered for implementation. The most important points related to
strategy implementation are discussed with emphasis on symptoms leading to strategy initiation, diagnosti
coucerns, downside risks, and operator action concerns. The challenges which a Mark 111 containment is
subjected during & severe accident are in many ways similar to those faced by the other BWR containments, ie.
Mark 1 and Mark 11 plants. Therefore many of the strategies are also similar. However an important additional
challenge for Mark 1IT's is burning of combustible gases. This challenge, and the strategies aimed at combustible
gas control, are discussed at length in the report.

In addition to the BWR Emergency Procedure Guidelines the Grand Gull Emergency Operating Procedures were
used 1o estimate the operational response 10 a severe aceident currently available at the plant. While the existing
EPGs are designed primarily for plant conditions expected prior to significant core damage, CRM strategies
consider plant conditions well beyond this poiat, including vessel breach and containment failure where release
management becomes more important.

Although there are significant uncertainties in the understanding of some of the phenomena involved in a severe
accident, the ability to predict accident progression accurately, and the plant capabilities under severe accident
conditions, the strategies identified in this report were found 1o be in general effective based on their application
during the accident sequences considered for the Grand Gulf Nuclear Station. Often a single strategy would have
multiple beneficial effects on accident management (€4, containment spray could reduce containment
temperature and pressure, scrub fission products from the containment atmosphere, and provide water for corum
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Executive Summary

quenching). However some of the strategies may have significant adverse effects. In a Mark 111 containment the
flooding of the reactor cavity, i.e. reactor pedesial area, niay mitigate core-concrete interaction and reduce some
loads associated with hish pressure melt ejection, but may also lead to significant ex-vessel steam explosions.
Current risk analyses indicate that the benefits of a flooded cavity still outweigh the drawbacks.

As for other containments, the lack of control room indications of containment variables in a Mark 111 could be &
significant problem for accident management. This deficiency is particularly setious for a station blackout
sequence, shown in NUREG-1150 10 be a dominant severe accident sequence for a Mark 111 containment. The
survival of plant instruments under severe accident conditions is also quite uncertain. The containment
conditions, ¢.g., temperature, pressure, and radiation, that may occur in a severe accident may exceed the
environmental conditions for which the instruments are qualified. These areas could benefit from additional
research efforts,

An added suggestion based on the investigations performed for this report is that, during an actual accident,
decision making for accident management may be enhanced through the use of simplified CRET's with updated
plant status information and probability data 10 predict accident progression. When combined with a simple
consequence prediction code and with the meteoralogical conditions and offsite activities already available, this
could provide an integrated approach for accident progression and consequence prediction.
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Approach
wWentification s more Hkely 1o achisve a contain degree of completeness than other moie haphazard identification

processes. Nevertheless, oo identification process can claim 1o sccount for all possible challenges and associated
mechanisms, or 10 have identilied sll possible strategies

2.3 Strategy Assessment Process

Previous history as well as ihe accident phase during which @ challenge arises often play an important role in
determining which strategies should be implemented and bow suecessful their implementation will be. To aceount
for these factors certain accident sequences are selected and the strategies are ussessed in the context of these
sequences. However, the identified strategies are not anly applicable 10 the sequences discussed.  The strategies
will ofien be beneficial wnder other conditions as well, although these conditions may need 10 be accounted for in
strategy implementation,

Since this report deals with containment and release related strategies, accident progression is tracked starting
from s plant damage state For the Mark 11 strategy sssessment this tracking was accomplished through the use
of simplified containment event trees whose top events consisted of events deemed ut for accident
management actions. These event trees have been used in the strategy identification n Section 4,
where some prelimivary assessment of the strategies » also presented. A further assessment of the identified
stralogies, loflowing the progression of selected secldent sequences, is presented in Section 6.

To discuss scrategy application it is convenlent 10 distinguish among & numuer of phases during accident
progression. These are: (1) the very early phase, belore core damage has occurred, (2) the early phase, between
the stan of core damage phase 1o shortly after vessel breach, (3) the late phase, after vossel breach but prior 1o
containment fuilure, and (4) » radiclogical release phase. These phases need not all occur in order.

on the secident, the radiological release phase can be entered from any of the other phases. Similarly, nding
on the sequence and/or sccident munagement wctions, a recovery can be made from any of the first three phases.
Figure 4.1 shows the relationship between the secident phases. 1t should also be noted that vessel breach is 100
sudden 10 allow for accident management actions during the actual time of vessel fallure, but certain actions can
be tuken prior 1o faflure with the purpose of mitigating the resu'ts of vessel breach, These actions are considered
under the early phase.

NUREG/CR-S802 2.2




3 Plant Capabilities and Severe Accident Management

The plant information that is important for containment snd release management is discussed in this section
Section 3.1 describes the general featuses of the pressure suppression system of a Mark 111 containment, Section
1.2 discusses the plant safety and supporting systems (bl are imiportant 10 wvere accident manugement, and
Section 1.3 describes existing accident management capabilities, particularly the BWR emergensy procedure
guidelines and the plant instrumentation required by NRC for plant condition assessment in an accident.

31 Mark 1 Containment System

The Mark 11 primary containment system is & pressure suppression containment system. 1t consists of (1) @
drywell which encloses the reactor vessel, (2) an annular shaped pressure suppression chamber (wetwell)
surrovuding the drywell and containing a large volume of water (suppression pool), (1) a horizontal vent system
connecting the drywell and the suppression pool, (4) containment isolation valves, (8) containment cooling
systems, and <) other service equipment. The primary containment system is designed 1o (1) condense the steam
relensed during s postulated LOCA, (2) limit the release of fissicn products in an sccident, and (3) provide a
source of water for the emergency core cooling system (ECCS),

Thete are four commercial BWRs operating in the United States which utilize the Mark 111 containment design.
hese are Girand Ciull (1142 MWe), Chimton (Y30 MWe), Perry (1205 MWe), snd River Beud (936 MWe)

The primary containment of Grand Gull is a steel reinforced concrete structure, consisting of a vertical cylinder
(36 feet thick wall), 8 hemispherical dome and a flat base (see Figure 1.1). This concrete provides both
structural strength and biological shielding. A thin welded steel liner plate (0.250.5 inches thick) is used on the
inside surface to form a leakage barrier. While the construction of the primary containment of Clinton is similar
10 that of Grand Gult, Perry snd Kiver Bend use a free standing steel primary comtainment made with steel plate
(=~ 1.8 inches thick). The structure vonsists of a vertical eylinder with an ellipsoidal head and a flat bottom steel
liner plate. The entire structure is anchored 1o the concrete hasemat [13), While providing both stractural
strength und & leakage barrier, the froe standing steel primary containment offers little biological shiclding. For
Perry and River Bend this is provided by the reinforced concrete secondary contumment described in section
314

The main internal structures are, for the most part, common 1o all plants. The drywell is a eylindrical reinforced
concrete structure with a flat rool slab. A circular opening in the toof slab is covered with a removable steel head
10 allow access for refueling. Enclosed within the drywell are the reactor vessel and a large portion of the reactor
coalant pressure boundary including the coolant recirculation loops and associated pumps. This seismic Category
| structure was designed 1o contain loss of coolunt accident (LOCA) pressure transients and direct the resulting
air-steam mixtures into the suppression pool. The drywell also provides support for the upper containment pool,
as well as, radiation shielding, and protection for the containment from pipe whip, missiles, and jet impingement.
The containment volume outside of the drywell consists of the upper dome and the lower wetwell (Figure 3.1). Tt
includes the suppression pool, the annulus formed by the drywell outer wall and the primary containment inner
wall, and ths wpper wotainment pool plus the volume above it [13).

Severe accident management, as defined in the NRC policy issue letter SECY-88-147 [5], includes the measures
taken by the plant staff 1o (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 long as possible, and
finally (4) minimize the conse quence of offsite release  lems (3) and (4) are the objectives of the present study.
Containment characteristics and design bases relevant 10 these two objectives are #isoussed below for the primary
containment, the secondary containment, and the suppression pool. In the following discussions Grand Galf is
used as the representative Mark 111 plant. 1t is impartant (o note that there are variations among the four
operating Mark 111 plants, and that while much of the subsequent discussion is generic 1o all plants, the variations
may markedly affect the individual plant response 1o severe acaidents. Some examples of these differences are
discussed below.

31 NURFGAR-S802
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Plant Capabilities
LI Primary Contalnment

The primary contamment’s pressure capabiility and its fallure mode under vanious containment foay ng conditions
are important factors fluencing the consequence of o severe sccvfoat. [he ability of the primany centainment (o
retain fission products, sllowing nstural deposition processes 1o oceur, i another important factor alfecting lission

product release.

As long as the containment remains intact and is wot bypassed the amount of fission products released will be
insignificant. I the containment does Tail, the consequence of fision product release will depend strongly on the
viming and mode of failure. A larger failure se will result i a more rapid discharge, allowing less residence
time for natural deposition, and cousequently, i most cases @ greater releare of radionctive materials to the
covironment. Even with containment fallure, i the drywell s ot bresched, the release 1o the environment wil
pass through the suppression pool snd a large fraction of the fisslon products will be removed. A delayed
containment failure will reduce the amount of radivactivity released by allowing more time for fission product
decay, additional natural deposition in the containment, and a longer warning period for emergency response
actions, Le., evacustion, sheliering, and relocation.  These issues are further discussed below,

L1LLL Containment Pressure Capability and Failure Mode

The drywell of Grand Gull is designed 1o withstand an istcrnal pressure of 30 psid, an external pressure of 21
psid, and a temperature of 330 “F. The wetwell has an internal design pressure of 15 psig, an external design
pressure of 3 paid, and » design temperature of 188 “F [13] The primary containment leakage rate is limited o
less than 0.35% free volume per day at design pressure snd temperature [17], For a companson of containment
design characteristics among the four operating Mark 111 plants see tables 3.1 and 3.2

There is considerable uncertainty in estimatiog the ullimate containment strength and failure mode. In the
Severe Acoident Risk Reduction/Risk Rebaselining Program (SARRP) containment failure by overpressurization
is assumed 10 occur s pressure of 71 psia (with & break ares of 7 square foet) [11]. In the NUREG-1150 study,
probabilistic descriptions of containment faiivie pressure and lailure mode were used. The mean failure pressure
for Grand Gull's containment is estimated at 85 psig (4], For rapidly occurring pressure loads, the mean failure
pressure of the drywell is estimated 10 be 88 psig 7).

During a severe accident, some actions, lke contalnment venting, have to be based on extrapolated containmoent
loading conditions and the expected containment performance under these conditions. Since such an action may
result in unnecessary fission product release if implemented 0o quickly, Le. before the containment’s actual
pressure limit is reached, a better knowledge of the containment’s capability will increase the probability of
making the right decision

3112 Containment Fission Product Retentior,

In the absence of additional sources, the amount of fission products in the containment stmosphere will decrease
with time by natural deposition processes, and coassquently, the amount of fission products released 1o the
environment will be reduced if containment (abure is sulficiently delayed. Additionsl time also allows more
radioactive decay 10 oceur before FPs are released. Containment fission product sources are twofold: those
arising from the degradation of the core materials in the reactor pressare Jessel (RPY), and those resulting from
the attack of the concrete floor by the molten core debris after vessel breach. With STCP modelling most of the
release from the vess<l occurs belore or at vessel breach. After vessel fuilure and the start of core concrete
imeraction (CCH) the OC1 will reach a peak and then diminish 10 a negligible level withio a few hours [18].
Although complete cooling of the debris may take s very long time, sufficient cooling to significantly reduce
fission product release should take only a few hours. NURECG-1150 defines late containment failure, when fission
products in the containment atmosphere have been greatly reduced by natural depaosition processes, as 6 hours

NUREGAR 5802 3.2




Plant Capabilities

after vesse breach for the invessel release and 3.8 hours alier the start of CCl for the ex vessel release |19 The
models used in other severe aecident codes may produce ditferent CCI histories.

11.2 Suppression Pool

In & postulated LOCA the drywell is pressurized by the high energy coolant discharged from the primary system.
his drywell pressure increase in turn forees the drywell atmosphere through the vent system into the sup{::rwbn
pool, where steam is condensed and noncondensible gases are released 1o the wetwell airspace Viacuum breakers
are provided between the drywell and the wetwell 1o relieve negative pressure events in which the wotwell
pressure exceeds that of the drywell. Fot Grand Gall there are Uaee vacuum relief systems. The normal drywell
viscuum relief system is provided to relieve a vacuum ocourting due 1o normal variations in drywell conditions.
This is not a safery system and on a LOCA signal these vacuum lines wolate. The drywell purge system provides
vacuum relief after 8 LOCA through two lines drawing air from the sontainment into the drywell. The lines are
set 10 open when the drywell pressure falls more than one psi below containment pressice, As a backup to the
drywell purge system vacuum relief, the post-1 OCA vacuum relicl system is provided. 1t consists of two separate
lines alwo drawing ait from the containment into the drywell [13] River Bend does not use vacuum breakers 1o
provide protection against negative pressure events, but rather relies on reverse vent clearing. Reverse vent
clearing occurs when a drop in drywell pressure relative 1o containment pressure causes the suppression pool
water level 1o fall. Upon a large enough pressure differential the tap row of vents uncovers allowing air to Now
from the containment into the drywell (20

The suppression pool also provides a heat sink for steam condensation during safoty-reliel valve (SRV) actuation.
Ihe SRVs are designed to control the primary system pressure.  They are mounted ou the main steam lines inside
the drywell with the relief lines discharging o the suppression pool.

The suppression pool is an alernate water source for the high pressure core injection systems (RCIC and HPCS),
and the sale water source for the low pressure FCCS systems (LPCS and LPCT) and the containment spray (CS)
gystemy (8], LPCLand CS are different operating modes of the RHR system and, as such, share components of

the RHR system.

The enstgy deposited into the suppression pool during an accident can be removed {rom the suppression pool via
the RHR heat exchangers. The ultimate heat sink for the RHR heat exchangers is provided by the plant standby
service water (SSW) svstem. The suppression pool plays a very important role i fission product removal during a
severe aceident. It provides significant fission product scrubbing of any flows passing through i, Since it is the
water source of many safety systems, pool conditions, such as water temperature and water level, affect the
performance of the englneered safety features of these systems. A brief discussion of the role of the suppression
pool in severe accident management is presented below.

3121 Suppression Pool Decontamination Factors

Suppression pool scrubbing is particularly effective for fission products produced in-vessel and released through
the SRV spargers. The decontamination factor (DF) used in the NUREG-1150 analysis for in-vessel relcases
ranges from 1.1 10 4000 with a median value of 60 [4]. In comparison, the DF for exvessel reieases and flows
passing through the horizontal vents is smalier. The DF values used in the NUREG-1150 analysis range from 1
to Y0, with a median value of 7.

After the RPV is breached, fission products are released to the drywell. Part of these releases will pass through
the vent system and be scrubbed by the suppression poal. Drywell failure would allow fission products o pass
directly inta the wetwell airspace without the benefil of suppression pool scrubbing. As demonstrated by the large
DF range given above, there is considerable uncertainty in the effectiveness of suppression poal fission product
scrubhing capability. Nevertheless, the integrated decontamination factor is in general significant and it is
important to assure that any release 10 the environmont should pass through the suppression pool, if possible.

3.1 NURFG/OCR-S802




Plant C apataives
3122 Suppression Pool Temperature

The suppression pool temperature is one of the control variables in the BWR emergency procedure guidelines
(EPGs) and is monitored und controlled woder both normal and sccident conditions (18], Reactor vessel
depressurization is required # pool temperature exceeds the heat capacity temperature limit (HCTL) 10 svoid
exceeding eicher the suppression chamber design temperatute, of the primary containment pressure limit (PCPL).

Suppression pool lemperature is controlled by the operation of the RHR beat exchangers, which are designed,
with redundancy, 1o remove the reactor decay heat in o design basis accident.  However, excessive pool heat up
My oecur in some accident sequences. The pool temperature will increase if the heat removal rate of the RHR
heat exchangers is not sufficient 1o kandle the beat nflux, as can happen in an ATWS event, or if the
containment cooling function of the RHR system fails, as happens in a TW sequence (Loss of loug term
containment heat removal),

Loss of suppression pool temperature control may result in exceeding the design temperature and pressure limits.
High pool temperature may cause 8 resuspeasion of the FPs in the SP, and a flashed SP will add to the driving
foree causing the release of the containment atmosphere, and the fission products it contains, 1o the eavironment.
A high suppression pool temperature will also tncrease the potential for late iodine release from the suppression
pool, which is another source term issue addressed by expert elicitation in NUREG-1150.

3.1.2.3 Suppression Pool Water Level

The suppression pool water level is another EPG control variable (18] The suppression pool loses its pressure
suppression capability if its water level is too Jow. However, there sre also problems associated with a high water
level. A high water level can result if water sources other than the suppression pool are used for either core
injection or containment spray. A high water level raises concerns about (1) the loads associated with clearing
the water slug initially in the SRV line during SRV discharge, and (2) flooding the vacuum breakers between the
drywell and wetwell. .

Following the guidance of the BWR FPGs, the Grand Gulf emergency operating procedures provide specific
directions and procedures 10 control suppression pool water level in an accident. The suppression pool makeup
(SPMU) system is provided in most Mark 111 plants 1o supply water to the suppression pool following a LOCA
This system allows the uppet contatnment pool 1o be gravity fed through two lines into the suppression pool.
Fach line containg two motor-operated valves in series. Emergency procedures are also provided 10 add water 10
the suppression pool with the RCIC or the HPCS systems if the SPMU system is unavailable. Procedures are
availat le as well 1o remove water from the suppression pool through test lines connected to the condensate
storage tank (CST), if the water level is high [21]. Since the suppression pool water could be highly contaminated
in a severe accident, finding means 10 remove ¢xcessive suppression pool water for safe storage in a leaktight tank

is important.
3.1.3 Secondary Containment

Enclosing the primary containment is the secondary containment, The performance objective of the secondary
containment is 10 provide o vulome, completely surrounding the primary containment, which can be used 1o hold
up and dilute fission products that might otherwise leak to the environment following a design basis accident.
The standby gas treatment system (SGIS) is designed to provide a mixing of the secondary containment volume
and maintain the volume at a slightly negative pressure. The exhaust air required 1o maintain the negative
pressure is discharged through SGTS filers.

The secondary containment for Grand Gulf is made up of the auxiliary building, a reinforced-concrete structure

which surrounds the lower portion of the primary containment, along with the enclosure building covering the
upper part of the primary containment. The Grand Gulf enclosure building is a steel-framed structure covered
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3.2 Plant Systems and Resources

The plant systems and resources that can be used for severe acoident management include those that are designed
for emergensy containment coohing vnder socident conditions and those that, through maovative application, can
be used to perform accident mansgement functions they were not oniginally designed for. NUREGOR-S474 3]
has discussed in detuil some pecident management strategies telated 1o nnovative use of systoms and resource
management. Although the emphuss of NURFGAOR-S474 s on maintaining core coohing, the strategies
concerned with locating and managing additional water, power, and pacumatic supply resources are equally
applicable to contalnment and release management (CRM) The plant systems and tesonrces that are important
10 CRM are discussed briefly below  Grand Gull plant parameters are used for illustration

321 Primary Contalnment Cooling and Water Supply

In Girand Gulf the containment cooling system (o fan-cooler systeny) is used during normal plant operation 1o
maintain the primary containment atmosphere at design conditions outside the drywell of 80 °F and 60% relative
humidity. The drywell cooling system (also @ fancooler system) s used during normal operation 1o maintaie
average drywell design conditions of 138 1 and S0% relative humidity. The residual heat removal (RHR) system
is used during an sccident for emergeney cooling of the primary containment. The RHR system uses the
suppression pool as its water source and can be operated i suppression poal cooling (SPC) mode, of
containment spruy mode for containment cooling. A short description of these systems for Grand Gull is given in
this section.  Also discussed are the RUR system’s alternate water sources which can be usod o case its normal
water soutce, the suppression pool, is not available.

The containment cooling system in Grand Gulf consists of thiee S0% capacity recirculation cooler units
distributed inside the containment. Bach cooler unit consists of a 80-hp fan and a cooling coil. The capacity of
each unit is 27,500 efm. Cooling water 1o the ¢oil is supplied by the plant chilled. water system.

The drywell cooling system consists of six fan-cooler units distributed throughout the drywell. Each unit consists
of two full-capacity 11.8-hip fans and two full-capacity cooling eoils, Each unit has & capacity of 12,000 ¢fm.
During normal operation cooling water 10 the coils is supplied by the plant service water. In a Joss of offsite
power event, the standby service water system is used 1o supply the coils. Normally, only one fan and one coil
from cach unit operate with the second fun and coil on standby. These fans, as well as the unit coolers, trip
sutomatically in the event of an sccident, but can be manually restarted from the control room for use during an
accident,

The RHR System in Girand Gulf has three trains, each with its own motor-driven pump, piping, valves,
instrumentation and controls. Two of the three RHR trains can be used to acromplish the safety function of
containment heat removal through aperation of either the SPC mode or the containment spray mode. Each train
has a pump rated at 7450 gpm. Both of these trains have two heat exchangers in series with & combined heat
removal capacity of upproximately $4 MW per train [17), The tube sides of the RHR heat exchangers are fed hy
the standby service water system. The RHR pumps take suction from the suppression pool and are powered by
the emergency diesel generators if offsite power is not available. The SPC mode of the RHR system is manually
actuated and controbed  Since the SPC mode shares common systems with the RHR core injection and
containment spray modes, its use is prohibited if a core injection or a spray signal is generated subsequent to SPC
mode initiation and the RHR system aviomatically realigns to either core injection of containment spray mode
[8}. The containment spray niode is started manually or initiated automatically on high containment pressure with
& 10 minute delay.
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battery fife cun be extended by shodding non essential kads of with the use of portable battery chargers.
Detailod discussions of these strategies relited 10 Joss of power can be found in NURPGOR-S474

In Grand Gull the poeumatic supphies sre provided by the instrument sit and service air systems. The instrument
wit system for Unit 1 consists of one full-capacity compressor, vomplete with filier, air dryer, and aftercooler. The
wstrument ol system of e vneompleted Unit 2 1 also present snd operational. It s connected 1o Unit )
thtough evallable crosstes and can be used as o backup supply. These systems deliver compressed air a1 110 paig
1o support the operstion of safvly reluted equipment. The service ait system for Unit | consists of one full-
cupacity compressor 1t is arranged as an automatic backep supply 1o the instrament air system through the use
of & control valve which opens on reduced pressure (o the nstrument ale line [8] Vital components, such as
MSIVs and SRVs, are provided with accumiulators 1o assure reliable function withoul compressor operation,
Some plants also utilize @ longterm, backup, safety-related, pueumatic supply 1o the ADS valve accumulators.

NUREG/ACR-S474 (3] has discussed strategies to enshle emergeney replenishment of the paeumatic supply for
safety reluted air operated components. The aptions for addional alr supplies include: diesel air compressors
and additionul cosite storage of bottled gas systems

323 Contalnment Spray System

The containment spray (C'S) system is Jesigned 10 keep the pressure and temperature loads on the primary
mtainment within their design basis lmits, The C8 system is an operating mode of the RHR system and shares
con, ronents with other operating modes. Two of the 1 se "THR loops can be utilized by the CS system. Each of
thes loaps forms o completely independent and redu, dant CS train containing its own motor-operated valves,
motor-driven pump, heat exchangers, and spray heade . The C§ system normally takes suction from the
suppression pool and delivers a fow e of $650 gpm. The capability 10 use the SSW s stem as & CS water
source is also available via un existing crosstie (see Section 3.2.1). There are three C8 headers in each train
located at different elevations in the upper section of the wetwell. The Mark 11 design does not bave » drywell

spray system

In addition 1o its design function of comainment pressure and temperature control, the C8 system is also 4
significant severe accident management tool because of its ability 10 remove fission products from the
containment atmosphere. If given sufficient time, containment sprays are very effective in reducing airborne

concentrations of fission product aerosols and vapors. This can greatly reduce releases in those scenarios

involving fa lure of both the containment and the drywell (4] lodine removal rates for Grand Gulf containment
uys are caloulated 1o be 6.7 b for elementul lodine and 1.66 hr' for particulate iodine [22]

There are possible adverse effects associated with the operation of the CS system.  These include unaccoptable
contalnment negative pressure loads caused by spray operation and containment deinerting due 10 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 hefore 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.

324 Primary Containment Venting
Containment venting has been recognized as an important accident management sirategy and has been

weorporated in the BWR FPCs 1 s used 1o prevent containment failure by providing a controlled release of
the coutainment stmosphere if the containment pressure approaches o specified limit.
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venting operations. Most of the ubove requirements are dictated by the acodent sequence that is occurring.
Thorough investigation of venl path aporability under various severe acaident condivons, 1o eatify problems and
methods 10 surmount these problems, sud cearly defined guidclines of procedures are essential for the success of
comtatnment venting

3.3 Existing Accident Management Capabilities

Accident management capabilities currently exisung 16 nuclear power plants are based on NRC requirements
described in NURFGAOTAY regarding emergency response capability (28] and NUREG-0684 regarding radiological
emergency response plans and preparedness [26] The faciliies and procedures established in response to these
requirements will be used during & severe aecident for accident management. The eflectiveness of these
capubilities in severe acoident management needs 10 be evaluated and information obtained from this evaluation
can be used 10 modify or extend existing capatiiitics 10 improve their effectiveness.

The elements of the existing capabilities that are most importait 1o the investigation of CRM include (1)
emergency response facilities, (11 existing emorgency operating procedutes (HOPS), and (3) the plant
instrumentation and safety purameter display system (SPDS). These items will be dinscussed bedow  General deas
on extending existing emergency procedures for severe sccident management and the relationship between the
extended and existing procedures are also discassed

3401 Emergency Response Facilities

The emergency response facilities include (1) the technical support center (180, (2) the operational support
center (DSC), and (1) the emergency operations facility (EOF). These facilities are designed 10 support the
contral reom (CR) duting an accident, and wil be activited according 10 the severity of the emergency. Four
emergency classes (in order of increasing severity) are defined by NUREG-06854 [26]. They are (1) Notification of
Unusual Event, (2) Alert, (3) Site Area Emergency, snd (4) General Fmergency.

The TSC s an onsite facility located close 10 the control room (within 2-minute walking time) and is designed 10
provide management and techinicul support 1o the personnel located in the control room during emergency
conditions. Tis activation is optional for the Notification of Unusual Fvent emetgency class, bul is required for
Alert and higher classes Upon activation of the TSC, designated personnel shall report directly 1o the TSC, and
the TSC shall achieve full functional « “eration within about 30 minutes. The EOF is an offsite support facility
for the management of overall licensee emergency response. This involves coordination of radiological and
environmental assessment, and determination of recommended public protective actions. Its activation is optional
for Notification of Unususl Event and Alert emergency classes but required for Site Emergency and General

classes. The OSC s an onsite lacility where predesignated operations su personnel can assemble
during an accident. While the OSC is not specifically required by NRC regulations, hoth the T8C 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 managewent of plant operations asd
provides technical support to reactor operations, thus taking the primary responsibility for the containment and
release management (CRM) of interest 1o this report. Nevertheless, the EOI assumes overall responsibiiity for
acciden! management upon its activ. tion,

As noted above, the TSC is activated during the Alert emergency class. The Alert emergency class is defined in

Reference 33 as follows: “Events are in process or have occurred which invalve an actual or potential substantial
degradation of the level of safety of the plant. Any releases are expected 10 be limited 10 small fractions of tne
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EPA Protective Action Guideling exposure levels” Examples of initiating conditions for the Alent emergency
class include: Loss of offsite power and loss of all onsite ac power; failure of the reactor protection system 1o
initiste and complete 8 scram which brings the reactor subcritical, and primary coolant leak rate greater than S0
gpm. The plant conditions when CRM is roquired will most likely exceed these conditions, and therefore the
TSC is expected 1o ke control of plant aperations and emergency response functions and make accident
managemsnt decisions until the FOF is activated

The TSC staff consists of technical, engiveering, and senior designated licenses offictals, The TSC personnel are
provided with reliable data 10 determine 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 evelustion of the plant under accident conditions. However, additional guidelines and
cukulational aids prepared specifically for severe accident management may be useful in the TSC for more

effective management.
3.3.2 Existing Emergency Procedure Guidelines (EPGs)

The emergency operating procedures (EOPs) are plant procedures that direct operator actions needed 10 mitigate
the consequences of transients and accidents that have caused plant parameters 10 exceed reactor protection
system set points or engineeied safety feature set points, or othet established limits [27). The technical basis of
an individual plant’s EOPs are the BWR Emergency Procedure Giuidelines (EPGs), Revision 4, prepared by the

Gieneral Electric Company [15).

The BWR EPGs Revision 4 are functionally divided into four guidelines: (1) the RPV control guideline, (2) the
primary containment control gu'deline, (3) the secondary containment control guideline, and (4) the radioactivity
control guideline. Three of the four guidelines, i.e., Guidelines 2.3 and 4, are related 1o containment and release
controls. The EPGs are symplomatic guidelines: Operators’ actions are based on the values of the control
variables, €. suppression pool temperature, and not on their judgement regarding what types of events are

oceurring.

Because the procedures are symptom hased, the operator should be able 10 follow the procedures well into &
severe necident by observing selected plant variables, However, some of the assumptions on whica the EPGs are
based may not be adequate for severe accidents. Operator actions limited to the present EFCs may not be
optimum or even appropriate for severe accident management. Additional guidelines for severe accidents may
need 10 be developed, and the decision to switch from one guideline 1o another during the progression of a severe
sccident may also need 10 be addressed. The EPGs that are related to containment and release control are
briefly discussed in the following sections,

3321 Primary Containment Control Guideline

The purposc of the primary containment control guideline is to maintain primary containment integrity and
protect equipment in the primary cont -mment, The cotry conditions io this guideline wsed i the Grand Gull
EOPs are (1) suppression pool temperature above 95 °F, (2) drywell temperature above 135°F, (3) drywell
pressure above 1.23 psig, (4) suppression pool water level outside the range of 18.34" 1e 18.81°, or (5) contsinment
temperature above 90°F (21]. The entry conditions given abov, ==« symptomatic of both emergencies and events
which may degrade into emergencies. Entry into the procedures does not necessarily mean that an emergency has

occurred.

The primary containment control is concerned with monitoring and controding of the iemperature and pressure
of the drywell, the temperature and water level of the suppression pool, and the temperature of the containment.
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According 1o the guidelines, the operator should flest iy 10 control the vanables within predetermined limits
using sormal plant equipment. 11 this fails and containment conditions furibier degrade, the operator should then
carry out the KPV control guideline 10 shutdown the teactor, 1o perform emergency RPV depressurization, andor
10 take additional sctions 1o secure containment integrity and equipment profection, actions such as containment
ventug and spraying of switching the suction source for emergency cooling system pumps,

The design assessment loading conditions, such a8 those from LOCA and SRV actuation, ate the basis for some
of the actions specified in the BWR [ PGs. Both the suppression pool air bubble load from SRY actuation sod
the pool swell load from LOCA vent clearing depend on the amount of noncondensible gases discharged 1o the
suppression pool. The containment louds from these events after significant core degradation has occurred will be
different than those used for design assessment Consequently, containmen! damage may happen prior to the
time expecied in the EPGs if the loads under severe accident conditions are more serious. Since in a severe
aceident the SKY loading condition occurs only if the RFV is not depressurized, snd the LOCA loading condition
oceurs only for a high pressure vessel breach, both loading conditions could be avoided by keeping the RPV
depressurized

3322 Secondury Containment Control Guideline

The purposes of the secondary containment control guideline are to waintain the integrity of the secondary
cottainment, to protect the equipment in the secondary containment, and 1o limit radioactive releases 1o the
secondary containment and the environment. The secondary containment control guideline is concerned with
monitoring and controlling the temperature, radintion levels, and water levels in the secondary containment. In
general, when the value of any of the above contral variables exceeds iis predefined maximum operating limit the
operator is instructed 1o take actions 1o maintain the value within the limit and, if this fails, 1o isolate the systems
that are discharging into the problem area. Finally, if the conditions further deteriorate, the operator should take
action vy entering the RPV ontrol guideline 1o shutdown the plant of 1o carry out emergency RPV
depressurization.

3323 Radionctivity Release Control Guideline

The purpose of the radioactivity release control guideline is 10 limit radioactive release outside the primary and
secondary containments. Similar 10 the secondary containment control guideline, the approach taken in the EOPs
is 1o direct actions (o determine and isolate the source of the release and at the same time 1o ensure that the
operators take proper action with respect 1o plant operation even if the source cennot be readily identified or if
isolation efforts are not successful. For reasons similar 1o those discussed above, during a severe accident the
plant may have deteriorated 10 a state such that the procedures provided in this guideline become impractical,
Operator eiforts should then be concentrated on reducing offsite radioactivity release .ing plant features
discussed in Sections 3.1 and 3.2, such as (1) reducing the amount of fission products in the primary containment
wtmosphere, (2) providing fission produci scrubbing n the primary containment by containment spray or pool
serubbing, and (3) enhancing the fission product retention capability of the secondary containment.

3324 Additional Guidelines for Containment and Release Management

The existing FPGs extend well beyond the design basis accidents and include many actions appropriate for severe
accident management. However, the existing EPGs may not be appropriate or effective for the management of a
severe accident after significant core damage has developed for the following reasons. (1) The initiating and
limiting conditions for some operator actions are derived from assumption of containment noncondensible gas
content that may not be appropriate for severe accidents alter core damage, (2) some of the procedures that
cover the carly stage of an emergency are not applicatile in the late stage of an accident but may still command
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the aperator's attention and thus bucome a distraction, wnd (3) il 4 severe accident progresses o a certain stage,
the emphasis shifts 1o the control of lission product reicase which is not specifically covered in the existing EPGs.

To focus the atiention of (he operating personnel on severe accident management a separate guideline specifically
prepared for severe accident management, instead of modifying and extending existing I PGs 1o cover the whole
range of severe acadent conditions, may be desirable. Some ¢f the leter parts of the existing EPCis may be
incorporsted into the severe accident management (SAM) guideling for a smoother transition. A logical
transition point from existing EPGs to SAM guidelines is when sigaificant core damnage has occurred. SAM
includes both in-vessel and ex-vessel management, the present study of containment and release management
(CRM) considers only the ex-vessel part of SAM

The CRM guidelines muy have a similar general structure as what of the existing EPGs, by specifyiog operator
actions hased on plant symptoms, 1o guard against serious misdingnosis, However, the CRM guidelines should be
more flexible because of the large uncertaintics i our understanding of plant capabilities and severe accident
phenomenvlogies. The guidelines should pay adequate attention 1o (1) innovative use of available equipment and
resources for secident management, and (2) directing actions to recover lost, or identify alternate, equipment and
resources, As discussed in Section 3.3.1 the TSC s most likely activated and in control of plant emergency
functions when CRM activities are demanded.  The TSC has the capability 10 assess severe accident conditions
and is suitable 10 manage the accident following more fexible guidelines. However, specific TSC personnel
should be designated 1o take definite responsibilitics o assure successful severe accident management.

333 (nstrumentation, SPDS, and Environmental Qualification

The instrumentation required 1o assess the plant and its environs during and following an accident is described in
Regulatory Guide 1.97 (Rev. 3) (28] There are five types of variables 1o be monitored during an accident and
according 1o their importance 1o safety they are separated into three design and qualification criteria categories.

Certain control toom instrument indications that are essential 1o the emergency response capabiity of the nuclear
plant are displayed on the Safety Parameter Display panel. NRC requirements for the Safety Parameter Display
System (SPDS) design are specified in NUREG-0737 (25]. The SPDS is required to provide a concise display of
critical plant variables 1o the countrol room operators to aid them in rapidly and reliably determining the state of
the plant. It shall provide sufficient information 1 plant operators about (1) reactivity control, (2) reactor core
cooling and heat removal from the primary system, (3) reactor eoolant system integrity, (4) radioactivity control,
and (5) containment conditions. The design of the SPDS shall be integrated wish the design of instrument
displays based on Regulatory Guide 1.97 guidance and the development of function oriented emergency operating
procedures (EOPs),

A set of the five types of variables specified in Regulatory Guide 1.97 is available in both the TSC and the EOF.
In addition, all sensor data and caleulated varisbles not specified in Regulatory Guide 197 but included in the
data sets for the SPDS will also be available for display in both emergency response facilities. This will help the
TSC and EOF to make severe accident management decisions. However, under some accident conditions, such
as that in a station blackout sequence, some plant nstrumentation information that may help in severe accident
management could be lost. Contingency plans for obtaining plant information from local instrument taps rather
than remotely in the control room may be of benefit in this case.

The three qualification categories 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 i less stringent in that it does not (of itself) include
seismic qualification, redundancy, or continuous display any requires only a high-reliability power source (not
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necessatily standby power). Category 3 is the least stringent, It provides for high-quality commercial-grade
equipment that requires only offsite power.” For both Category 1 and 2 varlables, the (nstrumentation should be
qualified in accordance with Regulutory Guide 189 [29]. There s no specific provision for the qualification of
Category } equipment.

The envitonmental qualification of the Category 1 and 2 equipment includes consideration of temperature,
pressure, humidity, and radiation conditions. 1t also accounts for the effects of sprayvs and chemicals. The
environmental profiles described in TEEE Std 3231974 [30) are soceptable to Regulatory Guide 1.89 [29). They
are based on the postulsted design basis sccident event (LOCA events) with additional margins 10 cover
uncertainties. The margins required for the qualification curves are: an increase of 18°F for the temperature
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 Std 3231974 calls for qualification for a typical integrated
radiation dose of 26 Megarads and u spray exposure of demineralized water al a rate of 015 gal'minft’. The
instruments outside the primary containment are qualified for the expected cavironmental conditions, which may
be less severe than those within the primary containment and are plant specific.

Instruments whose ranges extend beyond the qualification values specified in TFEE Std 3231974 are required by
Regulatory Guide 1.97 to follow the guidance provided in ANS4.S [31] for equipment qualification: The value of
the maximum range, instead of the value obtained from the design basis accident events, of the monitored
variable is 1o be used as the peak value in the qualification profile. Only the qualification profile of the measured
variable needs 1o be extended and the other profiles remain as those derived from design basis accident events,
The covironmental qualification of the containment pressure instrument for detecting potential containment
breach is an example: While the peak value obtained from design basis accident events is about the design
pressure, the required instrument range is four times the design pressure (for a steel containment).  This
instrument is therefore qualified for a pressure of four times design pressure. However, the qualification
temperature is still that from design hasis scoident events,

The availability of an instrument during o station blackout sequence depends on its power supply and seems 1o be
ﬂlnl specific. In general, 2l control room jnstrument information will be lost alter the depletion of all station

tteries. Since station blackout (SBO) contributes significantly 1o the 1otul core damage (requency for Grand
Gull, lack of instrument idication during SBO presents a serious problem for CRM, particularly after the
depletion of plant batteries. Methods 10 oblain plant status information without electric power need 10 be
identified. For example, drywell temperature information could be available at indicators accessible from outside
the control room, suppression chamber and drywell temperature information can be obtained by monitorieg
installed thermocouple clements using a portable sell-powered potentiometer, and containment pressure
information may be available from mechanical pressure gauges. The plant information that is not readily
available in the ~ontrol room but can be obtgined clsewhere in the plant during station blackout will be plant
specific. 1t is important 1o identify the availability of, means to access, and manpower reguired 1o collect
information not readily available in the control room. An independent power supply for plant parameters that
are important 10 CRM such as that required by €Pl for RPV depressurization may also be desirable.
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4 Strategy ldentification

The strategy identification process used in this report is the same s that discussed i » previous report on Mark |
containments [12). Existing information on severe aceidents is reviewed 10 identify (1) the challenges Mark 11
contatment could face during the course of a severe accident, (2) the mechanisms behind these challenges, and
(4) the strategios that can be used 10 mitigate these challenges. A systematic method utilizing simplified event
tree structure is employed 10 guide (he review effort. One result of this examination is a safety objectie tree
which presents in a tree structure the relationship between the safety objectives of accident management, the
safety functions needed 10 preserve these objectives, the challenges 1o the safety functions, the mechanisms
causiog these challenges, and the sirategies 1o counter these mechanisms 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 Mark | report [32)) This is followed by o discussion
of the challenges and strategies identified by the process and a prescatation of the safety objective tree which
summarizes the results of this identification effort (Figure 4 6)

4.1 Comtainment and Release Event Trees

Th, contuinment and release event trees (CRETs) used in the present investigation are simplified contatnment
event (rees covering the different phases of a severe accident. Fach CRET covers a time period of distinct plant
status characteristics and distinctive emphasis of severe acaident management (SAM) activities. The eatly CRET
extends from the beginning of an aceident, up 10 the time when the reactor pressure vessel (RPV) breaches.
Procedures based on existing EPGs are expected 10 be applicable and carried out during the ealy part of this
period before significant core degradation cocurs  Invessel severe aceident management activities 10 prevent core
dumuge, 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 (Y'4) and containment failure (CF). The primary
objective of SAM activities during the late CRET is 1o muintain containment integrity. The release CRET covers
the time period after containment failure. Here the emphasis of SAM activities is to minimize the consequence
of offsite fission product releases. Since containment failure could pccur in any phose of an accident, procedures
based on existing FPGs or in-vessel activities may be carvied out concurrently with release management activities,
Figure 4.1 shows the time phases of acident progression, as well as the time phases covered by the CRETs and
the accident manarement guidelines (including the existing EPGs).

Besides being used for challenge and strategy identification, the CRETs could also be used 1o quantify the risk
reduction offered by the strategies, and as a severe accident management 1! for aceident management decision
makicg. These aspects of the CRET have been discussed in the Mark | repor (32).

4.2 The 'dentification of Challenges, Mechanisms, and Strategies

The CRETs are used 1o examine some important accident sequences o identify the challenges, the mechanisoms
behind these challenges, and (he strategies which can mitigate these challenges

Figure 4.2 shows the containment fission product (FP) release profiles for Grand Gull as presented in NUREG-
1150 [4). It shows the conditional probabilities of the accident progression bins (APBs) for the plant damage
states (PDSs) that contribute significantly to the 1otal plant core damage frequency (CDF). Tabie 4.1 presents
more detailed list of the most important PDSs for Grand Gulf. along with their mean core damage frequencies
(MCDFs) and their percentages in the total mean core damage frequency (TMCDF). As shown in Table 4.1, fast
station blackout (or short term station blackout, STSB, in Figure 4.2) contributes 94.3% 10 the TMCDF for
Grand Gulf, Other important PDSs presented in Table 4.1 are the slow station blackout (or long term station
blackout, LTS, in Figure 4.2), the fust and slow ATWSs, and the fast and slow transients. In NUREG-1150,
fast accident scenario is defined as one with core damage oceurring in a short time after accident initiation
(approximately 1 hour), and a slow accident scenario is defined as one with core damage ocourring in the long
term after accident initiation (approximately 12 hours).
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Table 4.2 shows the timing of key events for accident sequences associated with the above PDSs and otk
sequences such as the loss of contamment heat removal sequence (TP in Table 42)  Table 4.2 saoes shin
contalament [allere could occur wt different times in different sequences. The values shown in the table are from
calculations by the Source Term Code Package (STOP) [10, 11] and are typhal for awident progressior without
any operaton wtervention.

The accident sequences discussed above have been examined in the challenge and strategy identlicaton proce &
The challenges, mechanisms, and strategies identified in the various time phases of & severe acadent are discussed
in the following  The important time phases, as shown in Table 4.2 and Figure 4.1, include the very carly phase,
before significant core melt has developed; the carly phase, between the end of the very early phase to slightly
after vessel breach; the late phase, when the core debris is discharged (o the reactor cavity and core-concrete
imteraction (CC1) is in progress; and the release phase, when containment integrity 18 lost.

For cases where similarity exists between & Mark 11 and a Mark 1 containment, only briel discussions will be
presented in this report. More detailed discussions for these cases can be found in the Mark I repart [A2).

4.2.1 The Very Early Phase

The challenges 1o containment imegrity during the very early phase, before significan: core melt has developed,
include suppression pool ($17) boundary loads and containment pressure loads. As disoussed in the Mark 1 report,
the mechanisms that may cause significant SP boundary loads include (1) SRV air clearing with higher than
normul SP water level and (2) SRV steam condensation, and (1) vent chugging with low noncondensible gas
content in the drywell, The mechanisms that cause significant containment pressure loads include (1) loss of
pressure suppression capability either due 1o high SP temperature or SP bypass and (2) inadequate containment
beat removal (CHR), The deywell temperature may exceed its design value in some accident sequences but i will
not reach @ value tha. chalienges containment integrity in this very early phase.

Fxisting ' PUs [15] are expected 1o be applicable during this phase of an accident. The ccatrol variables in the
primary containment control guideline include SP temperature and water level, containmer - pressure, und drywell
and cor tainment temperatures. When the value of a control variable exceeds its predefined limit the operator is
instruc ed 10 use designed plant features, e.g., the primary containment cooling systems, 10 maintain it within
lumits, 1f this effort is not successful. the aperator will then -ake additional actions 1o mitigate the elfects of this
abnormal plant condition. The Grand Gulf EOPs also instruct the operator 1o turn on the hydrogen ignition
sstem (HIS) when the RPV water level drops below the top of active fuel (TAF).

The mechanisis of wie challenges and the strategies o mitigate these challenges are similar 10 those discussed in
the Mark 1 Report [32). However, there are some differences that are worth noling and are discussed below.

In & Mark 1] containment, the suppression pool makeup (SPMU) system can add a large amount of water (o the
suppression pool in # short time. In Grand Gulf the upper pool dump can increase the SP water level by five feet
and significantly increase the length of water slug in the SRV Ine. The longer water slug could cause larger
dynamic loads on SP boundary and structures, as well as larger loads on the SRV ling, the SRV discharge
quencher device, or its supporting structures. Of the other SP boundary loads mentioned above, the chugging
load is & concern primarily tn a LOCA event, which is not a significant severe accident sequence for a Mark 11
containment (Table 4.1).

Suppression pool bypass is not a significant concern for a Mark 111 containment. The nominal leakage area
between the drywell and the wetwell for Grand Gulf is 0.017 ft* [7). This is larger than the corresponding value in
a Mark 1 containment but is within the technical specification limit and is not & SP bypass concern. The
probability of having a pre-existing bypass area greater than the nominal value but still within technical
specifications is estimated 10 be 0.04% and the probability of having a pre-existing large bypass area that would
prevent vent clearing during slow drywell pressurization is estimated 10 be zero in NUREG-1150 analysis (7).
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noncondensible gases originally in the containment, and thus will not result 1 o sigaificant prossuce increase in
the comtamment. For Grand Gull, the hydrogen generated from $0% zirconium oxidation is sbout K20 kg-moles.
This is less than SO% the amount of wir originally in the containment (1,500 kg-moles) and will cause a pressure
increase of about 7 pst if costamment temperature is about normal. The temperatures in the containment and
drywell atmosphere are expected 1o be geacrally Jow, below their respective design values (330 “F for the drywell
and 185°F for the containment), for important severe sccident sequences in 4 Mark 11 containment (7, 10, 11)
“nd should not contribute significantly 1o containment pressure rise and (allure probability

Hydrogen wmbustion is the most important loading condition during this time period. Hydrogen concentration
in the containnoat atmosphere is nfluenced by the amount of zirconivm oxidized during core degradation. With
10% zirconium oxiaation the amount of hydsogen generated in the RPV will be about 170 kg-moles for Grand
Gulf, or about 10% the acount of noncondensible gases originally in the containment. The zirconium oxidation
level is in general predicted to - above 30% by the STOP [10, 11) of MELCOR computer codes (9] and less by
the MAAP computer code !M] e mean values for the total amount of hydrogen released during core
degradation used in the NUREG-115 analyses, provided by the In-Vessel Phenomenology Expent 'anel, ranges
from 222 10 466 kg-moles [7), or 12% 10 5% the noncondensible gases originally in the containment.
Containment hydrogen concentration could terefore reach detonation level (hydrogen concentration greater than
16% ) during this time period.

Figure 4.3 presents the mean probabilities of containment and drywell failure before vessel breach predicted in
NUREG-1150 [7]. It shows that both the drywell and the containment could be failed due to a hydrogen burn (in
either the deflagration o the detonation mode) before vessel breach. Figure 4.3 also shows that a hydrogen burn
is the most important cause for containment and drywell failure before vessel bresch. 1t should be noted,
however, that these fallures are caused by hydrogen burns in the containment, not in the drywell. Hydrogen
concentration in the drywell before VB is expected 10 be sinall because the RPV inventory is discharged to the
containment through the suppression pool 1o important severe accident soquences (Tables 4.1 and 4.2).
Hydrogen can enter the drywell only through a stuck-open SRV tailpipe vacuum breaker or via in-leakage
through the drywell wall. A stuck-open SRV tall pipe vacuum breaker may cause a flammable condition 1o exist
in the drywell atmosphere for a short time (e.g., 20 minutes for 8 SBO sequence [9]) before the drywell is inerted
by either steam buildup or oxygen depletion. A liydrogen burn in the drywell, even if it does happen, is not likely
1o challenge containment integrity (9],

The combustible gas control system provided in Grand Gulf includes (1) the drywell purge system, which is
designed 10 purge the hydrogen produced within the drywell into the larger containment volume, (2) the
containment purge system, which is designed 10 purge the containment atmosphere through filter trains and to
take outside air as make up through » compressor into the containment, (3) the hydrogen recombiners, which are
designed 10 control long-term contuinment hydrogen concentration in a LOCA event, and (4) the hydrogen
ignition system (HIS), which is designed to provide distributed ignition sources throughout the containment and
the drywell 10 burn the hydrogen in & controlled manner. The first three systems are designed primarily for post-
LOCA bydrogen production and may not have sufficient capacity to handle the smount of hydrogen produced in
& severe accident.

At Grand Gull, the compressor of the drywell purge system forces the containment atmosphere 10 the drywell.
Continued operation of the compressor will then cause the drywell atmosphere to flow through the suppression
pool 10 the containment. This causes the hydrogen in the drywell produced in a LOCA event 1o be transported
to the much larger volume of the containment. However, when the hydrogen produced in-vessel in a severe
accident is discharged to the containment, the operation of the drywell purge system will increase the hydrogen
concentration in the drywell and thus increase the probability of a hydrogen burn in the drywell. 1he use of this
system in & severe aceident may not be desirable and may need 1o be avoided.

The containment purge system can be used 1o reduce containment hydrogen concentration folloy ing a design
basis LOCA. The bydrogen rich containment atmosphere is discharged 1o the outside and replaced by the outside
air. However, the containment purge fans have a very low pressure head (4 inches of water) and limited capacity
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containment de-inerting and should be carefully controlled.  Since the primary function of containment spray is o
reduce the pressure rise, it can be used with the HIS 10 reduce the pressure rise from the benign hydroges burns
initiated by the HIS

Since there is 0o ignition source in the Grand Gull comainment during a station blackout, hydrogen burs may not
occur even when the containment atmosphere is flarmable, because of the la k of an gaition source. Actuation
of the HIS, vither manually or after a power recovery, will provide the required source for hydrogen burn, aod
containment failure may occur if the containment atmosphere has reached the deflagration/detonation limit. 1t is
therefore important that the HIS be turned off during a station blackout, and that the power to the HIS be
restor »d alicr a power recovery ouly if it can be assured that a detrimental hydrogen burn will not occur.  Fxisting
plant procedures have provided such instructions to guard against initiating damaging hydrogen burns by the HIS,

The challcoge " % drogen combustion during this “ e period can also be mitigated by reducing the emount of
hydrogen oo von before VB, This can be achievod by initiating RPV depressurization at the optimum RPV
water level [12]. A nalyses of short-term station blackout sequences show that the time 1o vessel failure is
extended, and the amount of in-vessel hydrogen generation is redueed, if RPY depressurization is delayed from
the time the RPY water levei is at 71% enre height (EPG Revision 4 requitement) (o the time the RPV water
level is at 33% core height (EPG Revision 3 requirement) [13).

Table 4.4 summarizes the challenges, mechanisms, and strategies for this tinue period.
42.22 Alter Vessel Breach

Figure 4.4 shows the drywell and containment failure probabilities at VB for Grand Guli © ace the energetic
events associated with VB occur in the drywell, they would challer ve the drywell integrity first. Containment is
challenged when the mass and energy generated in the drywe!l arc transported 10 the containment through either
a drywell break or the SP vents. Furthermore, both the drywell and the containment may also fail in the Alpha
mode, and tie discharge of the RPV inventory during o high pressure VB will also result in SP hydrodynamic
loads similar 1o those occurring in a design basis LOCA event.

The loads that challenge the integrity of the drywell at vessel breach include the quasi-static pressure loads (rapid
pressurization) associated with high pressure melt ejection (HPME) during vessel blowdown, the impulse pressure
loads resulting from bydrogen detonation at VB, and the loads caused by steam explosions as the molien core
debris interacts with the water in the reactor cavity. The quasi-static pressure load associated with the HPME
20d ihe impulse load from an ex-vessel steam explosion also challenge the structural integrity of the RPV pedestal
and, indirectly, the integrity of the drywell.

Aftyr the initial rapid pressurization of the drywell, the gases in the drywell will be released to the containment
and cause a pressure rise in the containmen'. Because of the large volume of the containment, the pressure rise
should ia general be moderate. However, the probability of hydrogen combustion in the containment will be
increased afier VB due to both an increase i conu.nment hydrogen concentration and the availability of ignition
seurces provided by the ejected core debris. While a hydrogen deflagration results in a quasi-static pressure load
ot the containment, a hydrogen detonation generates an impulse load on the containment. Both will threaten
the integrity of both the drywell and the containment.

The chalienges at or immediately after VB could fail the containment during or shortly after vessel breach and
result in significant fission product release to the eavironment. Since there may not be sufficient time for plant
operation personnel to take mitigating actions, any strategies must be carnied out before vessel breach 1o be
effective. The mechanisms and strategies related to these challenges are discussed below.

SP Hydrodynamic Loads: Suppression pool hydrodynamic loads similar in nature 1o those occurring during the
blowdown phase of a design basis LOCA event, e.g., pool swell [33], will oceur after high pressure VB, The mass
and energy additions associated with the blowdown of the primary system after VB are different from those of the
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pressure differcntial and thus reduce the smount of water overflow, and au upper pool dump will increase SP
water level and thus increase the potential for overflow. Containment venung can matntain the containment
pressure low and is the most effective method to avoid a positive wetwell 1o drywell pressure differential,

Because the consequence of a large ex-vessel steam explosion may be very severe, the potential for reactor cavity
floodiag and means 10 reduce this potential have been discussed and analyzed  Figure 4.5 shows the impact of
various mitigating actions on the drywell cavity water inventory at the time of VB for a Mark 111 containment
during a short-term station blackowt [13]. It shows that containment venting is the singie most effective action in
reducing the amount of water refluxed into the drywell. Reference 1€ also predicts that no water is refluxed into
the drvwell if there is no hydrogen burn in the containment. 1t should be noted that the results are very sensitive
10 modeling assumptions. MELCOR analyses for Grand Gulf station blackout scenarios show that, even without
a hydrogen bura, varying some important parameters within their uncertainty ranges would result in SP backflow
in some cases, but no backfllow in some other equally valid cases [9).

Figure 4.5 does not include the effect of an upper pool dump. An upper pool dump will add a large amount of
water 1o the suppression pool in a short time. The SP water level could almost reach the top of the weir wall if
the pool level before upper pool dump is near normal. The upper pool dump will therefore greatly increase the
potential for cavity flooding. Avoiding upper pool dump befure VB has been suggested as a mitigating strategy to
reduce the probability of ex-vessel steam explosion [12). One adverse effect of avoiding an upper pool dump is an
increase in the probability of SP bypass

RPV Pecestal Quasi-Static Pressure Load: The above mechanisms that cause a guasi-static pressure load on the
drywei, will also cause a quasi-static pressure load on the volume inside the RPV pedestal (reactor cavity). The
volume of the reactor cavity is small (about §600 1) and the communication path with the drywell volume is
restricted (primarily by a door of 3 feet by 7 feet). "he quasi static pressure load in the cavity may be much
larger than the corresponding load in the drywell. The strength of the pedestal is also greater than that of the
drywell (an estimated failure pressure of 189 psig for the pedestal versus of 85 psig for the drywell) (7). Failure of
the pedestal would result in a gross motion of the RPV and fail the drywell boundary by damaging the drywell
wall or the seals at piping penetrations through the drywell wall. The conditional probability of drywell failure
used in NUREG-1150 analyses, given pedestal failure, is 0,178, Since the mechanisms for this load are the same
as those for the drywell load, similar mitigation strategies apply,

Dryweil Impulse Load: Hydrogen detonation will oceur if the drywell mixture reaches the detonation limit, A
hydrogen detonation will generate an impulse load on the drywell structure and may fail the drywell by a dynamic
load. The probability of drywell failure by this load is small because the drywell is most likely to be inerted at this
time

] . In addition to contributing to the overall quasi-static pressure loads to the drywell and
the reactor pedestal, an ex-vessel steam explosion will also generate an impulse load on the pedestal. There are
significant uncertainties on the magnitude of this dynamic load and its effect upon the pedestal structure. To
reflect these uncertainties, a uniform distribution between zero and one is used to determine the conditional
probability of pedestal failure, given the occurrence of EVSE, in the NUREG-1150 analyses. The strategies
discussed above for mitigating EVSE can be used to mitigate this challenge.

Contaipment Pressure Load: The drywell pressurization at VB discussed above is relieved either through the
suppression pool vents or through a drywell break 10 the containment. The corresponding containment pressure
increase is not expected to be large encugh to challenge containment integrity even if the drywell has been
ruptured. However, it does increase the containment base pressure and makes the containment more vulnerable
to challenges that occur later, e.g.. hydrogen burn,

The most significant challenge to containment integrity during this time phase is a bydrogen burn in either the
deflagration or the detonation mode. The energetic events that occur in the drywell may provide additional
hydrogen as well as ignition sorrces to the containment. A hydrogen burn may also be started by random ignition
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Mass and energy will be continuously added 1o the containment air space from decay heat and CCI, and
containment pressure will continue to rise. 1t is important that the containment vent paths are not flooded as
they are needed for containment pressure control. Since the core materials are submerged, the release through
the drywell vents will have been subjected 1o poal scrubbing,

The release of combustible gases from CCH increases the probability of hydrogen burns in the containment, The
strategies discussed above for combustible gas control during the early phases of a severe accident can also be
used during this phase. Adding water 10 the reactor cavity can mitigate the progress of CCl and thus the
production of combustible gases in the containment. Table 4.5 summarizes the challenges, the mechanisms, and
the strategies for this phase of a severe acadent,

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 Ly high radiation outside the
containment. The radioactivity release control guidelines of the BWR EPGs would have been initiated to control
fission product release. The general aim in the EPGs of isolating the leak area, or isolnting the leaking systems,
is certainly applicable for release control during this accident phase, but the actual situation in a severe accident
will most likely be much worse than that anticipated in the EPGs. Additional strat. gies beyond the existing EPGs
are therefore beneficial to mitigate fission product (FP) release after containment fadure.

Important factors that affect fission product (FP) release after containment failure include the amount of fission
products in the containment atmosphere and the driving force for fission product release, i.c., containment
pressure. 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 volatile
radionuclides (I and Cs groups) will also be released. The release of Te is more uncertain but is expected 1o be
significant, while the rilease of other less volatile FP groups will be small.

The fission peducts from in-vessel release will pass through the suppression pool (by SRV actuations) before
entering the containment atmosphere as long as RCS integrity is maintained, and as a result, a significant iraction
of the non-nable gas fission products will be retained in the suppression pool (suppression pool decontamination).
Direct release 10 the drywell is possible if the vacuum breaker on the SRV tailpipe fails open. A stuck-open
vacuum breaker will caus. the drywell pressure 1o increase and a transfe- of the drywell atmosphere 1o the
containment through the suppression pool vents. Since the decontamination factor for flows passing through the
suppression poo! venis is smaller than that for flows passing through the SRV spargers, more fission products will
be transported to the containment if there is a stuck-open vacuum breaker. Some of the fission products in the
drywell will pass 1o the containment directly, bypassing the suppression pool, through the (normal) leak areas
between the drywell and the wetwell. In cases where there has been a drywell failure, the suppression pool may
be bypassed completely.

It is desirable to have the in-vessel release passing through the suppression pool, preferably through the SRV
spargers, before discharging to the con‘ainment. RPV depressurization before VB will assure a discharge of RPV
inventories through the SRV spargers and ('ius 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 using different SRVs for RPV pressure control (thus avoiding cycling
of the low set SRV) and by extending the period of valve opening for each actuation (thus reducing the number
of actuations required).

At vessel breach, the fission products in the RFV will be released first to the drywell and then to the
containment: Suppression pool decontamination (through horizontal vents) will be maintained if drywell integrity
is maintained. Significant acrosol generation and fuel fragmentation may occur if the vessel is breached at high
pressure. The rapid pressure rise in the drywell during HPMLE will cause a rapid clearing of the SP vents and a
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results on containment performance such as those presented in NUREG-1037 can be used 10 provide information
about possible leak sites and ways to flood these arcas. For FPs that are released through the secondary
containment, the standby gas treatment system (SGTS) in the secondary containment can be used 1o reduce PP
release 1o the environment by HEPA and charcoal filters. The SGTS operation can significantly reduce the
release of non-noble gas fission products to the environment if the Mlow from the primary containment 1o the
secondary containment is within the capacity of the SGTS. For cases where the flow rate exceeds the SGTS
capacity (v.g.. due 1o high containment pressure and'or a large leak area), the pressure in the secondary
containment will increase, and leakage directly 10 the environment, as well as failure of the enclosure building
(upper part of the secondary containment for Grand Gull) may result. In the Grand Gulf NUREG- 1150 analyses,
no credit is given for fission product retention in the secondary containment. A substantial portion of the
enclosure building is expected to fail at containment fallure. Even under conditions where substantial leakage
from the secondary containment develops, the operation of the SGTS will still be beneficial because part of the
leak flow will pass through the filters of the SGTS. I the break area is within the auxiliary building where fire
spray is available, the fire spray system can be used 10 scrub fission products from the secondary contzinment
atmosphere and consequently reduce the release of fission products 1o the environment

Besides containment failure, release of fission products 1o the environment will also occur if there is an isolation
failure or if an inerfacing systems LOCA occurs. These are low probability, but high consequence, events. A
containment isofation failure, although not likely in a Mark 11 containment, may result in the leakage of
radioactive material to the secondary containment or directly to the environment. The BWR EPGs have provided
guidance to identify and isolate such leaks. 1n cases where the failed system cannot be identified and isolated, the
result will be similar 10 that of any other containment failure and the strategies discussed above can be applied.

Interfacing sysiems LOCA (ISL) is a very unlikely, but high consequence, event. In an ISL, the radioactive
mauterial in the RCS can escape directly to the secondary containment or the environment, bypassing the
containment. This occurs 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 pressu Should a
containment bypass occur, the release could be redv d ny reducing the RCS pressure, Le. the driving force for
the release. The release could also be reduced by fio ding the pipe that icads to the leak arca or keeping the
leak area submerged under weter, both of which are practical only when the RCS pressure is low. A finoded 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 woulkd

be stopped.
4.3 The Safety Objective Tree

The results of the above strategy identification effort are summarized in the safety objective tree shown in Figure
4.6. As indicated in Section 2.2, for containment and release manageme a1, two principal safety objectives exist:
maintaining containment integrity and mitigating fission product releases to tne 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 4.6 was constructed accordiag 10 the process defined in Section 2.2 and the
results of strategy identification presented in Tables 4.3 through 4.6. It sysiematically defines the challenges to
the overall safety objectives for a Mark [l containment, identifies safety functions that need to be preserved to
meet the objective and lists the specilic challenges found in a Mark I11 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 from occurring, or which can
mitigate their effect, are identified.

As can be seen from Figure 4.6, 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 variety of reasons
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Toble 4.1 PDS Core Damage Frequencies for Grand Gulf (Reference 7)

Note:

(h

2)

3

#)

(%)

(6)

PDS Number PDS Name MCDF (1/yr) PDS % TMCDF
1 Fast Blackout'" 32E-06 .2
2 Fast Blackout® 46E-08 11
3 Fast Blackout® 1.5E07 37
4 Slow Blackout'¥ 1 TE-08 09
“ Slow Blackou*) 23E0% <<l
L 6 Slow Blackout!®) 14E09 <<l
7 Fast Blackout® 42E07 103
8 Slow Blackout'® 6.3E-08 i$
9 Fast ATWS 5 OE-OR 12
10 Slow ATWS 6.2E-08 15
1 Fast T2 1 8E-08 04
12 Slow T2 29E-10

In PSD1, core damage oconrs in the short term and the RPV is at high pressure. Offsite power may
be recovered. The following functions are available after power recovery: coolant injection, heat
removal by containment spray, and miscellaneous systems (venting, SGTS, containment isolation. and
HIS}.

PDS2 is similar to PDS1, except that heat removal via the sprays is not available after power recovery.

PDS3 is similar to PDS2, except that only low pressure injection with condensate is available after power
recovery.

PDS4 is similar 1o PDS1, except that core damage occurs in the long term and the RPV is at low
pressure.

The relationship between PDSS (PDS6) and PDS4 is the same as that between PDS2 (PDS3) and PDS1.

In PDS8 and PDS9, offsite power is not recoverable,
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Tuble 42 Typical Timing for Different Accident Phases of Various Accident Sequeaces (STCP Calculation)

Very Earl« Phase Early Phase
Accident Sequence Accident Initiation Onset of Core Vessel Breach Late Phase
(hr) Melt (hr)
(hr)
B 0 9.5 118 CFN®@
™ 0 9.5 115
CF(11.5)
TBSW 0 15 3
CF (3)
TQUV® 0 1.5 35 CF(14)
c® 0 CF(1.5) 2 4
TPI? 0 CF(22) 27 33

Note:

(h

(6)
)

TBI is a station blackout sequence with plant batteries depleted six hours after accident
initiation. Hydrogen burn is assumed nol to occur and CF is due to the buildup of
noncondensibles.

CF (21) means containment failure occurs at 21 hours after accident initiation.

TB2 is similar to TB1, except that hydrogen burn occurs at VB and fails the containment.

TBS is a SBO sequence with the loss of all makeup water ai the beginning of the accident.
Hydrogen burn occurs at VB and fails the containment.

TQUYV is a transient with the loss of all makeup water (similar to TBS). However, hydrogen
igniter system is operable.

TC is an ATWS sequence. CF is assumed to cause the loss of all makeup water.

TPI is a transient with stuck open relief valve (SORV) and loss of containment heat removal
(CHR).
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Figure 43 Mean Probability of Failure Before Vessel Breach (Reference 7)
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§ Strategy Discussion

This section provides a detailed description of the stzategies ideatified in the previous sections. The challenges
that can be arrested or mitigated by these strategies and the parameters that can be used to identify these
challenges ure also discussed

&1 Strategies and the Challenges Addressed by the Strategies

Table $.1 lists the challenges identified in the previous sections and the parameters that can be use to identify
these challenges. Actions, or stralegies, would be implemented when certain predetermined conditions are
reached. For some challenges, direct instrument indication is available, while for others indirect parameters must
he used to infer the existence of the challenge.

The instruments that can be used to obtain the important parameter values during and following an accident are
described in Regulatory guide 1.97 (Rev. 3) 28] Control room instrumentation information is also provided by
e Safety Parameter Display System (SPDS), which is required by the NRC as part of a nuclear plant’s
emergency response capatility [28) Two important issues determine the availability of instruments during a
severe accident. The tus: is their survival under severe accident conditions and the second is their availability
during a station blackout,

The environmental qualification of the plant insvoments include consideration of temperature, pressure, humidity,
aad radiation conditions. Typical containment instrume s’ qualification pressure and temperature, as required by
Regulatory Guide 1 89 and TEEE 3231974 are approximately £9 psia and 350°F, respectively [30). The actual
environmental conditions in a severe accident may be considerably haicher, particularly the temperature in the
el if @ corium concrete interaction (CC1) has been in progress for some time.

The availability of instruments during station blackout (SBO) sequences is important bewanse station blackout
contributes significantly 10 the total core damage {requency for Grand Gull (and most likely 1o ~ther Mark 111
plants aiso). Lack of instrument indication aurmg SBO presents a serious problem for CRM, particularly afier
the depletion of plant baiteries. There is no specific requirement for an independent power supply for
containment instruments. 1dentification of the instruments that are available and reliable during a station
blackout, or after depletion of station batteries, is therefore important. The identification of other methods to
obtain essential parameters under SBO conditions is also important. A more detailed discussion of this issue has
been presented in the Mark 1 report [32].

Table 5.2 correlates the strategies identified in Section 4 with the challenges presented in Table §.1. Table 5.2
shows that most of the strategies have .be potential of addressing a variety of challenges, and ouce implemenrted
they may have many beneficial effects. On the other hand, some strategies while beneficial for some of the
challenges, may aggravate or precipitate other challenges.

5.2 Strategy Description and Discussion

The strategies presented in Table $.2 are described in more detail in this section. The information discussed in
the previous sections is integrated o provide guidance for the development of CRM strategies which could be
considered for implementation. ;

5.2.1 Strategies Related to Resource Management

The implementation of the CRM strategies listed in Table 5.2 requires plant systems such as RHR or SSW, and

resources such as electric power, pneumatic supply, and water. Section 3 provided a detailed discussion of the
plant sysietis and resources that can be used for CRM.
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Strategy Discussion

this presents a serious problem for comuinment venting in SBO sequences because POPL is most lkely reached
after the depletion of plant batteries

Earky Contatnment Veuting Varly contsinment venting, Le., containment venting at a pressure Jowser than the
PCPL, can be used 1o reduce the initial contaloment pressure, in anticipation of » sudden, large pressure increase
associnted with a HFME, EVSE, or hydrogen buros, and thus prevent catastrophic early containment andor
drywell lailure. However, early contumment venting may not be very effective i preventing containment and/or
drywell failure from these challenges because of the large quasi-static loads associated with these challenges and
the low PCPL for the Mark 11 containments. Boides, it s difficolt 1o estimate the time when these challenges
may oceur Nanethe)ss, early containment venting before significant core damage hus occurred may be desirable
wider certain conditions. The containment stmosphere is relatively clean at this time and the amount of fission
nroducts releaseo to the environment will be small

Containment venting can also be used foi combustible gas control - Although contuinment venting cannot change
contuinment atmosphere composition and thus the challenge of combustion, contsinment venting, when the
containment is steam inenied, can remove combustible gases and oxygen from the containment. Later
combustion, afier steam condensation, may be averied due 10 oxygen deficiency. Fven i Later combustion does
oceur, the amount of combustible gases available for cotbustion is reduced.

There are potential adverse effects associated with venting # steam vick contaimment atmosphere. Unacoeptable
negative contsinment pressure loads and/or re-introduction of oxygen o the cantainment may oceur after steam
condensation if containment noncondensible gas level has been teduced 100 low by containment venting. This
ndverse effect can be avoided by closing the vent path when a sufficient amount of poncondensible gases (¢.g.,
hydrogen) remains in the comtainment, of if there is o sulficient amount of noncondensible gases generated in the
containment after vent ciosure. Analyses of a station blackout sequence show that after 10 hours the largest
contribution to containment pressure rise is due 1o the CO, generated from CCL[13). The containment can
therelore be maintained pressurized, by the production of noncondensible gases, and inerted, due 10 lack of
oxygen, after containment venting,

Containment venting has been shown 1o be the most #flective method 1o prevent 8P water overflow to the Arywell
and the reactor cavity. This aspect of containment venting will be discussed later in this section when the strategy
of eliminating water from the reactor cavity is discussed.

Operator Actions and Equipment Requirements: The operator actions needed 1o carry oul venting strategies
include (1) determining that the condition for venting initiation has been reached (2) defeating the containment
isolation valve imerlocks, and (3) opening the ac motorized valves from the control room. In the case of an SBO
event s power is not availuble and the operator must open the valves manually wherever the valves are actually
located in the plant. However, if the recommendation of the CPI Prograim has been implemented in a plant, the
valves can be operated from the control room by de power, and this would significantly increase the probability of
successful containment venting. The CPI program has alsy recommended the inclusion of a rupture disk in the
veut path. The presence of such o disk will affect the feasibility of using early venting 1o lower base pressure and
containment venting for combustible gas and reactor cavity flooding control.  If these strategies are deemed 1o be
imporiant for a particular plant, they must be considered in choosing a disk rupture pressure.

In accordance with the requirements of NUREG-0696 [38], the TSC will provide technical support to the reactor
operators. Since venling procedures have been established in the existing EPGs, it is very likely that these
srocedures will be carried out when the PCPL is reached. However, without explicit guidance, the operator will

reluctant 10 vent the containment before the POPL . ccached, particularly with the contaminated containment
atmospheie wiich will often exist wh n venting could be useful. Reso. asibility for venting decisions should be
clearly defined and explicit and unam viguous guidance should be given 1o the operators.

¢, «he potentic ! adverse effects discussed in the Mark [ report [32] include (1) loss of
plant safety equipment due to containme v depressurization and SP flashing, (2) secondary containment

NUREG/CR 8802 5.4
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Once the decision 1o use (e contalment spray is made, the operator must line up the RHR system in the
containment spray mwode, check the emergency procedures 1o assuie that it is sale 1o operate the spray, and then
start the spray. In some cases, such as during SBO, where the normal water supply is not available, the operstor
must Jocate und align an aliernate water supply that has its own power source, such as the diesel-driven fire water
system. The operstor must continee 10 monitor the containment pressure against the comainment spray limits
duning spray operation 1o assure that spraying will sot cause unacovplable adverse effects

The use of containment spray may 1esult in some potential adverse effects. The primary concerns are the
negative pressure Joad and contamment deinerting  The use of an aliernate source with unh: ated water may clog
the containment spray system. A decision is also requited if ouly o limited water supply source is available, and
the water can be cither delivered 1o the vessel of used for containment spray. “carly defined procedures of
puidelines are needed 10 avoid confusion in the management of containment spray under these conditions.

525 Reactor Cavity and Containment Flooding

This strutegy involves three parts. The first is flooding the reactor cavity before vessel breach 1o (a) provide
conditions favorable for cooling the core debris discharged fiom the RPV, and (b) mitigate the challenges
associated with HPME, The second is 1o continuously add water 10 the core debris after it falls into the reactor
cavity and interacts with concrete, to: (a) moderate of terminate the progress of CCLand (b) provide an overlying
water poal for fission product scrubbiag, The third is 1o flood the containment to above the 1op of the weir wall,
of 1o the top of the active fuel (TAF) level of the reactor core. {looding the containment to the TAF level (1)
may provide water 10 the core material remaining in (he vessel and thus reduce fission product release from
revolatilization and (2) will provide water to the corium on the drywell oor and thus terminate, or slow down the
tate of, CCL The water pool will also reduce fission prodect selease by pool scrubbing, and through dilution the
large amount of water will also reduce the late release of pool iodine.

Befo.e VB, one action an operator can take 10 affect the probability and extent of reactor cavity Nooding is 1o
dump the upper containment pool. With an upper pool dump, the SP water level will reach slmost _he top of the
woit wall (The design value of the frechoard after upper pool dump is § inches for Grand Gull ) snd o small
pressure difterential between the containment and the drywell can push the SP water over the weir wall 1o e
drywell. The containment pressure rise due 1o SRV discharge during core degradation may be sufficient 1o cause
such a 5P overflow. Hydrogen combustion in the containment will increase containment pressure and thus the
amount of SP water overflow. On the other hand, the operation of the drywell-wetwell vacuum breakers and
containment venting will reduce containment-io-drywell pressure differential and thus the probability and extent
of reactor cavity flooding. In the NUREG-1150 analyses, the probebiiity of a dry reactor cavity before VB is
assumed to be low without an upper pool dump and zeto with an upper pool dump [7).

A very important adverse effect of reactor cavity flooding before VB is the increase inn the probability of a severe
ex-vessel steam explosion (EVSE) at VB, A severe EVSE may fail the drywell and result in a suppression pool
bypass. The decision on whether early reacter cavity flooding should be promoted or suppressed depends on
judgement. Additionai discussions of this topic are presented in the next section when the strateg of eliminating
water is discussed.

Unless the SP spills over the top of the weir wall, the only mezns to add water to the *eactor cavity after VB is 10
inject water 1o the RPV. This can provide a water supply 1o the reactor cavity for the cooling of the core debris.
Continuously adding water either through the RPV or via suppression pool overflow, using water sources external
to the containment will flood the primary containment. Primary containment flooding, once achieved, can
provide corium cooling and FP serubbing with minimal use of active systems, and is particularly important if the
drywell has failed and the SP is bypassed. Since Contingency #6 of the RPYV Control Guideline of the BWR
EPGs calls for flooding the containment up 10 the 1p of the active fuel (TAF) level of the reactor core, flooding
may have been carried out carlier in an accident as an in-vessel strategy to provide core cooling.
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the challenges of combustion may be mitigated by u containment vent and putge operation, or simply by
containment venting. Containment spray can condenise steam and de-inert 8 stesm-tnerted containment and thus
increase (he challenge of combustion, but it can also be used with the 118 10 mitigate the effect of sombustion.

The unavailability of the HIS during SBO sequences, the dominant plant damage states (PDSs) for a Mark 11
containment, and the potential of failing hoth the containment and the drywell by combustion make combustible
gas related challenges the most risk significant challenges 10 Grand Gull According 1o existing FOPs, the 1S is
manually encrgized when the RPV level drops 1o below the TAF tevel. Bxistiag FOPs also instruct the operator
ol 1o turn on the HIS if power 10 the system is not available, of ancertain. This is to avoid inadvertently
providing an ignition source at power recovery.

To reduce the risk associated with the burning of combustible gases, modifications 1o the existing HIS have been
suggestod, und their effects on risk anelyzed [12]. The possible modifications include backfitting the current ac-
powered HIS with an independent power supply or installing a catalylic ignitor system that can operate without
power. This improvement will eusure the availability of the 118 during SBO sequences and is most effective in
combustible gas control for short-term SBO sequences, the most dominant severe accident sequences for Grand
Gull. The effectiveness of this improvement for long-term SBO sequences is not as significant, primarily because
the containment is most likely steam-inerted when the concentration of combustible gases is high.

The cost and effectiveness of installing hackup de power 1o the ignitors for a Mark 111 containment has been
analyzed [12). The improved HIS was found 1o produce a significant decrease in the conditiona) probability of
carly conainment failure for Grand Gulf. Development work on catalytic ignitors is being carnied out by Sandia
National Laboratories in the United States and by Siemens in Germany (39)

The operation of the HIS during a long-term severe accident may not prevent a steam-inerted containment from
having o high combustible gas concentration. Detrimental combustion events may oceur later, after the steam is
condensed. Controlled combustion is important for combustible gas control in these cases. One method to
control combustible gases is 1o energize selected HIS ignitors to jnitiste burns in selected volumes at an
atmospheric composition that would not cause unaceeptable results. An example is the controlled burniog of
combustible gases in the drywell [12]. The drywell purge system can be used 1o control the drywell atmospheric
composition such that unacceptable burns would not oceur. Another method to control the burning of
combustible gases is by a controlied and coordinated operation of both the HIS and the coni ament sprity [40).
The containment spray can condense steam and allow the burning of combustible gases before their concentration
reaches dangerous levels.

Controlled combustion requires a good knowledge of the atmospheric gomposition in the various volumes of the
containment. Instrument indications for such information are availeble for hydrogen and oxygen concenirations
in both the containment and the drywell. However, these instrument indications may not be available during a
station blackout because of a lack of power supply. Samples of the containment atmosphere can be obtuined and
analyzed during such an sccident to provide data on containment gas concentration. The usefulness of this
method depends on the time required to obtain this information and the speed of accident progression.

Containment composition can also be controlied by the use of the containment vent and purge system il (he
containment pressure is within the range of operation of this system. Containment veating, although it cannot
change the composition of the containment atmosphere, can be used 10 reduce containment initial pressure and
the amount of oxygen and combustible gases in the containment and thus the effect of combustion. Containment
venting, when the contsinment is steam-inerted, can also reduce (he amount of oxygen in the containment and
possibly prevent later combustion.  The venting path should be reclosed in time to prevent the possibility of 4
negative pressure Joad on the containment, of re-introduction of oxygen into the containment, after steam
condensation. Since sufficient amounts of noncondensible gases are generated during both in-vessel core melt
and ex-vessel ©CL, the removal of oxygen fror: the containment does not necessarily cause a deficiency of
noncoudensible gases in the containment. The oftimum control of containment venting requires a pood

5.9 NURFG/ACR 802




Strategy Discussion

knowledge of the containment atmosphere composition and the progress of the processes thot affect this
composition, ¢.g., the progress of COl and the rate of steam condensation

Detrimental combustion events ¢an also be avoided if sn iguition source is not introduced when the containment
composition is at @ dangerous level, and systems (hat may cause o rapid sieam condensation and thus de-iner the
containment are not acthated. The former iovolves a careful control of energazing the HIS, and the latter
involves the sontrol of the containment spray and the upper pool dump. Early hydrogen buin, before the RPYV
breaches, cun be mitigated by reducing the amount of jo-vessel hydrogen production, by controlling the time of
RPV depressurization (Section 4), and a severe containment hydrogen burn shortly after VB can be avoided by
RPV depressurizaiion if the HIS is operating (Section $.2.2).

The combustion due 1o steam condensation of & hydrogen-rich but steam-inert coatsinment may not result in
damaging containment loading, if the rate of steam condensation is low, Combustion in the conisinment is
initiated as steam concentration drops 1o below its inerting level if an iguition source is available. The extent of
the cobustion, and the resultant containment loading, depend on the completeness of the combustion, which
may be influenced by the condensation rate and the steam concentration level at combustion initiation.
Uncettainty exists in this area. While the combustion completeness model in HECTR and MFLCOR depends
only on the initial concentration of the combustible gases, the combustion completeness model in MAAFP is more
complicated (using an analytical model) and depends on the initial steam concentration level. I the extent of
combustion is limited by the initia} steam fraction and the resultant load is not detrimental, it is then desirable 1o
provide an ignition source such that combustion can occur when steam concentration reaches the combustible
limit. The HIS, if available, can be used 10 provide such an ignition source for a controlled combustion,
However, additional research effort is needed 10 determine the effect of initial steam concentration on
combustion completeness and 10 assure that the resultant loading is not detrimental,

5.2.8 Flooding a Leak Area for Fisslon Product Scrubbing

Should the containment fuilure mode be a leak, fission product release cen be reduced if the leak location can be
identified and Nooded. The leakage will then pass through & pool of water and some of the fission products will
be retained. Where applicable, this strategy can be used 10 reduce fission product release to the environment from
the containment atmosphere or directly from the RCS.

The secondary containment radiation and lemperature monitoring systems can be used to identify the leak area.
Analytical results on containment performance, “uch as those presented in NUREG-1037 can provide information
about potential leak areas and the ways 1o flood these areas.

Even a moderate leak area would result in a significant volumetric flow rate [32), consequently, the operating staf(
must delermine quickly, after the leak is identified, whether the area can be flooded, the means 10 flood the area,
and any potential adverse effects.

§.2.9 Strategies Related to Secondary Containment Fission Product Retention

In the event of primary containm:nt failure fission products are usually discharged 1o the secondary containment
(SC) before they pass into the environmeni, The fission product retention capability of the secondary
containment is not considered in the NUREG-1150 Grand Gulf unulyses because the upper part of the SC, the
enclosure building, is & very weak structure, and is expected to rupture at containment failure. However, there
are cases whea the systems in the secondary containment can be used 10 reduce the amount of f ssion product
telease 1o the eovironment. The effectiveness of these systems depends on the mode of containment failure,
Toey are expected 10 be more effective if the contuinment failure is a leak such that the flow rate 1o the SC is
small.
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The SC systems that cousd be used for further FP selease reduction are the Standby Gas Treatment System
(SGTS) and the fire spray system These systems and their ability 1o retain fission products are discussed below.

Using the SG 1S 1o Reduce Fission Product Reigase, The BWR EPGs call for the SC Heating, Ventilation, and
Ait-conditioning (HVAC) system to be isolated and the SGTS 10 b initisted when the secondary containment
HVAC exhaust radiation level exceeds fis isolation setpoint. The SGTS is used 1o remove fission products from
the secondary containment atmosphere by HEPA and charcoal filters and (o discharge the effluent from an
elevated location, ¢.g., an off-gas stack. The height of the release point (above ground) varies from 32 o fon
Cirand Gl 10 200 ft for Clinton,

The designed discharge capacity of the SGTS is small when compared with the expected containment leak rates
However it may still be possible 1o operate the SGTS without damaging the system even when the containment
leak rate is much greater than the SGTS capacity. This is because the secondary containment is not desigoed 1o
withstand & significant pressure load and substantial leakage will develop in the secondary containment as
pressure increases. SGTS operation under this condition will still be heneficial because part of the leak flow will
pass through the filters of the SGTS and be released at an elevated location. Even if the HEPA filters of the
SGTS fail from aerosol plugging, their charcoal bed adsorption efficiency may still be maintained. Even when
both HEPA and churcoal filters fall, the operation of the SGTS may still be desirable because of the elevated
release point it provides. On the negative side the operation of the SGTS may reduce the residence time of some
fission products, and thus their retention, in the secondary containment. This adverse effect becomes important if
the filters of the SGTS have failed and the secondary containment pressure is low (i.e., a low containment leak
rate).

Secondury. Containment Fite Spray for Fission Product Retention: The secondary contaioment fire spray s stem
can also be used 10 reduce the release of radioactive materwls if the system can be actuated manually. Similar to
the containment spray system, the fire spray system can remove airborne fission product aerosols and vapors by
the mechanism of impaction, interception, Brownian diffusion, diffusiopboresis, and thermophoresis.

The fire system for Grand Gulf has one electrically driven pump and two diesel driven pumps. Each pump bas a
capacity of 1,500 gpm at 128 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 manually operate the fire system exists.

The need for fission product removal from the secondary containnent stmosphere can be inferred from high
offsite radioactivity and high secondary containment arca radiation readings. However, the secondary
containment instrumentation may not be workiag properly because the environmental conditions may be harsher
than thet for which the equipment is qualified.

The fire spray will condense the steam in the secondary containment and increase the possibility of an early
hydrogen burn in the secondary containment.

82,10 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 usage of the systems, e.g., containment and SP cooling. The challenges these strategies
can mitigate are shown in Table § 1. These strategies have been discussed in Section 4.
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6 Strategy Application to Accident Sequences

In this section the strategies are assessed by appheation 1o certain accident sequences. For strategy assessment
each sequence is divided into the phases described in Section 2.3 Under cach phase the expected challenges are
discussed, the strategies which can address these challenges are applied, and the effects of implementing accident
management strategies evaluated.

The Grand Gulf Nuclear © tion was used as the surrogate plaut for this assessment.  The Grand Gulf FOPs,
instead of the BWR M e used 1o determing the operation response as currently expected at the plant,

6.1 Severe Accident Sequence Selection

The selection of sequences used in the stralegy assessment process requires engineering judgement and should
fulfill several objectives. The sequences selected should among them cover all the identified challenges and
thereby allow all the strategies 1o be considered. At the same time sequences with a high probability of core
damage of with high consequences should obviously be considered.  Especially the latter need to be included in
the assessment of contalnment aad release strategies. Multiple failures of safety systems should also be tresed.

The sequence categoties selecied consisted of station blackout, ATWS, loss of containment heat removal, and
isolation failure. These provide a range of accident characteristics which need 10 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 safety systems,

Selection of the above sequences should not be construed as implving that the identificd strategies aic only
applicable 1o 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 strategy
implementation.

6.2 Station Blackout Sequences

Station blackout (SBO) sequences are initisted by a losy of off-site power and all three diesel generators, e, the
diesel gencrators for both Division 1 and 2 emergency power and the dedicated diesel generator for High
Pressure Core Spray (MPCS) system. This leads in & Mark 1T BWR 1o the loss of all active engineered safety
features except the steam powered Reactor Core Isolation Cooling (RCIC) system. Since the RCIC system
requites de power for control, it fails after the depletion of station batteries. The RCIC turbine may also trip
because of huygh turbine exhaust pressure (i.e, containment pressure), which oceurs due 10 the loss of containment
heat removal. The loss of all core injection would result in core damage, vessel breach, and eventual containment
failure, il 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 occurs early,
at about one hour after accident initiation. is termed a fast SBO sequence (or short-term SBO sequence). A fast
SBO sequence may be caused by the loss of all de power, or simply a failure of the RCIC system, in addition to
the loss of all ac power. Fast SBO is the dominant plant damage state for Grand Gulf. It contributes
approximately 94% of the total core damage (requency. A slow SBO sequence (or long-term SBO sequence) is a
sequence where core injection (e.g., by RCIC) is available initially and core damage begins at about 12 hours after
accident initiation (typical time for battery depletion), Slow SBO contributes approximately 3% of the total core
damage frequency. The combined contribution of all SBO s cuences is about 97% (Tak' . 4.1).

6.2.1 Characteristics of SBO Sequences

SBO sequences are characterized by the loss of most of plant struments and equipment. The availability of
containment instrument indication after the loss of ac power, or the loss of both ac and de power, would be
minimal, and is plant dependent. The plant also loses the systems for containment heat removal (CHR)
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{e.g., conteinment and SP cooling), and the ability 1o deliver water 10 the conlainment (€4, contamment spray).
The most important accident munagement activities after o station hackout therelore should be (1) 10 recover i
power, (2) 1o extend do power, and (3) (o identify and utilice alternate systoms and resources. Mure detailed
discussions of these issues have been provided in Section $.2.1 for resource management, Other strategies
discussed in Section § may also help to prevemt or mitigate the effect of the challenges that may occur during the
progression of the sccident. Detailed discussions are presented below.

6.2.2 Containment Response to SBO Sequences

in & fast SBO sequence, all core fnjection s lost @ accident initiation. The water in the RPV is boiled off by the
reacior core decay heat and the steam generated in the RPV is discharged 10 the suppression pool through the
SRV lines. The steam is condensed in the suppression pool, causing the suppression pool temperature 10 rise.
The coniminment, in turn, is pressurized by water evaporation from the suppression pool. Because of the large
amount of witer in the suppression pool snd the large volume of the containment, the suppression pool will
remain subcooled and the containment nressure and temperature will remain low before core damage begins,

Because of o longer duration of core injection and boil-off, the containment pressure before core degradation may
be very high in a slow SBO sequence. Containment design pressure (15 psig) could be reached for a 12-hour ¢ore
injection, and the estimuted containment fuilure pressure (585 puig) may be reached during an 18- hour core
injection.  The suppression pool will be saturated in both of the above cases,

Core damage beging st sbout two to four hours after the loss of core injection. The generation and release of
steam and hydrogen in the RPV will cause further containment pressurization. There is uncertainty in the
smount of hydrogen generated invenssel before vessel breach, The MAAP code predicts small in-vessel hydrogen
production, primarily because of the modeling of refreezing of the molten cladding in the lower part of the
chanuel and the resulting blockage of the channel for steam passage and Zircaloy steam reaction [14] On the
other hand, STCP and MELCOR predict much higher in-vessel hydrogen production |9, 11, 13). The amount of
in-vessel hydrogen production predicted by STCP and MELCOR will cause the containment hydrogen
concentration to exceed the hydrogen flammability limit, or even the detonation limit

The vessel fails at shout two hours after core melt begins.  The drywell will experience a significant quasi-static
pressure load il vessel breach occurs at high reactor pressure. The pressure load associated with the high pressure
melt gjection (HPME) may fail the drywell and cause a suppression pool bypass. The pressure increase in the
containment after the high-pressure vessel breach is not significant, however, even if the suppression pool is
bypassed [7). The drywell may also expericnce # significant load at vessel breach even if the vessel fuils at low
pressure; the interaction between the molien core debris and the water in the reactor cavity may cause o quasi-
satic pressure load on the drywell and a dynamic load on the reactor pedestal.

The core-concrete interaction (CCH) occurring alter vessel breach will generate additional steam and
noncondensible gases, resulting in further containment pressure rise. Without operator actions, the containment
pressure will continue to rise until containment fuilure pressure is reached.

Contaiament temperature will not be significant (in general below 250°F) if the suppression pool is not bypassed
and a hydrogen burn does not oveur.  The hot gases generated from both invessel core melt and ex-vessel CCl
will pass through the suppression pool and are cooled before entering the containment, Drywell teniperature will
in general be higher. The drywell atmosphere is heated primarily by the RPV surface before vessel breach. I
there is @ stuck-open vacuum breaker on the SRV tail pipe, hot gases from the RPV can enter the drywell directly
and cause the drywell tempersture 10 rise even more rapidly before vessel breach. Aftor vessel breach, the
drywoll atmosphere is heated by the hot gases released from CCL The drywell temperature may exceed 1,000°F if
the CCl is allowed to proceed in a dry reactor covity.
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11 should be noted that significant uncertainties exist in the understanding of some severe accident phenomena,
and in the ability 1o predict containment responses accurately. However, the results of the STCP and MELOOR
calculations can be used 10 identify the important features of containment response in an SBO sequence They
will be used as u basis for the discussion of the challenges and strategies presented below.

6.2.3 Challenges and Strategies During SBO Sequences

Table 6.1 shows the challenges occurring in a fast SBO as well as the strategies and SAM uctions required to
mitigate these conllenges. The times shown in Table 6.1 are based on the results obtained from STCP and
MELCOR caleulations [9, 11, 13). Cotresponding information for the slow SBO sequence is shown in Table 6.2
(hased on six-hout battery life). These two tables are used o guide the discussions that follow,

6281 Challenges and Strategies in the Very Early and Farly Phases

With the loss of both offsite and onsite ac power, an Alert emergency class would be declared a1 the beginning of
# slow SBO sequence, and with the additional loss of de power or RCIC, & General Emergency would probably
be declared at the beginning of a fast SBO sequence (NUREG-0654). This declaration of emergency classes will
trigger the activation of the 18C and entry into the emergency procedures. The TSC bs expected 10 be
aperationsl within abowt 30 minutes and will take control of plant operations and provide technical support 1o
reacton Operations.

Tables 6.1 end 6.2 show the plant status indications and the corresponding EPG actions.  There are no significant
containment challenges during the very early phases of a fast SBO sequence. Steam generated in the RPV from
decuy heat is discharged through the SRVs 1o the SP and causes a temperature increase in the SP, which, in turn,
causes i slow pressure and temperature increase in the containment stmosphere. As noted in Tuble 6.1
containment actions called for by the EPGs are not likely 1o be carried out because of the lack of instrument
readings or unavailability of required equipment.

The contatument may be challenged by contiinment pressurization during the very carly phase of a slow SBO
sequence il the core injection is extended for s long time (beyond six hours), but without a corresponding
recovery of contalnment heat removal capability. (The STCP caleulation, which is used as the basis for Table 6.2,
assumes @ six hour battery life.) This may happen if the battery life is extended by load shedding, or if an
alternae water source, independent of plant ac and de power (e.g., diesel-driven fire water), is used for core
injection. The challenges will then be similat 10 those of a sequence involving loss of the containment heat
removal capability, which is discussed later in this section.

As shown in Tables 6.1 and 6.2, core melt starts at about two hours after accident initiation for the fast SBO case
and about four hours after battery depletion for the slow SBO case. The difference between these two cases is
primarily due 10 the decrease in decay heat with time. After the onset of core melt, containment pressurization is
primarily caused by the production and release of hydrogen. The containment venting pressure (FCPL) may be
reached for a slow SBO during this phase. However, containment venting may not be carried out because of the
lack of ac power.

A significant amount of hydrogen is produced rapidly in the RPV once the core reaches the runaway oxidation
temperature for the metal-water reaction. The amount of hydrogen produced in-vessel depends on the timing of
RPV depressurization and the availability of water for metal-water reacdon. It is in general sufficient 1o cause
the containment hydrogen concentration o reach combustible, or even detonatable, limits before vessel breach.
The most important strategy during this time phase is therefore the control of combustible gases. As discussed in
the previous sections, the most effective mvans 1o control combustible gases is the use of the hydrogen ignition
system (HIS). Since the HIS depends on ac power, it is not available during SBO. An alicrnate and independent

power source for the HIS ignitors, o catalytic ignitors, is needed for controlled burn'ng of combustible gas during
SBO sequences.
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As mentioned above, onee the oxidation temperature for the metal water reaction (an exothermic reaction) s
teached, the invessel bydrogen production rate will lncrease substantially, and us & result, o significant smouat of
hydrogen is generated and relensed 10 short time. Tubl 6.1 shows that the containment hydrogen concentration
reaches S%, a level at which hydrogen can be burned i @ benigo manner, about 20 minutes after core meht starts.
Containment hydrogen concentration reaches over 18%, a jevel where a hydrogen harn is likely 10 cause
detrimental results, in another 20 minvies. The HIS should be started before containment bydrogen
concentration reaches S%, but prohibited after it goes beyond an acceptable limit, ¢ g, 12%. There is only a
parrow time window 1o energize the HIS once core melt has begun.

The containment atmosphere may be steam-doert in a slow SBO sequence.  The steam concentration in the
containment depends on containment pressure belore core degradation, which in turn, depends on the time
duration of core injection. I the containment pressure before VB is 18 psig (the containment design pressure),
the containment steam concentration s likely 10 be between 5% 10 S0% (depending on containment
temperature). The containment will be inert 1o detonstion (35% ) but not 10 deflagration (S3% ). Hydrogen
deflagration is therefore possible. The containment is likely 10 be inert 10 both deflagration and detonation
(greater than SS% steam concentration) when the containment pressure before core melt is above the
containment venting pressure.  This condition is likely 10 occur if core injection has been svailable for over 12
hours after accident initiation.

Contwinment steam concentration can be increased by containment venting. The steam released 1o the
containment atmosphere during venting replaces the air rich containment atmosphere vented 1o the outside and
thus increases the steam concentration in the containment. Farly venting, before core dogradation begins, not
only increases containment steam concentration, but also removes oxygen from the containment and thus reduces
containment oxygen concentration. Later hydrogen combustion may be avolded (due 1o oxygen deficiency) if a
sufficiont amount of oxygen can be romoved from the comtainment,

A latge amount of steam is required 1o reduce the oxygen concentration from its initial value of aver 20% 10
below its comnbustion limit of % A comtainment steam pressure of about 45 psig (assuming normal
temperature) is required 1o dilute the containment oxygen concentration 1o bedow 5%, It requires a long period
of core injection operation 1o achieve this, Containment veating, although not effective 1o reduce containment
oxygen concentration, can be used to reduce the amount of oxygen (in kg-moius) in the containment.
containment venting at a pressure of 45 psig will reduce the amount of containment oxygen 1o a value that will
remain below 5% at atmospheric pressure. Subsequent containment pressurization by additional steam will
reduce the oxygen concentration 1o below S%.

The removal of noncondensible gases (e, air) from the containment by containment venting may cause a
negative containment pressure load (if the vent path is reclosed) o a re-introduction of air (and thus oxygen) into
the containment (if the vent path is open) #hen the containment cools down. The release of in-vessel hydrogen
during core degradation can slow down or even prevent, the containment pressure reduction by supplying
additional noncondensible gas 1o the . mtainment. However, the amount of hydrogen generated during core
degradation (in kg-moles) is at most half the atount of the noncondensible gases orginally in the containment
and may not be sufficient 1o make up all the noncondensible gases lost from venting.

In addition 1o the ahove effects, containment venting also reduces the containment biuse pressure and thus
reduces the challenge 10 contalnment integrity even if severe hydrogen combustion does occur. A detailed
knowledge of containment atmosphere composition and accident progression is required 10 control containment
atmosphere composition and thus prevent detrimental hydrogen combustion by containment venting. More
detailed ar-'vses and improved knowledge on in-vessel hydrogen production are also needed to realize the
potential ben..  f containment venting on combustible gas control

Because of the lack of any ignition source, hydrogen combustion may not occur during a fast SBO sequence even
if the containment atmosphere reaches combustible limits. 1t is therefore important not 1o provide any ignition
source if the containment atmosphere composition reaches a dangerous combustion level. This level could he
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reached in & Tast SBO sequence shortly alier core melt starts. Possible igniton sources melude the HIS, which
may be envrglzed by a recovery of sc power if it was turned on before power recovery, of by subsegquenl operator
s,

If the containment is steam inert and the containment hydrogen snd oxygen concentrations are above the limits
which may cause significant containment foads, it is important 10 maintain the mert state und thus prevem
hydrogen combusticn from occurring. Containment spray, i recovered and actuated at this time, may condense
enough steam 10 render the containment atmosphere Nammable The comtainment spray is very effective
removing steam from the containment atinosphere. MELCOR and HECTR calculations show that the steam
concentration drops by 10 % (from $5% to 495 afier about ten minutes of contamment spray operation (9. An
upper pool dump may also condense containment steam and induce a similat result as contmnment spray. o
dump the upper contamment pool requires a permissive sigaal, which is genorated by a low RPV water level or a
high drywell pressure LOCA signal. This signal will be available early in an SBO sequence as shown in Tables 6.1
and 6.2, The upper containment pool may be dumped automatically 30 minutes (by delay timer) alter the
permissive signal if power for the SPMU system valves i available. Operator action muy be necded 1o prevent an
upper pool dump if the containment condition s not favorable.

Although the containment atmosphere may be combustible during core melt, the drywell atmosphere will not be
combustible for this time duration because invessel hydrogen is discharged through the SRVs into the
suppression pool, Le, outside the drywell. Calculations wath MELCOR and HECTR indicate that the drywell
atmosphere can at most be marginally Dammable before vessel breach [9). However, hydrogen can be released 1o
the drywell direetly if there is a stuck-open SRV vacuum breaker. A stuck-open vacuum breaker oot only
increases drywell hydrogen concentration before VB, but also increases the amount of fission products in the
containment atmasphere, because some of the in-vessel fission products released 1o the drywell will pass through
the drywell-wetwell leak paths to the contaizment atmosphere, bypassing the scrubbing of the suppression pool,
The operator can control the operation of the SRVs (by reducing the number of repoated operations ¢ »
particular SRV) 10 reduce the probability of & stuck-open vacuum breaker. The operntor can also @void ihe use
of the SRV with a stuck-open vacuum breaker.

Fven though the drywall atmosphere is not combustible during core melt, the use of the drywell purge system can
transfer the containment atmosphere 1o the drywell and thus change the drywell atmosphere composition. This
can be used to contral the drywell atmosphere for a controlled hydrogen combustion in the drywell if hydrecen
combustion in the containment is not safe after power recovery. The drywell purge permissive signal is generated
at the sume time as the SPMU permissive signal and can be started after a 30 seconds delay. The potential and
details of using the drywell purge system for a controlled hydrogen burn in the drywell 1o consume hvdrogen and
oxygen in the containment for vombustible gas contro! require further analyses.

Vessel breach occurs at about 3.8 hours alter accident initiation for a fast SBO sequence and about 6 hours alter
the loss of sore injeciion for & slow SBO sequence.  The drywell integrity s challenged at vessel breach by a
quasi-static pressure losd if the RPV is breached ot high pressure (IIPME), and by a dynamic load if an encrgetic
fuel-coolant interaction (EVSE) occurs. As shown in Tables 6.1 and 6.2 RPV depressurization has been called for
hefore VIV by the plant EOPs under severa containment conditions. RPY depressurization would also have been
called for by the reactor control guidelines of the EOPs. RPV depressurization before a significant amount of
hydrogen is produced is also required 1o remove any concern about loads on the suppression pool boundaries by
SRV actuation and pool swell.

The RPV can remain at high pressure before VB due 1o either the loss of control power or operator erfors, Loss
of de power is one of the important initiators for fast SHO plant damage states in NURFEG-1150. The enhanced
reactor depressurization system as recommended by the CP1 program includes a dedicated source of de power 1o
the SRV solenoids for improved operation of the SRVs during severe accidents. RI'V depressurization before
VB will climinate the challenge 1o drywell integrity associated with HPMIEL 1t also reduces the probability of
detrimental hydrogen combustion in the containment, because a high pressure vessel breach will discharge a large
amount of hydrogen to the containment in a very short time and provide ignition sources 10 the containment.
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from the containment atmosphere. Is use ts particularly valuable ff there is n suppression pool bypass, such as in
the cases where there is a stuck-open SRV vacuum breaker or a vessel failure. The effectiveness of containment
spray for fission product scrubbing has been discussed in Section 323

If the hydrogen combustion event fails only the containment, but not the drywell, and the scaident proceeds 1o
vessel breach, the important CRM effort is then 1o preserve the integrity of the drywell. The chalienges and
strategies that have been discussed above for the very carly time phase will apply here.

If the integrity of both the contaiument and the drywell is preserved before vessel breach, the energetic events
(HPME and EVSE) occunng ot VB may challeoge the drywell, as well as provide additional hydregen and
ignition sources 1o the contalnment.  The containment and drywell failure probability at VB is significant for SBO
sequences (Figure 4.4). Because of the speed of these energetic events, actions should be taken before VB to be
effective. The strategies discussed in Section S can be used 1o prevent these energelic events from occurring, or
mitigate thear effects if their oceurrence cannot be prevented.  If the energetic events at VB fail only the drywell,
the fission products will be retained in the contuinment and the release 1o the environment will be insignificant.
The most important CRM effort will then be maintaining containment integrity. Containment spray can be used
for fission product scrubbing if its aperation will not cause any hydrogeu combustion concern. On the other hand,
if valy the containment is failed, the important CRM effort would then be maintaining the wtegrity of the

d ywell. Strategies discussed above (or maintaining drywell integrity after containment failure will apply.

If he contninment survives the challenges in the early pha es of the accident, it may still fail in the late phase by
slow containment pressurization, due 1o energy and gases (mostly noncondensible gases) released from CCL or by
iydrogen combustion. The time of containment failure is an important facto: determining the severity of fission
product release (Section 3.1.7.2). As shown in Tables 6.1 and 6.2, containment failure by slow containment
pressurization will occur more than 40 hours after sccident initiation. However, the containment may fail earlier
il hydrogen combustion occurs in the containment,

After a late containment fallure, one important CRM effort is to maintain the integrity of the drywell. The
drywell may be challenged in the late phase by the temperature load from the hot gases released from CCL In
addition 10 being a source of the drywell temperature load, CCl s also the source of ex-vessel fission product
release, containment pressure ‘oad, and combustible gases. The most important strategy at this time is therefore
the control and mitigation of CCL. This may be achieved by flooding the reactor cavity. Containment flooding,
an extension of reactor cavity flooding, is a very effective strategy for controlling accident progression and fission
product release at this time (Sections 4.2.3 and $.2.5). Drywell temperature load, if not alleviated by CCI control,
can be mitigated by the operation of the drywell puige system, if it is available and there is & sulficient pressure
head 1o prevent leakage from the drywell 1o the containment through this system, Containment spray, if s
operation does not cause any concerns about gas combustion, can be used for additional fission product

scrubbing.

Additions! strategies for mitigating the release of fissicn products to the environment include the strategies to
control fission product revolatization and late release of iodine from water pools, the strategy to flood the leak
arcas, and the strategies for fission product retention in the secondary containment. These strategies have been
discussed in Sections 4.2.4, 528 and 529,

6.3 ATWS Sequences

The ATWS sequences discussed in this section are those initisted by an MSIV closure at full power. Reactor
power, after a successful automatic recirculation pump trip and RPV water fevel control, would still exceed the
containment heat removal (CHR) capability of the RHR system. The discharge of the RPV steam to the
suppression pool would lead 10 a rapid suppression pool heat up and contuinment pressure rise. The containment
would fail if recovery or mitigative sctions are no* successful. Since the ECCS pumps for Mark 11 containments
have been desigued to pump saturated water, they are not lost at containment failure (an assumption used in
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6322 Challenges and Strategies of Slow ATWS Sequences

Table 6.3 shows the challenges and the strategies and the SAM activities required lor a slow SBO sequence. It is
used 1o guide the discussion that follows

63221 Challenges and Strategies in the Very Early and Early Phases

With the failure of the reactor protection system o initiate and complete @ soram, an Alert would he declared at
the beginning of an ATWS sequence. A Site Area Emergency may also be declared. The 15C and the EOF
would be activated early in the acoident and the T8C is expected to be operational in about 30 minutes after
accident initiation.

As shown in Table 6.3, the PG control variabiles would exceed their limits within about an bour after accident
initiation because of the large energy input rate 1o the containment, The operator actions 1equired to spond 1o
these conditions include RPV depressurization, drywell cooling, drywell spray, ond containment veuting. RPV
dep ssurization s assumed not (0 be carried out due 1o operator error and the low pressure core injection
systems are therefore not svailable for core cooling. Containment cooling and containment spray (il operated
with RHR heat exchangers) would remove some energy from the gontainment, but their combined capacity is
most likely to be below the energy input rate. However, with the addition of containment venting there maybe
the capacity to handle the energy input rate and prevent comainment failure for many ATWS cases.

The venting ares required 10 keep the containment pressure below the failure pressure depends on the net energy
input rate 10 the containment atmosphere and the pressure loss along the flow path. Figure 6.1 shows the
effective venting area required 1o keep the containment pressure al  constunt value for various encrgy lnput
rates. (The curves in Figure 6.1 are based on isentropic choked flow of dry steam taken as an ideal gas.) For a
particular et energy input rate, the containment pressure will increase and stabilize st o higher prossure if the
vent area is 100 small, and containment failure may occur i this steady state pressure is above the containment
failure pressure. Figure 6.1 shows that an effective vent area of about 2 ft" is required to maintain containment
pressure below S5 paig for a net energy input corresponding 16 10% rated thermal power of the reactor, The
effective vent ares could be much smaller 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 elfective vent area.

Containment venting is the most important strategy to prevent a very early containment failure. Containment
venting pressure (PCPL) for a Mark 11 containment is 1725 psig. This pressure may be reached in
approximately 30 minutes to one hour ahier accident initiation. Since ac power iy available, there seems 10 be
sufficient time 10 open the vent path (described in Section 3.2.4). The important issue is then whether the vent
area is sufficient 10 maintain the comainment pressure at PCPL. Since PCPL s relatively low for a Mark 111
containment, the vent area required 1o maintain the containment pressure at (or below) PCPL will be relatively
large. The 20-inch vent exhaust line (Grand Galf CVS) itself may not be sufficlent 1o handle a containment
steaming rate corresponding 10 a resctor power typical for an ATWS sequeace (eg., greater than 10%).
Containment pressure will then increase and stabilize at & higher pressure, or containment failure pressure will be
reached. If containment pressure continues to rise after the opening of the 20-inch exhaust line, another 20-inch
line, the supply line of the containment ventilation sys'em, can also be opened. The two 20-inch lines would
appear 1o be able to maintain the containment pressure below the containment failure pressure if the reactor
power can be reasonably controlled (g, less than 15% rated power). However, the real capacity of the flow
lines needs to be assessed. The real capacity (or effective venting area) of the venting lines is influenced by the
actual valve opening area and the friction loss in the flow path.

There are other plant systems that can be used to reduce the containment pressure rise rate during an ATWS
sequence. The containment cooling system, in either the suppression pool cooling mode or the containment spray
mode, can be used 10 remove some of the energy dumped 1o the suppression pool. The SPMU system can also
be used 10 increase the water volume of the suppression pool and thus the encrgy absorption capability of the
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pool. An upper pool dump can add approximately 40% normal suppression pool water volume in & very short
time (less than 10 minutes for Grand Gulf). This will increase the suppression pool energy absorption capacity by
about 407, and delay the time 1o reach the coniainment failure pressure by about 40% . The data presented in
1able 6.3 indicotes that there is sulucient time to carry out an upper pool dump belore containment lailure.

1o the data in Table 6.3, the time to containment {ailure will be extended by more than 30 minutes.
This will provide additional time for corrective actions.

Shortly after containment venting, the containment atmosphere would be practically void of soncondensible gases
and become full of steam. The use of & high capacity, cold containment spray in this steam environment, alter
the vent path has been chosed, could cause & rapid contbinmenl pressure decrease and an unacceptable negative
pressure load, and should therefore be avoided. The vent path can be reopened 1o supply air 10 the containment
after the reactor power i under control and the containment is depressurized

After the Joss of core injection, reactor water will be boiled off and core melt will begin, The reactor power will
be reduced 1o decay heat Jovel after the core is uncovered. The progression of the accident and the challenges
and strategies will be similar 10 those for a long term SBO sequence. However, since ac power is available in the
ATWS sequence, the plant systems required for accident mitigation will be readily available.

63222 Challenges and Strategies in the Late and Release Phases

Without successtul containment venting, the containment could fail before significant core dogradation takes
place. With the containment failed, the primary objectives of CRM in the later phases are 1o control the progress
of CCT and 1o reduce the release of the fission products 1o the environment. Since the core power is reduced 10
its decay power level after core melt, the challenges and strategies of the release phase of the aceident will be
similar 10 those of the SBO cases discussed in Section 62.3.3.

6.3.3 Fast ATWS Sequences
6401 Containment Responses of u Fast ATWS Sequence

In a fast ATWS sequence, core injection is Jost early. The reactar power is high and the containment pressure
rises rapidly before the loss of core injection. After the loss of injection, the reactor power is reduced 1o its decay
value as the RPV loses its water level, and the energy input rate to the containment is greatly reduced. The
contatnment pressure when core melt beging depends on the time when core injection is terminated. The
hydragen released 1o the containment during core melt is burned in the containment by the operation of the HIS
if the contalnment is not steam inert. The energetic events at high pressure vessel blowdown (HPME/DCH and
EVSE) will result in a significant load on the drywell. The hydrogen produced from these energetic everls and
the hydrogen released from the vessel at VB will be transported 10 the containment and a severe hydrogen burn
event may occur o the containment following VB. The load from the hydres-= hurn may challenge both the
contuinment and the drywell

If the containment has not fuiled, containment pressurization will continue during CCL Drywell tempetature muy
rise to over 1,000°F & few hours after failure due to CCL

6332 Chullenges und Strategies of Fast ATWS Sequences
The challenges to containment integrity for a fust ATWS sequence are similar 1o those for a fast SBO sequence
except that. because of the svailability of ac power, the plant systems, particularly the HIS, are available for the

ATWS soquence. The probubility of containment failure before VB (primarily by hydrogen burn in the
containment) is greatly reduced in the fast ATWS sequence because of the operation of the HIS,
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The most important challenge 1o early containment fuilure is bydrogen combustion in the contanment following
VB The hydrogen released from the vessel at VB and the hydrogen produced in the drywell in HPMETDCH
and'or EVSE (by metalwater interaciion) will be transported to the containment and couse # hydrogen
combustion 1o the containment (some of the hydrogen may be burped in the drywell, but most of the hydrogen
will be transported 1o the containment). Although there are uncertainties, the amount of in-vessel bydroges
production and the amount of hydrogen production by HPMEDOH and EVSE can be significant and the
subsequent hydrogen combustion can be severe A severe hydiogen combustion in the containment thay
challenge both the containment and the drywell Of the ten most probable APEs presented in NUREGACR 4881,
the containment fails immediately after VIV in eight of the ten APBs, and the drywell Tails a1 the same time in two
of these cight APHs. '

The most important strategies (o prevent carly containment failure is 1o remove the mechanisms that cause the
challenges. RPV depressurization, if achieved before VI, allows the Jow pressure injection system to deliver
water 1o the vessel and may arrest core degradation and prevent vessel breach Fven il core degradation is not
arrested, RPV depressurization will eliminate HPME and remove the associsted challenges. FVSE can be
prevented by eliminating watet from the reactor cavity.  The benefits and sdverse effects of eliminating water
from the reactor cavity have been disoussed in Sections £.2.5 and £.2 6. Contalnment spray can also be used o
mitigate the effect of o containment hydrogen burn

I the containment and ihe drywell survive the challenges . “ing immediately after VI, the challenges to

conta sment and drywell integrity in the late phase of the sec.aent arise primarily from CCL Challenges and

strategies discussed 1o Section 6.2.3.2 for the late phase of the §30 sequences will apply in the present case. The
challenges and strategies for fission product release control would also be similar 1o those discussed in Section r
6233 for SBO sequences. The avatlability of electric power during an ATWS sequence would improve the :
chances for implementation of some strategies,

6.4 Loss of Containment Heat Removal Sequences |

Accidents involving the loss of long term containment beat removal (CHR) (eg, TPI sequence in Reference 3
and TLOW sequence in Reference 13) are similnr 1o the slow ATWS sequices discussed in Section 6.3.2 in
terms of the sequence of major events (e.g., vessel breach and containment failure) and the failure mode of the
RI'V and the primary containment. There is a net energy increase in the containment for both types of accidents,
and the containment will fail by overpressure if corrective actions are not taken. Since the net energy input 10 the
comainment in a loss of CHR sequence is at the decay beat level, which is much lower than the energy involved
in an ATWS sequence, the containment pressure increase is much slowe: 224 the time available (or operator
sction is consequently much longer.

The operator actions required to mitigate the various challenges of # loss of CHR sequence are similar 1o those
of a slow ATWS sequence (Table 6.3), but with a much jonger time scale. The most impaortant operator action,
containment venting, is not required until more than 10 hours after acoident inception,  The capacity of the
containinent venting arca is also not a concern because of the low power level in this sequence. The probability
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 significantly 1o the 1otal core damage frequency of
Grand Gulf in NUREG-1150 [4)

If containment venting is not successful, or if all reactor core makeup is lost, the accident will progress 1o core
degradation and subsequent vessel hreach. The progression and CRM measures will be similar to that of a slow
ATWS sequence discussed in Section 6.3.2,
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the SP. Since the PCPL s not resched and the radioactivity released would exceed the operating limit,
| containment venting is not likely 10 be carried out based on the PGy,

After vessel hreach, the containment stmosphere will leak 10 the outside of the containment through the RCS.
Containment integrity is therefore lost alter vessel breach. The primary objective of accident management is then
10 contral the progress of CC1 and the release of fission products. The challenges and strategies for this case are
similar 1o those for the SBO cases discussed in Section 6.3 (Tables 6.1 and 6.2),
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919

DW/T > 330 F

POCP > 9 psig

POP > 15 psi

G
PCP > PCPL

Containment Failure
Release Phase of the Accident
In-vesse! Release and Release a3t VB FP m Contamment Atmosphere

Ex-Vessel Release {CCT) (1.5 - 4 Hours After VB)

Revolatilizats

Late lodine Release

All Above

Contamment Failure or Venting FP Release from Containment io
Outside

FP R:lease from Secondary

FP & Pressure in Secondary
Containment Contamment o Environment

SP/T - Suppression Pocl (SP) Temperature. SPIL - SP Level, POP - Drywell or Contzinment Pressure.

DW/T - drywell Tempersture. ON/T - Contmament (Wetwell; Temperature.

Letters in itabc ndicatr (hat the miormation or sysiem may not he availabie becanse of lack of suppor, eg ., electre power

The RPV control guideiine should have been entered earler

The wvmilability of instruments and equpment during a SBO is vesy ancertan, particularly after hattery depletion. Usless specisl
arrangements have been made. they are generslly not avmilable However, recovery of P will make some of them svaniabie
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Tabie 6.2 Challenges and Strutegies for a Slow S0 Sequence

Plant Status

Chabenge (Cor ament)

Strategy or SAM Actions

000

6ins

7:00

Loss of Offsite & Onsite ower (Plan® Damage State)
Very Early Phase of the Acad: 3

SPIT > 95 ¥ (EPG Eatry Condition)

DW/T > I35 F {EPG Entry Condilion;
{(TSC Operational)

SPT>1i0F Potential Unacceptable SP
Boundary Load

SPIT > 120F Same as Above

SP/T > HCTL Same as Above

{150 F at System Pressure)

PCP > 123 {EPG Entry Condition)

Battery Depletion

PCP > 9 psig

(Permissive Signal for SPMU with
30 minute delay)

(Partial Recovery Will Change the
Sequence to 3 TW Sequence)

Potential Containment
Overpressure

SP Bouadary Load
{Containment Steam Inert for
Detonation)

Declare Alert Emergency
Activate TSC

Very Early Recovery Actions

Monitor and Control SP7T, SPA,
POCP, DW/T and ON/T (Note 1)
SP Cooling (Note 2) |
DW Cooling

rouloee Site Area Emergeny
Actwate 0%

Eater EPG RPV Control G/
(Note 3)

RPV Depressurization
Emergency RPV Depressurization

DW Cocling and Contammeni
Spray

General Emergency Declared Now
or Earber

Comtainment Spray

uoneonddy Adojeng
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Table 6.2 Challenges and Strasigies for & Slow SBO Sequence (Cont'nued)

Strategy or SAM Actions

12:00

22:00

10:06 - 12:00

Core Melt Starts
RPV Repressurization

Hvdrogen Concentration > 5%
Hydrogen Concentration > 12%

PC/P > 15 psig
PCP > PCPL

PC/P Increase & VB Immumnen:

DT> 3F

1

Containment Fatlure

SP Boundary Load

{Hydrogen Igaition Limit)
Potential for Detnimental
Combustion

Comainment Pressure [ oad

Contamment Pressure [ oad

Poteniial Challenge at VB

Load Associated with HPME
(DCH, M&E Addition, Hydrogen
Burn, & S} Load)

Ex-Vessel Steam Explosion

Late Phase of the Accident

Containment Temperature Load

Pressure, Temperature Loads &
Noncondensible Gas Generation

Release Phase of the Accident
In-vessel Release and Release at VB FP in Containment Atmosphere

Early Recovery Actions
Alternate E/P & PIS (Note 4
Combustible Gas Control
Combust:ble Gas Control

PV Depressurization

mimmment Spray
_ontammem Venting

Containment Sprey, Early Venting
Reactor Cavity Flooding
Elim:nate Water

RPV Depressurzation or Above
Actions Before VT 1o be Effective

Eliminate Water

{Note 5)
Containment Spray
RPV Depressurization

Containment Spray
Contamnment Venting

RPV Depressurization

usonesjddy Faeng
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Tuble 6.3 Challenges and Strategies for a Slow ATWS Sequence

M«Sﬂ.ﬂmi

Time Hr:Min Plant Status Challenge (Comment)
0:00 MSIV Closure & Fail to Scram (Plant Damage State) Alert Emergency Declared
Site Emergency Probable
Activate TSC & FOF
Very Early Phase of the Accident
Very Early Recovery Actions
SPT>95F {(EPG Entry Condition) Monitor and Conirol SP/T, SPA,
PC/P, DW/T and ON/T (Note 1)
SP Cooling
SPT > 110 F Potential Unacceprable SP Enter EPG RPV Control G1.
Boundary Load (Note 2)
SPT>120F Same As Above RPV Depressurization
DW/T > 135 F (EPG Entry Condition) DW Ceoling
0:15 PCP > 1.23 psig (EPG Entry Condition) W Cooling & Contanment Spray
{Permissive Signal for SPMU with
30" minute delay)
SPT > HOCTL SP Boundary 1oad Emergency RPV Depressurization
(TSC Operational}
0:30 PCP > 9 psig SP Boundary | oad Containment Spray
Emergency RPV Depressurization
PC™ > 15 psig Coniainment Pressure {oad RPV Depressurization
DW/T > 330 F Conmtamment Temperature |oad Containment Spray
1:00 PCP > PCPL Comamment Pressure i.oad Containment Spray
Containment Venting
1:30 Containmeni Failure Release of Coataiement (See Release Phase)

Atmosphere

uonempddy dareng
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Table 6.3 Challenges and Strategres

Time Hr-Min Plant Status Challenge (Comment Nirategy %
Farlv Phase of the A cident
Core Meli Start
v Prod tia ’ 31 1 y
mi
High | i 1T ¢ i }
i Vessel Breach 2 d A y A HIPM Ri )
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Figure 6.1 Venting Area and Venting Pressure for Various Reactor Power Levels
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Summary

secident progresses 10 the severe accident mode before depressurization is implement ., RPV depressurization
would still be & beneficial severe accident strategy under almost all cirnumstances. Another action called for in
the EPGs that would generally be beneficial is containment heat removal via suppression pool cooling.  However,
in this case the question of prioritization, already considered in the EPGs, is also vital in the severe accident
phase. If the RHR system is needed for vessel injection or cottainment spray operation (which provides another
mode of containment heat removal), its use for SP cooling may bave 10 be postponed.

Containment venting is another action referred o w the EPGs that has importance us a CRM strategy under
severe acoideut conditions. Ip the severe accident regime, it may be difficult to proceduralize the initiation of
venting. I other words, venting would likely undergo considerable assessment by the TSC at the time of the
accident, before it is implemented under some of the severe accident conditions discussed in this report

Another category of EPG actious are those that will always be beneficial before core damage occurs, but which
must be approached with caution under severe accident conditions. Fxamples for a Mark 111 containment are
strategics involving activation of the hydrogen ignition system (HIS) or the containment spray system. Following
the EPG guidance for intiation of these systems may uot always be appropriate once @ severe accident situation
has developed. As pointed oul in other sections of this report, operation of the HIS upon recovery from a station
blackout tequires caution, as does spray operation in a steam inerted atmosphere.

Finally, there are a number of CRM strategies which have no diret counterpart in the EPGs, or, if similar actions
are called for in the EPGs, they have a very different basis. Containment flooding is such a strategy, for instance.
Floodicg is mentioned as a Contingency action in the EPGs as a last resort for vessel, i.e core, cooling. However,
the CRM strategy of flooding the containment in anticipation of vessel breach or after vessel failure, has the
purpose of achieving OCI mitigation and fission product scrubbing. Another example is the use of the fire sprays
in the auxiliary building 1o mitigate fission product release, resulting from a containment bypass or a failed
containment. This is an action not mentioned in the EPGs, but is a strategy that could be used under severe
accident conditions.

How severe accident strategies in general, and CRM strategies in particular, are integrated into the plant
emergency response will depend on many factors. Options include proceduralizing strategies so that they fit into
existing EOPs, creating separate severe accident procedures, or providing more general guidance instead of
specific procedures. There are advantages and disadvantages attached 10 all of these methods. While specific
procedures lead 1o faster response than more general guidance, it is unlikely that all severe accident situations can
be anticipated in sufficient detail to rule out the possibility that a requested procedure may be inappropriate for
the particular situation. Some strategies may be easier 1o proceduralize than others, The resources ol a
particular utility can also determine the best method of CRM integration at a paiticular plant. 1f considerable
expertise is available in the TSC to direct accident management, general guidance may be the optimum way to
integrate CRM actions. On the other hand, if it is unlikely that a sufficient body of experts will be quickly
availabie at the time of the accident, more specific advance direction should be developed 1y an accident
management plan. In practice a combination of procedures and guidance is likely 1o be most effective in filling
the needs ol the operators, support staff, and accident management team.

The containment and release event trees (CRETS) discussed in this report provide a framework for accident
progress projection and CRM decision making. The use within the CRETSs of current plant status and offsite
information together with updated and more accurate estimates of the probability for recovery, ete. can provide a
more reliable prediction of the effects of various CRM strategies on accident progression and offsite
consequences. Suck an approach can be the basis for optimum (in a probabilistic sense) containment and release
management (More detailed discussion on this ssue can be found in the Mark I report [32].).
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