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Executive Summary

The purpose of the present report is 1o identify, as well as 1o assess, accident management strategies which
could be important for preventing containment failure and/or mitigating the release of fission products during
a severe accident in a PWR plant with & large dry containment. While the development of detailed actions
is of necessity plamt specific, the ideas contained in this report can be useful to individual icensees who are
in the process of developing their accident management programs.  The report should slso be helplul 1o 2
reviewer of a licensee's accident management plan. Two types of containments are considered, atmospheric
and sub-atmospheric. The Zion Nuclear Power Plant Unit | and the Sarry Nuclear Power Station Unit 1
respectively, are used us the example plants in this report. Some of the variations amcng the other PWR large
dry plants are also Jiscussed.

The present report zmphasizes the use of existing plant capabilities for evere accident management. The
containment and release management {CRM) straiegies differ from the ex’ ting emergency response guidelines
(ERG) primarily in terms of the conditions under which certain actions are undertaken and certain systems
activated. For CRM, systems are aften operated in an anticipatory inst ad of a response mode, and often
bevond their design kmits. Non-safety grade systems are also made use of tor CRM, The plant features that
are important to containment and release management in & large dry containment are reviewed 10 identify
their function and performance under severe accident conditions, These include the containment design as
well as the plant systems and the resources needed to suppart their aperation. Important issues related to
these systems and some of the uncertainties involved in severe accident phenomena are discussed.

Maximum use was made of information contained in currently available safety studies related 10 PWR dry
containments in general, and the Zion and Surry plants in particular

As a result of the examination conducted in this study a safety objective tree was developed, which links the
general safety objectives of containment and release management with the strategies identified as helpful in
mitigating the challenges in a large dry FWR containment

The stralegies were assessed by application o certain acciden! sequences, L.e. Station Blackout sequences,
LOCA sequences, and SGTR sequences. A DOH event was also singled out for discussion. The strategies
discussed may, of course, also be of benefit in otber sequences than the ones considered in this report.

Because of their large containment volume and high design pressure, PWR dry containments are relatively
robust and provide considerable opportunities to maintain contwnment integrity und minimize the release of
radiation following a severe accident.

Among the combustion modes which could potentially oecur in such a containment, the most challenging
appears to be a local detonation caused by non wniform gas distribution, since this could threaten the
containment integrity. The potential for local der-vation depends on the containment construction, interior
¥ ut and other specific design parameters. Howeve: for large dry containments, the risk from ali combustion
modes is deemed low enough that no modificatiun of these planis is necessary, althougy licensees should be
cognizant of the potential for these events to occur, Plant specific combustion contral should focus on
promoting gas mixing and deliberate burning in order to keep the combustihle gas concentration below the
fean detonation limit,

The direct containment heating (DCH) associated with a high-pressure melt ejection (HPME) event appears
o be an early threat to containment integrity. Muny factors can influence the effects of melt ejection and
some are not well enough understood to allow unecuivoc! statements regarding their influence on DCH. For
instance, the impact of co-dispersal of water presenl 1 the reactor cavity during a HPME event iovolves
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Executive Summary

considerable uncertainty. However, mitigation or elimination of the DCH effect could be accomplished by
RCS depressurization.

Overpressurization of PWR containments can occur during the late phase of an accident due 1o the buildup
of steam and noncondensible gases. However, because of the large containment volume, for most PWR plants
overpressurization is a slow process. In most cases, the ultimate capacity of the containment would not be
reached for a number of days. Under these circumsiances, mitigation can be achieved by the restoration of
containment cooling systems, using aliernate water sources, or by a controlled venting.  Restoration of
containment cooling systems must be done cautiously so as not to de-inert the atmosphere and cause s sudden
burn of a large guantity of combustible gases, which may have accumulated in the containment.

Basemat meli-through also is a potentially important challenge during the late phase of the accident for some
containment designs. However, concrete erosion by the molten core debris is a very slow process and it would
take days for the concrete Lo lose its structursl integrity. The erosion of the concrete may be mitigated by
flooding the reactor cavity, However, there is a large uncertainty regarding the effectiveness of cavity flooding
since it depends on the cavity configuration and the state of the core debris in the cavity.

For some PWRs, contamment bypass events provide a significant contribution to the risk estimates. The
mitigation strategies that are discossed in this report include the isolation of the break line, reactor coolant
svstems (RCS) depressunzation, refilling of the refucling water storage tank (RWST), flooding the break
location, and the activation of auxiliary bullding fire spravs. These strategies are currently feasible for many
PWRs. However, for some plams, modificalion of existing sysiems andior procedures are required.

The decision 10 carry out & steategy during a severe accident, depends on balancing the potential adverse
consequences of strategy implementation against the consequences that could result if the strategy is not
implemented,
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I Introduction
1.1 Background

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

The current phase of the NRC Research effort in identifying and assessing accident management actions is
concerned with mitigative strategies which would most likely be applied in the more advanced stages of a severe
accident. Before vessel failure the emphasis is on arresting or mitigating core damage progression in the reactor
vessel. If vessel failure has already occurred or is imminent the emphasis is on maintaining containment integrity,
quenching core debris ex-vessel, and minimizing fission product release 1o the epvironment. Containment and
Release Management (CRM) constitutes the mitigative sspects of Severe Accident Management. CRM anticipates
a breach in the reactor coolant system pressure boundary and, through the effective, innovative and informed use

of available sy.tems, secks 10 maintain containment integrity and minimize radioactive release following a severe
accident.

Brookhaven National Laboratory is produciag a series of reports dealing with the containment and release
management part of a severe accident. Tne mitigative strategies discussed in these reports are often applied in
situations where present “iuersianding of the phenomena encountered is limited. Therefore, the uncertainty
surrounding some of these strategies is quite large. Also, many of the suggested strategies go well beyond existing
procedures. Often the strategies and the challenges which they address depend on the specific coptaisment types
and therefore five individual reports are being published for containment and release management, each one
addressing the challenges and sirategies applicable (o one of the five containment types used in the U S, today
The present report is one of this senes.

1.2 Objective, Scope and Approach

The purpose of the present report is to identify, as well as o assess, accident management strategics which could
be important for preventing or delaying containment failure and/or mitigating the release of fiss. n froducts during
a severe accident in 8 PWR plant using a large dry containment. The discussions contained in this report arr
intended 1o provide uscful information to licensees formulating a severe accident management plan for their
individual plants. While the development of detailed guidance is of necessity plant specific, the ideas contained i
this report can be useful to individual licensces who are in the process of developing such guidance.

The report can also furnish the reviewer of an accident management plan with a systematic overview of the
challenges a PWR with a large dry containment may face during a severe accident and the strategies which could
be used  meet these challenges.

'n the sections v bick follow the challenges that can impair containment integrity and give rise 1o fission product
releases from a large dry containment during a severe accident are discussed. Strategies which can be vsed 10
eliminate or mitigate the effect of some of these challenges are identified. That is, actions in the form ¢! accident
management strategies are identified where appropriate and possible, and their anticipated effect o the accident is
assec.ed. Not sll challenges can be completely met by available strategies

Strategy identification can be enhanced and summarized via a safety objective tree (SOT). A tree structure was
developed 10 link the appropriate safety objectives with the chalienges of the accident and ultimately with the
strategies devised to meet these challenges. This tree structure is similar to that used in previous accident
management reports.

i1 NUREG/CR-5806




Introduction

For containment and release management two safety objectives apply: (1) preventing containment failure, and (2)
mitigating fissiop product release 10 the envi-onment. These safety objectives are achieved by the maintenance of
certain safety functions. Dwuring an accident L ¢ "orma operation of the safety functions will be threatened by
particular challenges which arise from a variety of mechanisms that can occur in the plant. These mechanisms
can in turn be prevented or mitigated by & number of strategies. The wree developed by this process for & large
dry containment is illustrated in Figure 3.1,

The systematic method used in this report for strategy identification and the top & n structure of the SOT, using
the hierarchy just described, allow an analyst to decompose the problem of strategy identification inte more and
more detailed tevels in an organized manner. This systematic method of chalienge depiction and strategy
identification is more likely to achieve & certain degree of compicteness than other more haphazard identification
processes.

Previous history of the accident often plays an important role in determining which strategies should he
implemeated and bow successful their implementation will be. To account for these factors certain accident
sequences are selected and the strategies are assessed in the context of these sequences. However, the identilied
strategies are not only applicable to the sequences discussed.  The strategies will often be beneficial under other
conditions as well, although these conditions may need 10 be accounted for in strategy implementation.

1.3 Organization of the Report

The subsequent sections of the report are arranged as follows. Section 2 describes the PWR dry containment
system, and the plant safety systems and resources, as well as existing sever: accident management capabilities. A
detailed examination of the containment challenges and the identification of the relevant containment and release

- strategies for a PWR large dry plant are presented in Section 3. The application of the strategies during certain
accident sequences is discussed in Section 4. Section § summarizes the important findings. References are
contained in Section 6.

NUREG,CF 5806 1.2
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2 Plant Capabilities

2.1 The PWR Dry Containment System
2.1.1 Characteristics of PWR Dry Containments

Three types of construction techniques have been used for currently existing PWR dry containments: 1) remforced
concrete, 2) prestressed concrete, and 3) steel.

A reinforced concrete containment has three basic structural clements, namely, the basemat, cylinder, and dome.
Reinforcing bars are placed in all thice elements. The containment accomodates the design basis loads via the
reinforced concrete and through the net free volume of the containment. Many reinforced concrete containments
have a steel liner attached 10, and supporied by, the concrete. The liner functicas primarily as a gas-tight membrane
and also transmits loads to the concrete. All subatmospheric plants, such as Surry, use reinforced concrete as shown
in Figure 2.1

In more recent plants the reinforced concrete design has been replaced, to a large extent, by fully prestressed

containments. In this design, the reactor containment is in the shape of a cylinder with a shaliow domed roof and a ;
flat foundation slab. The cylindrical portion is prestressed by a posi-tensioning systerm consisting of horizontal and ]
vertical tendons. The dome has a three-way post-tensioning system, The foundation slab is conventionally reinfor.ed |
with high-strength ceinforcing steel. The entire structure is lined with 8 one-quarter inch welded steel plaic to

provide vapor tightness. A prestressed concrete containment requires less net free volume ior a given blowdown

load. The external force applied by the tendons aliows a higher internal pressure  Zion, shown in Figure 272, 1s a |
representative plant for this category. ]

Most steel containments utilize a steel plate intesior structure enclosed by a separate hiological shield concrete
building. (Exceptions are San Onofre 1 and Yaskee-Rowe which lack the concrete shicld building.) The concrele
shicld structure is not designed for high internal pressure but serves to protect the sicel sicll from extremc
environmental effects. The internal pressure of the containment s carnied by the structural streagth of the steel
plating. A typical steel shell devign, Davis Besse 1, is shown i Figure 2.3,

An important feature of w PWR dry containment which can significantly mfluence the progression of a severc l
accident is the configuration of the reactor cavity located beiow the reactor vessel. There is a large variatios in |
reactor cavity design among PWR dry containment plants This is due, in part, to the fact that the cavity plays no

role in design basts accidents. However, under severe acaident conditions, the reactor cavity could strongly affect the |
challenges imposed on the containment. The cavity's size, geometry and outlets into the containment regions could :
affect the interactions of corium /water and corium/concrete, and these in turn could affect the subsequent |
containment pressurization and basemat erosion. For example, the presence or absence of sumps or curbs around

access ports 10 the cavity region would determine whether the cavity would be flooded during a particuar accident

sequence, thereby influencing whether the core debris could be cooled. The outlet flow jaths from the cavity can

significantly impact the amount of material which might be gjecid into ather containment regions by a high pressure

release from the reactor vessel. The Industry L yraded Core Rulemaking (IDCOR) program has classified PWR

reactor cavities into 14 types according 10 grometry 10 express their expectations of debris dispersal during & high-

pressure melt ~ection accident |1}

The Zion and Surry plants were analyzed as part of the NRC's NUREG-1150 program |2}, while the Industry
Degraded Core Rulemaking (IDCOR) program studied the Zion plant. Both plants will be referred to extunsively
during discussions presented in this report. The results obtained for these two plants cau be used tatively as a
guide for the evaluation of other FWR plants with & large dry vontainment design. Howeve:, Cat 1o some uniqus
characteristics of Zion and Surry, such as the resctor cavity geometry, not all the insights of this report may be valid

for other plants.

2 NUREG /CR-5806
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Plant Capabilities

2.12 Containment Pressure Capabiiity and Failure Mode

The design pressures of PWR dry containments vary between 25 10 60 psig. Blejwas |3) has correlated variations in
the design pressure with the various types of containment structures as given below:

Atmospheric Design Substmospheric Design
Pressure (psig) Pressure (psig)
A.  Concrete
a.  Prestressed vertical cylinder 4760 -
and dome with flat base
b.  Reinforced hemspheric dome, 2-85 45
vertical cylinder and flat base
¢ Others 42-60 -
B. Steel
a.  Hemispheric dome, cylindrical 3444
body, and ellipsoidal base
b.  Sphere 2548 o

The higher design pressures are associated with smaller prestressed concrete containments; the lower pressures with
non-stress-relieved steel structures; and the mid-range pressures with reinforced conerete conizinments, and streas-
relieved steel structures. The design pressure can be considered as a measure of contair.ment capability under severe
accident conditions. For plants whose ultimate capacity is not determined through detailed strength /stress analysis,
the containment failure pressure can be estimated as being 2 to 3 times the design pressure.,

The potential fatlure pressures for the Zion and Surry plants from aggregating of expert-specific probability
distributions provided for the NUUREG-1150 siudy 2] are given below:

Zion Surry
Mean Failure Pressure, psig 134 128
Failure pressure at 5th - 95th 108-180 95-150

percentile range, psig
Potential failure modes that could cause early containment failure 2.¢

1) Overpressunzation due to direct containment heating of the containment atmosphere by the core debris ejected
from the reactor vessel at high pressure,

2)  Early combustion of hydrogen generated during the core degradation process, and

3)  Steam spike generated at the time of vessel breach dae 10 core debris/water interaction in a flooded reactor
cavity,

Late containment failure could be caused by:

1}  Basemat meltthrough,

23 NUREG /CR-5806




T T T N T AP S —

B . T T T T R N L ey

5
;
1
;

Plant Capabilitics

2)  Overpressurization due to noncondensible gases and steam generated by the interaction of the core debris with
concrete and water, and

3)  Late hydrogen =ombustion.

In addition to the above failure modes, there is also the potential for containment bypass. Bypass sequences include
steam geaerator tube rupture events and interfacing systems LOCA (ISL). Interfacing systems LOCA refers 1o
accidents in which the interface between the high pressure reactor coolant system (isolation valves) and a fow
pressure secondary system is breached. I this occurs, the low pressure system will pe overpressurized and could fail
outside the primary containment. This failure would establish a flow path direcidy from the damaged core (o the
environment of 10 an intermediate, but low capacity, building,

The Zion and Surry containmest analyses in NUREG-1150 made extensive use of expert judgement (o quantify the
containment event trees and estimate the probabulity of containment failure. The mean freguency of core damage
due to internal events was predicted to Ye 34E-4 per vear for Zion [2]. The frequency weighted average conditional
probabilities of four accidsnt progression bins are:

No containment failuré 073
Late containment failure 0.24
Early containment failure 002
Containment bypass 001

Lete contcinment failure is mainly from basemat meltthrough, and carly containment talure is from a combination of
in-vessel steam explosions, overpres<urization and coatsinment solaticn failure.

For the Surry plant, the mean freguency of core damage due 1o internal events is about 4.1E-5 per vear [2]. The
frequency weighted average conditional probabilities of four acodent progression bins are

No containment fatlure 081
Late containment failure 0.06
Early containment failure 0.01
Containment bypass 012

2.1.3 Containment Fission Product Retention

The fission products generated during a core meltdown accident can be conveniently grouped as arising from two
sources; one source is the release resulting from the degradation of the core materials in the reactor pressure vessel.
Fission product groups, such as noble gases, Cs, I, and Te, are released before or at the time of vessel breach.
Anather release is caused by core-concrete interactions after vessel breach. Fission product geo s represented by
Te, 51, Ry, La, Ba, and Ce are relessed mainly during the carly time period when the cavity concrete floor is
thermally attacked by the molten debris,

In addition to the natural deposition processes, which ave related to the ratio of the deposition area and the
containment volume, the retention of fission product in PWR dry containment s strongly alfecied by the containment
spray system and the cavity configuration. Sprays are an effective means for rewmoving airborne radioactive aerosols.
Other than the release of noble gases and some iodine evolution, the release of radivactive material to the
savironment should be very small if sprays have operated for an extended time.

Many PWR plants, have a cavity configuration which allows the overflow of water from the contatnment floor into
the cavity. Howsver, this is not the case for all plants. For example. Zion has a curb as well as the “dog bouse”
enclosure around the cavity which may limit water access. Thers may be other plants wath curbs or enclosures. The
presence of an overlaving pool of water on the core debris would mitigate the release of radionuclides from core-
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concrete interactions, Water in the cavity may also mitigate the release of radioactive materials from the molicn
core-cenarele interactions if a coolable debris bed is formed. For PWR plants, such as Surry, which do not have 4
flow path for water to enter the cavity from the containment floor, the cavity will be dry at the time of vessel breach

unless the containment spray system has operated. A dry-cavity will not be able 1o mitigate the release of radioactive
materials from the molien core-concrete interaction.

2.2 Containment Safety Systems and Resources
2.2.1 Containment Heat Removal Systems

The high pressures and temperatures during an accident in a8 PWR dry containment may be reduced by two
containment heat removal systems: the containment water spravs and the atmospheric fan coolers. It some designs
bath systems are Engineered Safety Features (ESFs) and are designed to operate during a LOCA assuming a single
component failure. In other designs, typically the subatmospheric plants, only the sprays are an ESF system. The
containment heat removal is accomplished by heat exchangers in the containment spray system ard containment fan
coolers. Typically, the sprays and fan cooler systems are sized 1o accommodate energies associated with the reactor
decay heat and the sensible and latent heat of the primary sysiem coolant.

The containment spray system (CSS) of 2 PY/R lar, . plant like Zion has three independent 100% capacity
subsystems with no common headers. A single acti- passive failure in any of these subsystems will nol affect the
operation f cither of the other two subsystems. Ot che three containment spray pumps, two are motor-driven and
the third is diesel engine-driven. The capacity of each pump is 3000 gpm (Zion). During & LOCA event, a high-high
containment pressure signal coincident with a safety injection signal will start all three containment spray pumps and
open the normally closed motor operated valves on the discharge of these pumps. All three pumps take ruction from
the Refucling Water Storage Tank (RWST). When spray is required during the recirculation phase of the accident,
two of the three spray subsystems can be supplied with water from the containment sump via the residual heat
removal (RHR) pumps. Therefore, spray pump operation is nol necessary during the recirculation phase. In a
subatmospheric contuinment, like Surry, there typically are two spray systems; an injection spray system that functions
as described above, and a recirculation spray system. When the RWST has been empticd in this plant, the injection
spray system is secured and the recirculation spray system is started.

Th. ‘cactor Containment Fas Cooler System (RCFCS) is designed to filter, cool, and dehumidify the reactor
containment environment during both normal and abnormal conditions, It is a recireulation system. There are a
total of five units operating in parallel (Zion). F:  post accident operation a minimum of three units must function
1o salisfy safeguards requirements. Each RCFCS unit is composed of fan, motor, cooling coil, filters (both roughing
filter assembly and HEPA filter assembly), moisture separator and backdraft dampers. For the Zion plant, the fan
capacity during post accident conditions is 53000 ¢fm, and cach unit is capable of removing an actual heat load of %1
x 10" Btu/hr and of achieving a steam condensation rate of 200 gpm.

A simple diagram of these containment cooling system heat transport paths is shown in Figure 2.4 [4]. The heat
transfer path from the containment spray (or RHR) heat exchangers and the containment fan coolers 1o the ultimate
heat sink is completed by one ar two cooling water loops (i.¢., the CCWS and/or the service water system),

2.2.2 Combustible Gas Control System

All PWR dry containments are equipped with Combustible Gas Control Systems in order to maintain the post-
accident bydroges buildup to a level below the flammability limit. The system contains four elements: 1) a hydrogen
sampling system which alerts the plant aperator to the hydrogen concentration in the containment, 2) a hydrogen /air
mixing system which minimizes the formation of locally high H, concentrations, 3) hydrogen recombmers in which
gases drawn from the containment are beated 1o high iemperatures to combine hydrogen with oxygen and returned
back 1o the containment, and 4) a containment purge system which allows venting of the containment atmosphere to
the outside environment. However, these systems are designed 1o accommadate hydrogen accumulation for design
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Plast Capabilities

basis events (oxidation of 5% of the Zircaioy surrounding the active fuel). The systoms are not dosgned for the
hydrogen geoeration that might accompany a core meltdown accident

Hydrogen may be released to the containme it o appreciable quantiies if the accident has progressed to the
degraded core stage, Several thousand pourds of hydrogen may result from the reaction of steam with fue! clad and
stee) structures, and the radiolstic decomposition of water. The accumulation of the hydrogen gas presents a thred
1o containmeni integrity if it is a sizeable quantity and il it were to burn rapidly or detonate. PWR dey containments
are not required 1o have the inteational ignition systoms that are required fos the we-condenser plants

222 Contanment Penetration and Isolation Systems

Containment penctration and isolation systems are designed to funit rescases of radioactive gascs and paniculates 1o
the environment after an acode:d. During normal oper m, FWR contamments are closed or have onl, a himited
amount of purge flow. Following a LOCA, the containmen: solation system is rogquired 1o dose solation valves for
nonsafety-related fluid systems penetrating the containment.  The criteria defining the number and location of
contwinment isolation valves in cach fluid system depend on the function of the system and whether It is open of
closed to The containment, mmosphere, or reactor system.  Lines serving ESF systeras remain i service sibseguent
to design basis cvents,

214 Component Cooling System

The purpose of the Component Cooling System (CCS) 16 1o remove heat fram systems whnch may contain radicactive
water, The heat removal is then transferred 10 the Esseatial Raw Conling Water System (ERCWN) far release 1o the
environment, The CCS is a closed system, so il acts as a barricr between radioactive systems and the environment
The CCS is operated al lower pressures than any system with which i interfaces, so it wall collect leakage, A PWR
CCS typically consists of five pumps, four thermal barrier booster pumps, three heat exchangers, wo surge tanks, and
a CCS pump seal water collection unit. The systems served by the CCS include the containment speay system and
residual heat removal system. An example of component cooling system heat transport paths s shown in Figure 25

{41
22.5 Service Water System

The Service Water System {SWS) is also called Essential Raw Cooling Water System (ERUW) and & wsed during all
phases of operation to remove heat {rom engineered and non-cagincered safety systems. It i an open systom, using
water from the environment and discharged back 10 the environment

The Zion plent has six pumps feeding two separate main supply headers, one header lor cach umit and throe pumps
on each header. The headers are crosstied so that any combination of pumps can swrve both units under normai
operating conditicns, The system pressure 8 mantaned al 55-75 paig in the main supply header and the pumps sre
rated al 22000 gpma.

The service water system could be coasidered as an altornate water source 1o provide a longtorm supply of water for
the remeval of heat from the containment. This strategy could be implemented duripg an accident n which ah
higher priority water supplies and systems are unavailable or inadequaic. The sirstegy i sccomplished by providing
backup emergency connections, such as service water supply to RWST, CS5, or 10 a reactor cavity flooding system, i
such a system exists. Actual hard-piped crosstics between systems noeded to implement (his stzategy aee unlikely to
exist in most plants. The al.  nate would be to wilize a temporary hose connechion arrangement. Although such an
arrangement would depend or specific plant configuration, # is likely that ome plants have & peagtration ot Blaok
flange that could be modified o permit a bose connection.
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BT L —




ADEMMIMCS

v
£
" '
v
?(‘\“V 2.5 AR Dées of (0 D e | . g re ea 1™ Dl alh 4
[y
Fire W
r
XN
’
b
-
-




3 Containment and Relea  Management Strategies

o The development of Containment and Release Manageme  (CRM) strategies requires an mlerface with the

= procedures, programs and policies which have slready be  developed for the Emergency Operating Procedur, «
(EOPs) and the Emergency Response Guidelines (ERGs)  The EOPs provde procedural direction for a wide . e
of adverse plant conditions during off-normal /wbnormal events. The ERGs provide additional crganizational
structure and techaical capabiliies and on-site and off-site communications improvements to support the plant
operating stall during an accident. The reluionship between CRM wrategies, EOPs and ERGs was discussed in
Refercnces 5 and 6. In general, the EOPs are predommantly intended for use in the Contral Room and constitute
*early action”, wherea . CRM strategies are primarily intended for the Techuical Suppornt Center (TSC), of equivalent,
and will constitute “late action”. The ERGs provide “ontry points” in the development of CRM strategies in the sefie
that they help to define the conditions of the reactor core, the reactor coolant system and the contamment, us woll as
the status of safety systeme. The steategies developed for CRM must he applicable to a wide range of possible
conditions, and must also acknowledge the varicty of phenomenological challenges which could be present

3.1 Strategy ldentification

The safety Tunctions are used in EQPs and ERGs 1o proritize actions and deatify importaut equipment,  This
approach can be used to identify the CRM strategics. The safery function-based approach defines the relationshin
between the safety objectives of sccident management; the safety functions needed to proserve these objectives, the
challenges 1o the safety functions; the mechanisms causing these challenges; and the strategies which counter these
mechanisms and thus mitigate or aliminat_ the effects of the challenges.

A schemutic diagram of the safety objective tree for PWR plants with a dry containment is shown in Figure 3.1. The
principal safsty objictives of “RM are presorving containment integeity and mintmizing the off-site release. 1t
containment inegrity i preserved littk or ao fission products are released. Howewer, since containment integrity
may be violated, not only by a bypass ur failure of the containment, but also by & venting stratogy intended 1o prevent
unconditional failure, it becomes important to minimize the amount of fission products selcased under these
circumstances.

The safety functions to prevent containment failure involve the control of coatainment isolation, pressure, and
femperature. The challenges to containment fatlure consist of containment solation failure, bypass, pressunization,
and a severe (hermal-environment, The safety function to mitigate off-site release involves fission product release
control. The challenges are the release, transport and generation of fissson products in the containment, and the
release 1o the auxiliary building and the covironment. The mechanisms which cause the containment chalienges
involve phenomenalogical processes which could potentially occur during sccidents, and are discussed 1o detail in
Section 3.2. The strategies o eliminate or mitigate thuse challenges are given in Szction 33,

3.2 Containment Challenges

e

PWR dry comtainments are designed 1o accept the internal pressure resulting from design hasis accidents (DBAs).
However, the containment may be vulnerable o pressure ind temperature loads associated with some low frequency
core meltdown accidents which are potentially mare severe than DBAs. Discussions of PWR contsinment chalionges
: were given in the NUREG-1150 report [2] and in Reference 7. The containment challenges applicable 1o PWR

: CRM strategies are summarnized below,

32.1 Containment Bypass l

Accident Seyusnces that involve bypass of the containment were assessed 10 be important at the Zion and Surry
plants, and were risk dominaat at the Surry plant. The principal contrbutors to contanment bypass are accidents
initiated by interfucing-system loss-of-coolant (ISLOCA) and stcam generator tube ruptures (SCTR). The predicied
frequency of these events is quite small. However, the consequence of these events is high because their vory l
ocsurrence implics immeodiate loss of contaimment integrity.

i NUREG /CR-5806
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Management Stalcges

vt g svsietn LOCA (ISLOCA) relers 10 & class of sccidents in which L. reacton ooolant system prossurgy

o @ lary interfacing with @ supporting svsiem of lower design pressure i breached I (his occurs, the low pressure
- a will be overprossunzod wod could rupture outside the containment This failure would establish a flow path

a.mw to the environment of, sometimes, (o anothet butding of small prossure capacity. As the ROS loses coolant
imventory, make-up will be provided from the refucling witer storage tank (RWST). Whon the water in the RWST &«
depleted, recirculation cooling is not possible because the water has “een lost outside the contanment  Core damage
will then occut if an alternative witer supply s not provided  Depending on the acodent sequences, the emergency
core cooling system and adhet safety swstem may also fail, rosulting o a rapid core melt wath containment bypass,

BNL performed a detailed study of an interfacing systems LOCA for pressurized water reactors (8] Thiee plants
wore selected: dndian Point 3 (Westinghouse ), Oconee 3 (Baboock & Wilcon), and Cadvert Cllls | (Combustion
Enginecning). The interfacing line . which have been wentificd as potential ISL pathways include dines of low
presaure injection. high pressure mjection, residual heat removal suction, leidown and the core flooding tank
{sccumulston ) outiel lines. The results of the BNL study indicate that the contributors from two groups of pipe lines,
namely the Residual Heat Remova! suction and Low Prossure injoction lines, dominate the core dnage froquency
(CDF) due (o ISLOCAS. The total contribution of ISLOCA events to CDF is generally less than a few percent of
the overall CDF. However, they can pedentially be important conttibators (0 rok if core damage oxcurs because
ISLOCAs may bypass the containment and allow radioactive matenial redease dircctly (o the eovironment

For some plants, ISLOCAs are deemed to be aot imporaant because of the plant specific configuration of the high-to-
low pressure system interfaces, the location of the RHR pumps, and the RHR relief vadves. I these are inside
containment, many potential ISLOCAS will net bypass containment. For the Surey plant, three cheek valve failure
scenarion were identitied @ the initiating event for this sequence. The freguency of the ISLOCA nitsating event per
reactor year is estimated as 3.8 x 107 for the Surry plant [2]

The basic procedures 10 control an ISLOCA considered for the scadent management sirategios myvolve carly
detection, wolation, or mitigation of the effects [9) and will be discussed in Section 3.4

Steam genorator tube rupture induced by high temperatures represents another containment bypass cvenl. Analyses
have indicated a potential for very high gas temperatures in the reactor coolant system during accidents involving core
dar.age with the primary system al high pressure. For example, 8 RELAPS analysis for the Bellefonte plant (a PWR
desipned by Baboock & Wileox) showed that nutural circulation Now of the gases through the primary loaps could
cause a large temperature increase i the reactor coolant piping system [10]. The high temperature could fail the
steam generstor tubes long before the core begins to relocate. As & resuli of the tube rupture, the secondary side
may be cxposed (o full RCS pressures. These pressures are Jioly to cause rediof valves 1o lift on the secondary side
1 these valves fail 1o reclose, an open pathway from the vessel 1o the environment can resull.

122 Direct Containment Heating (DCH)

In centsin core damage accidents, such as a small LOCA o station blackout, the core debris could pencirate the
reactor vessel when the primary systom is at high pressure. Under these conditioms, the molten core materials
ejected under high pressure are likely to be dispersed out of the reactor cavity into the contminment volume as small
particles and they can quickly transfer thermal energy 1o the containment atmosphere. During the process, the metal
contents of the gjected material, mostly sirconium and steel, can react with oxygen and steam to generate chemical
encrgy and hydrogen. Hydrogen combastion could occur if the conditions are favorable. This direct energy exchange
via (a) melt-atmosphere heat transfer, (b) meli-steam chemical reaction, {¢) melt-oxygee chemical reaction, and (d)
bydrogen combustion can lead 10 rapid containmont pressurization which has (he potential 1o Tl some containmonts
under certatn accident conditions.

A review of DUH phenomenology and its impact on contsioment loading ha: been made by Cinsberg and Tutu |11
The review shows that there s a large uncertzialy in predicting DCH loads, which is caused by ancertamtios m imitial
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conditions, reactor cavity thermal-hydraulic behavior, transport of the melt i subcorapariments, und hydrogen
combustion during the process.

In suppart of the NUREG- 1180 project, BNL and Sandia performed DOH paramotric studies for the Zion and Surry
plants, respectively. The CONTAIN-DCH 110 version code [12] which has modifications which parametrically
characterize DOH phenomena was used in both studies 1o BNL's Zion analysis [13), two accident sequences,
TMLEB (station blackout) snd $,D (small break LOCA with joss of ali coolant injection) were considered. The two
acoidents, representing high-pressure und low-pressure seenarion, served to define the dircat contanment heating
witial conditions. A wide range of initial conditions and phenomenclogical assumptions wete selocted to represent
the current uncertainties in DCH. The patamercrs vatied in the seasitivity study included:  primary system pressure
! veasel failure, core melt imventory, melt and steam flow rates through the reactor cavity, melt droplet size, meh
irapping rate, extent of hydrogen combustion, quenching of trapped debris, and co-dispersal of water from the resctor
cavty.

In Sandia's Surry analysis [14], two station Mackout sccdent sequences, representing high-pressvre and low-pressure
sconarios, were considered.  The first case (referred 1o as FT') was an early station Wlackow with the auxiliary
feedwater assumed (0 be unavailable and the primary sysiem assumed to reman fully pressorized of about 16 Mpa
(2320 psia) until vessel breach The second case (referred as PS-LOCA) was a fong-derm station blackout in which
auxiliary feedwater was assumed to be available and the sccondary side was depressurized A pump scal LOCA
occurred and the primary system was partially depressurized 10 about § 1 Mpa (780 psian). The sensitivity studies
identified (hat the containment loading was affected by the reactor vessel initial pressure, melt (rapping in
subcompartimonts, hydrogen burn under high tempetatures, the quantity of steam availble for thermal intera tion
and the melt blowdown rate, ete. The results are similar 10 that reporied 1o the Zion study

Although the parametric studies performed for Zion and Surry indicale a large uncertainty in containment loading
due to DOH, it can generally be concluded that contrinment integrity would be threatened if a large fraction of meh
is involved in the heating process aad & hydrogen burn occurs. However, containment loading is plant specific, as
there wre u number of specific parameters likely 10 be sgaificant for DCH, including contsinment size, strength, and
internal layout.

1t should be noted that there are two impottant issues whick add 10 the uncertaluy associated with DCH evenis:
hydrogen combustion and cavity Nooding.

The high temperatures induced by the DOH processes contribute 1o & large uncertainty cegarding bydrogen
combustion. There is some experimental and theoretical evidence indicating that st high temperaturcs, the
requirements on atmospheric composition for flammability or detonability are much less stringent than at low
temperataees (15 Thus, it w Likely that hydrogen combustion would tike place during the DUH event, particularly in
the containment dome region which is rich in oxygen. The importance of a hydrogen burn is illustrated in Fipure 1.2,
in which the DOH pressure rise was computed by a thermodynamic adiabatic equilibrium model develo: a by
Ginsberg and Tutu [11]. The model provides an upper limit 1o the DCH containment jiressure loading and serves as
@ basis for comparison. In the anslysis it was assumed that sl melt which exists in the reactor vessel is involved in
DCH {ic. no trapping). 1t is seen that if all the available hydrogen was to burn, thes the compuied upper lhimit
containment pressure rises are contsinment thrcatening over & broad range of participating meht mass. The "
computed coatainment pressure rises are considerably lower if no bodrogen burn is assumed. For gion, the
predicted DCH pressure is lower than the estimated mean failure pressure if hydrogen burns are as<aamed not td
occut, For Surty, the containment-thee deting loads are predicied oaly for a hig" fraction of meli participstion if
hydrogen burns are assumed noi fo oceur, ;

The effects of the presence of water in the reactor cavity on containment pressurization during 8 DOH event also
involve a large uncertainty. This uncertainty has been addressed in the NUREG-1150 report [2] It states that at
least two scenarios are concgivable when water interrupts the pathway for debris dispersal following reactor vessel
breach. One scenario is that one or more sieam explosions will occur slier only a fraction of the debris has been
injected into the cavity snd that the cavity water will then be dispersed abead of the bulk of the injested debris.

NUREG/CR- 5806 1%
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injocted into the cavity and that the
cavity water will then be dispersed
abead of the bulk of the injected
debris. Anather scenano is that
water will be co-dispersed with the
ebris, existing in the cavity region
ws small droplets intermixed with
the transported debris, stcam and
hydrogen. The water may quench
the debris, mitigating the effects of
direct containment heating. On the
other hand, the steam generated by
the co-dispersed water may
enhance the containment
pressurization rate, of may reacl
with unquenched debris 1o generate
hydrogen and biberate c¢hemical
enctgy. The CONTAIN patametric
studies [13,14) show that the
conlainment pressure increases if
waler s present in the reactor
cavity. The analyses imply that the 0 : 4 — bosnnibammsmeds S
quenching of trapped debris 0.0 0.2 04 06 0.8 1.0
relesses additional steam into the

containment atmosphere which

directly contributes to the PARTICIPATING MELT FRACTION

o of (e e 13 Effect of W, Burn on DCH Pressure Rise Rased on

steam into the lower *agions of Thermodynamic Adiabatie Eguilibrium Modei (Reference 1)
contwinment causes additional

trapped hydrogen in these regions 1o move upward into the oxygen nich upper dome where it can burn. A series of
limited tests referred to in Reference 40 also recorded higher peak pressures with water in the cavaty.

DCH PRESSURE RISE (BARS)

The CONTAIN analyses indicate a trend of & lower DCH pressure rise with decreasing initial pressure in the reactor
coolant system (RCS). An example is given in Figure 3.3 for the Zion plant [21]. The CONTAIN result is driven, in
part, by the assumed increase of melt droplet diameter with decreasing RCS pressure and the consequent reduction
of surface area available for heat and mass transfer. The trend, however, is also believed to be the result of the
influence of RCS steam inventory and the effect of the resulting steam flows on the processes of hydrogen production
and convection. The pressure rise is also related to the blowdown rate. A slower rate would allow more energy to
be transferred to heat sinks. Thus, it appears that RCS depressurization could be considered as a proventive strategy
n combatting DCH.

323 Combustion

During a severe accident in an LWR, oxidation of the metallic components of the reactor core will produce hydrogen.
Hydrogen combustion in the containment building could produce pressure and temperature levels that may threaten
the integrity of the containment boundary. The threat 1o containment depends on the details of the accident
sequence and the containment design. Because the typical PWR dry containment has # higher design pressure and
larger contsinment volume in comparison with other designs, it has a greater ability (o accommodate the large
quantities of hydrogen associated with a severe accident than BWR containments and PWR ice-condenser
containments. Thus, the PWR dry containments were excluded from the NRC interim hydrogen rule which requires
the control of hydrogen produced by the metal /water reaction (MWR) of an equivalent of 75% of the cladding
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Management Strategies

surrounding the active fuel. 1n the NUREG- 1150 study, hydrogen combustion is ot identificd as & dominant
contributor (o carly containment failure for either the Zion or the Surry plant. While hydrogen combustion alone
not considered 10 be a severe challenge for PWR dry containments, the combined effects of hydrogen combustion
with DCH and steam spike could threaten the containment integrity under certain conditions.

Combustion phenomena can involve hydrogen burns prior 1o reactor vessel breach, and combined hydrogen /carbon
monoxide burns after the reactor vessel breach and the initiation of corum concrete interaction. These phenomena
involve many issues, such as in-vessel and ex-vessel hydrogen production, concrete erosion and CO production,
ignition probability, detonation probability, peak pressure rise from 8 deflagration, dynamic load from a detonation,
and thermal bnpact on safety related equipment. These ssues have been discussed in Reference 16 for PWR dry
conlamments.

Potential hydrogen generation equivalent to 75% and 100% fuel-cladding oxidation are given in Table 31 for & group
of PWR plants with atmospheric and subatmosphenic containment design.  The quantitics of hydrogen that would be

Tuble 3.1 Hydrogen Concentrations in PWR Dry Contaloment ( Reference 16)

R R R | i | O e T e T

75 dat 0% Oxidai
| Thermal  Free Clad
Power, Volume Mass H, Mass H, Mass
| Plant MW a0 0’y (bm) (1bm) Vol % | (lbm) Val %
15 Giinna 130 097 22440 T i3 N4 17
‘x Kewaunee 1680 1.32 28443 N4 11 1072 14
] Prairie Island 1650 1.32 Jaa43 N 11 1072 14
t Turkey Point 2200 1.55 W0 1194 13 1592 17
| Summer TS 184 AK2R0) 1257 12 167 15
| Mume Yankee 2640 186 53768 1768 16 2358 A0
| Oconee 1,23 2568 1.9 42265 1388 13 1850 16
| Robinson 230 1 95 wWW0 | 1194 1 1592 14
t Rancho Seco am 198 42200 1358 11 1RS0 16
Crystal River 3 2452 20 42200 1388 13 1850 16
’ Farley 452 20 W2 1257 11 1676 14
| Comanche Peak M1 p A S0013 1614 12 2233 15
l indian Pt 2 2758 261 446dx) 1467 10 1456 13
Zion 1250 260 44550 1466 10 1954 13
r Indian Pt 3 3028 261 41991 1382 10 1842 12
Diablo Canyon 1,2 M1l 263 3 1545 10 2001 13
| WNP-1 W 109 51450 1692 10 25 13
[ Bellefonte 3620 13 51450 1692 ] 225 12
South Texas w17 140 S4%40 1504 10 2405 12
} Surry 2650 1.80 LY 1194 17 1592 2l
Millstone 25 2% 452, 1449 16 1986 0

Note:
1. Free volume and clad mass are from FSAR of cach plant.
2 Vol % u computed for dry atmosphere at 100F
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Management Srategics Table 24 Comparison of the Contributions From o-Mode and DUH to Early
Zion Containment Fallure (Per Core Damage) (Reference 21)

have significant vulnerashility 10
impulse loads from ex-vessel T T T T T S e e S T I S St
steam explosions since PDS a DOH __Others Total
cavity :::5‘014 nat ‘:::);M SEO £910E-03 1.54E-02 LIKAEO3 2482
ey e e i e Translents  350SE3  SA9IE0}  30SSE03  1L17SE2
(%) {29.82) (44.10) {2602) (100.00)
e I LOCAs 798303 L906E-03  4166E43  13E02
Energy ) (57.62) (12.31) (2007) (100,00)
Addition at
Vessel Breach

Aler the reavtor vessel has been breached and the core debris discharged into contaimment, a large quantity of mass
and energy is added 1o the containment. The masses are hydtogen, steam, water, and core debris. The energy
sources are (1) internal energy of these masses, (2) chemical energy potentially availsble via osdation of the core
debris, and (3) decay heat associated with the core acbris. The masses end internal energy of the hydrogen, steam,
and water will not present any threat 1o a large PWR containment. The chemical energy via oxidation of the core
debris is the DCH issue which has been discussed in Section 322 The internal encrgy and decay heat of the core
debris, which can be transferred (0 the containment stmosphere by vaporization of available water in the cavity
region or on the containment foor can impose a high pressure loading on the comainment. This pressare loading is
often referred 1o as a steam spike. The availability of water depends on the accident sequence and containment
design. For example, the cavity would be relatively dry for sequences with early melt (failure of ECC injection) and
no containment heat removal (falure of sprays).

The Containment Loads Working Group (CLWG), an ad hoc committee formed by the NRC, investigated the issue
of & steam spike for the Zion containment [22]. The issue was defined as Standard Problem No i (SP-1), in which
the rapid quenching of the melt as it is being released into the reactor cavity was studied. The study showed that, on

an equilibrium, adiabatic basis, the containment pressure due o a sieam spike would be in the range of 48 10 9 psia.

These results would be redaced if the effects of passive heat sinks are considered. Thus, it can be concluded that the
steam pressure spike induced failure of a PWR large dry containment at the time of vessel failure is an event of
relatively low probability.

32,6 Overpressurization Due to Nuncondensible Gases and Steam

Without containment heat removal, the contammment would fail by pressurization due to the addition of steam and
noncondensible gases 10 the atmosphere, Even with containment heat removal pressurization will continue, albeit
much maore slowly, due 1o the noncondensibles. The noncondensible gases may evolve from conum-concrete
intcractions.

If the resctor vessel is depressurized, the core debris pouring out of the reactor vessel is likely to remain in the
reactor cavity where it will interact with structural concrete. The erosion of concrete due 10 the thermal attack by
core debris releases steam and CO, gas. (The quantities of steam and carbon dioxide released vary among different
types of concrete, i, basaltic vs. imestone. For example, the basaltic aggregate concrete contains much less CO,
and has a higher heat of fusion. It is expected that basaltic aggregate concrete would release less CO, gas and
exhibit a relatively slower erosion rate) As the gases flow upward through the molien debris, they may react with
the metal components and generate H, and CO, which are combustible gases, Potential H, and CO burnas could
contribute to late pressurization failure.

Pressurization caused by corium-concrete interactions is governed by many factars, among which are the presence of
wates in the cavity and the potential for debris coolability. If the cavity is flooded with water prior to vessel failure,
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gases. Currently, the ability to monitor combustibles or inertants locally is not avaitable. Global hydrogen
. measurements can be made, but not CO or CO, measurements.

4132 Surry plant

As discussed in Section 4.2.2, & potentially important late challenge to the Surry plant is basemat meltthrough rather
than failure due to gradual overpressurization  Hence, mitigation strategies may focus on the flooding of the reactor
cavity. However, the boil-off of the water iatroa.ced into the cavity will then make overpressurization a real

i possibility. Nevertheless, flooding may delay ultimate containment failure and provide additional time for recovery of
; CHR. Major concerns of this strategy are the time of flooding and mechanism of introducing water into the cavity.

| Because basemat meltthrough is a long-term challenge, flooding of the cavity should be implemented after reactor
vessel breach to eliminate the potential adverse effects associated with early flooding.

cavity configuration of all sub-atmospheric plants (Beaver Valley 1 & 2, Milistone 3, Surry 1 & 2, and North Anna 1
& 2) as a "type D" configuration (Figure 4.11). According 1o the IDCOR description, a type D cavity does not have
good communication with the rest of the containment, NUREG-1150 [2] also describes the cavity configuration of
Surry such that “vater collecting on the floor (of the Surry containment) canno’ ‘low into the reactor cavity."
Therefore, modification of the cavity such as additional prping may be needed to provide water paths for flooding.

!
The mechanism of adding water into the cavity depends on the cavity configuration. IDCOR [1] has classified the
E NUREG /CR-5806 4-16

|

f
)

N Ty - el —— = - R——— _—— Bl iR - - - B



k4

5




S S —— e T T

Applications

In & scoping experimental
study of the extent of molten
debris dispersal from PWR
reactor cavities, Tutu, et al.
[36], have conducted
experiments using 1/42nd-
scale model of reactor cavities
of Zion, Surry, and Watts Bar,
The experimental results show
that the fraction of material
dispersed from the reactor
cavity are more than 0.99,
083, and 0.74 for the Zion,
Surry, and Watts Bar plants,
respectively. Tutuy, et. al. [36],
also developed dimensional
analysis for the scoping study.
A otal of 10 dimensionless
parameters are involved.
Based on the scopine analysis,
it is concluded tha .. debris
would be ejected from the
full-scale cavity of the Zion
plant. For Surry and Watts
Bar, at icast 84% and 82% of
the debris will be ¢jected out
of the full-scale cavity,
respectively. Note that the
cavity configurations of the
Surry and Waits Bar plants
are classified as being of type
D and C, respectively, by
IDCOR (Table 4.2). These
cavities are expected to retain
a considerable amount or
essentially all of the debris in
the cavity. Thus, based on the
experimental results, it
appears that regardless of
IDCOR’s classification, a large
fraction of core debris could
be dispersed from these

The impact of DCH strongly
depends on the initial
conditions of the reactor
vessel and core debris, The

Table 42 Lower Reactor Cavity Types of the IDCOR PWR Plants

LRC

Type Plant Potential fur Debwis Disperaal Docing HPME

A Bravwood 1 & 2 Diebrn woukl escape the reactor cavity
Byron 1 & 2
Toonil

B Indan Pout 2 & 3 Would not retain mech de’ "

Scabrook | & 2
Tromn

e Catpwbal & 2
D Canyon | & 2
MeChiire 1 & 2

SC juoweb [ & 2
Vogtie | & 2
Watls Bar | & 2

Wouki retain 8 consederabie smount of debrs

=
=4

Beaver Valley | & 2
Cuwe

Harrs |

Milsiope 3

North Anos | & 2
Kobinson

Sury 1 & 2

Wouid retam exsentially sl of the debre

South Texs | & 2

Litthe debrs will escape

Arkansas 2

Catvert Clifls 1 & 2
Millstone 2
Palsades

Mos! debro wousld escape

G Ccopee |23

Not much debrs w expecied 10 escape

H Maine Yaokee
Palo Verde 1,23
WNP I

Farley | & 2
Praine lshand | & 2
Summer |

Turkey Foint 3 & 4

Little dedris s expecied o o5 spe

Poust Beach | & 2
St Lucie 1 & 2
Waietford §

Not mnich debre o expected 10 escape

San Onafre 7 & 3

A comsiterabie smonnt of debro s expected Lo escape

K Arkansas |
WINP |

Not moch detris 5 expec ad o escape

L Beliefouie | & 2

Some debrie wouild escape

M Callorvpy |

Comsuche Peak | & J
Wall Creek

Daves Bewse |

A goosd Tragtion of debrs s “xpected o retain

E N Yankee Rowe

A reasonable naction of debrs & expecied 1o vscape

wortamment pressure rise predicted by the CONTAIN code for two contrasting cases for the Zion plant are shown in
Figure 4.12 [13]. The conditions of the twe cases are given in Table 4.3, Case AS assumes full pressure in the RCS
prior to vessel breach, dispersal of 100% of the core melt inte containment and fragmentation of the melt into fine
particles. For this case, the peak pressure in the cavity region is about 3.2 Mpa, considerably in excess of the
containment capacity (1.03 Mpa or 149 psia). Case C6 assumes partial depressurization of the RCS, limited dispersal
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pressure. Th= unavailability of the CHRS will be indicated in the control room in the form of the unavailability of

the spray heal exchangers. The recognition of a LOCA in progress would call for the declaration of a site Area
Emergency. If containment failure {ollows, or if containment venting is initiated, the conditions for declaring a
General Emergency will be met. A General Emergency could be declared prior to containment failure if
containment integrity is threatened. Typical actions required followiny: the declaration of these emergencics are
discussed in Section 4.1.

Zion and Sun ; are agaio selected as the representatives for the PWR atmospheric and sub-atmospheric plants,
respectively, in discussions of containment challenges and mitigation strategies.

4.3.1 Zion

NURECG-1150 {2] has identified that reactor coolant pump seal LOCASs induced by the loss of component cooling
water and service waler are important accident sequences for the Zion plant. The cvent could lead to core damage if
the service water/component cooling water system failed to recover in time to reestablish reactor coolant system
inventory control  For the case in which the cooling system {component cooling water or service watet) is recovered
in time to provide injcction from the RWST, ¢ore damage can still occur if the recirculation cooling fails.

Commonwealth Edison (the Zion licensee) has committed 1o perform the following actions with respect to the
alternative water supply for component cooling [2):

1. Auxiliary water supply is provided 1o each charging pump’s oil cooler via the fire protéction system,
Hoses, fittings, and tools are locally avalable at cach unit's charging pump area, allowing for
immediate hookup to existing taps on the oil coulers, if required.

2. A formal procedure change was made 10 Atmormal Operating Procedure (AOP) 4.1, eatitled "Loss
of Component Cooling Water,” providing instruction to the operators to align emergency cooling to
the centrifugal charging pumps. Specific instructions are included for each charging pump with a
diagram of the lube ol cooling valves and piping.

An STCP calculation for the pump scal LOCA sequence with an assumed failure size of 1.5 inches in diamoter
showed that core uncovery could ocewr at about 65 minutes |[7). Within this time-scale, the above emergency actions
could be implemented. However, in the event of failure of these actions, the core could start to melt at about 94
minutes and the reactor vesse! could fail at about 130 minutes. Because of the relatively small break size associated
with pump seal failure, the RCS is Iikely 10 remain at high pressure and DCH could occur after vessel breach. To
mitigate the potential DCH challenge, the RCS should be depressurized as discussed in Section 4.2.

In the event of vesse! breach without DCH, STCP predicts the following containment response for the pump seal
LOCA [7}:

1. The containment atmosphere is highly inerted due to the rapid water boil-off in the cavity region.

2. The cavity concrete erosion rate is relatively slow and would take about 36 hours for a complete
penctration of the basemal.

3. The cov'ainment would fail at about 900 minutes as a result of overpressurization due to corium-
concrele inte raction, if the containment heat removal systems are not restored.

Thus, the comainment challenge during the late phase of the accident is likely to be overpressurization. The
mitigation strategies are similar 1o those discussed in Section 4.1, i.e., the restoration of containment sprays or fans or
containment venting. Since sprays car effectively enhance aerosol removal, they should be considered as one of the
CRM strategies,

4.23% NUREG /CR-5806



As discussed in Section 3.2.3, caution must be exercised i (he implementation of containment sprays because of the
following two implications:

1. A PWR containment is generally inerted by steam under LOCA conditions. The restoration of
containment sprays could de-inert the atmosphere and therefore, induce combustion. Although a
| global deflagration is not expected to raise the containment pressure beyoad its capacity, a local
| detonation induced by flame acceleration (ie., deflagration-detonation-transition, DDT) could
, severcly threaten containment integrity. The potential for DDT depends on the containment
f subcompartment geometry and local gas concentrations.

' 2 For many PWR containments, the spray water is likely to be collected in the reactor cavity. There is
i‘ a large uncertainty regarding the debris coolability by the overlying water pool. The industry

. developed MAAP code often predicts a complete quenching of the core debris if water is present in
, the cavity. Hence, a wet-cavity would climinate the overpressurization challenge. On the other

! hand, the NRC sponsored CORCON code show - that an overlying water pool has little effect on

; debris coolability and, hence, can only mitigate, but not eliminate the overpressurizaticn challenge.

A limited STCP analysis was performed for the $,DCF sequence to qualitatively asses the spray sirategy [7]. The
; $,DC.F sequence is a pump seal LOCA accompanied by failures of ECCS, containment spray recirculation, and fan
coolers. In the analysis, three spray injection times were considered: prior to VB, immediately after VB, and late
during the accident. Two cases with reduced spray rate and one case assuming the refill of the RWST late during the

accident were included in the analysis. The analysis did not extend far enough to consider late steam condensation
due to natural containment cooling. The results are:

, 1. The early initiation of containment sprays prior 1o the reactor vessel breach delayed the containment
, failure time by about six hours.

2 Initiation of sprays immediately after the reactor vessel breach induced o large bydrogen burn which

did not threaten containment integrity. The containment failure time was delayed by about six
hours.

S

The initiation of sprays late during the aceident greatly reduced the containment pressure and
delayed the failure time by more than 11 hours.

4. A reduced spray rate prolonged the spray time available using the RWST and this prolonged cooling
further delayed the containment failure time by another one to two hours. The reduced spray rate
also slows the deinerting effect of the atmosphere and, hence, reduces the potential for combustion.

5. Refiling the RWST for containment sprays during the late phase of the accident enhances the
containment cooling effcct and further delays the containment failure time by another three hours,
However, the enhanced cooling caused a burn of 2100 pounds of hydrogen, which caused a pressure
rise of 85 psia.

The above results are summarized in Table 4.4

The containment challenge under LOCA conditions can be further demonstrated using the improved, multi-
nodalization analyses from the MELCOR and MAAP codes. The accident sequence considered is a 2.5-inch break at
the intermediate leg (5;D). In both codes, the Zion RCS was represented by 14 nodes and the containment by 4
nodes. The MELCOR code predicted the failure of 4 penctration tobes (instrumentation tubes) in the reactor lower
plenum between 190 1o 250 minutes, and the failure of contaloment at about 27 hours. The MAAP code predicted
that a single penetration tube failed at 226 minutes, and the containment at about 26 hours. Both codes indicated
that the containment is unlikely to fail by either basemat melt-througk or combustion  The major challenge to
containment integrity uuder LOCA conditions is the slow overpressurization due to corium-concrete interaction. The

|
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Table 44 Summary of STCP Analysis for the Zion 8,DCF Sequence (7]

Containment
Case Description Failure Time, min H, Burn Erosion, cm
SF2 No operator action (no A0 (note 1) No 106 (note 2)
sprays)
SF2$ Spray injection started 1260 No ~d
prior to VB (31 min) |
SF45 Spray injection started 1248 Yes ~ =
at VB (13 min) |
SF8 Spray injection started 1600 No (note 3) &S |
at 800 min I
SFS80 Same as SF4S5, but 75% 1338 No (note 3) ®4
imjection rate
SF3%0) Same as SF4S, but 50% 1352 No (note 3) Ko
injection rate
SFSL Same as SF8, but spray 1803 Yes 8§
time doubled
e e P e T e e

Notes

1.  Containment failurc at 149 psia due (0 overpressurization.

2. Cavity concrete erosion distance at end of 24 hours.

3. Although MARCH predicted no hydrogen burn, the gas concentrations are within the uncertaiaty of
flammability. Combustion is possible.

MELCOR and MAAP predicted containment pressures are shown in Figures 4.14 and 4.15, respectively. Due to the
slow rate of pressurization in the containment, venting could be implemented during the late phase of the acoident,
i.e., after a large quantity of aerosols has been deposited by natural settling processes.

4.3.2 Surry

NURY 3-1150 [2) has identified that the combination of a small pipe break LOCA and the failure of coolant injection
or recirculation is one of the major contributors to core damage for the Surry plunt. The equivalent diamete: of the
break size could vary from 0.5 to 6 inches. All containment heat removal systems are available, but the continued
heatup and boil-off of primary coolant leads to core uncovery. The time of core uncovery could vary from several
minutes for a large break to several hours during a small break LOCA,

Analyses of the S,D sequence for Surry were performed using STCP [7,34), The results show that the containment
could maintain its integrity through challenges such as hydrogen burning and pressurization, It is possible that the
basemat will eventually be penctrated due to the attack of the concrete by core debris. For the es<e of a dry cavity,
(i.e., containment sprays are not available during the small break LOCA event), the concrete # rate s about
0.07 em/min and a complete penctration of the basemat (about 3 m) would take about 72 h This late failure
time would allow operators sufficient time to implement the cavity-flooding strategy.
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Applications
4.4 SGTR Sequences

A steam gerrrator tube rupture will expose the secondary side 1o full ROS pressute. These pressures are likely to
cause reliefl valves 10 1ift on the secondary side. While these valves are open, an open pathway from the versel 1o the
environment can result. Thus, the behavior of the secondary side safety valves is very important for the SGTR event.
Based on consid=rations of plant emergency operating procedures, thermal - hydraulic caleulations, and data from
actual SGTR events, it was concluded in the NUREG 1150 study that there was a high likelibood that the safety
valves would stick open.

The of srating crew is initially lead to ERG E-O 10 initiste & reactor trip and to start the safety injection. Step 23 of
E-O 8 SGTR accident based on & high radiat.on level on the secondary side and directs the operator into
Guideline E 3 "Steam Generator Tube Rupture” The E-3 Guideline provides necessary operator actions to
terminate primary-to-wecondary leakage and 1o prevent overfill of the steam generator. All the safety systems are
assumed available at the initiation of E-3. The recommended steps include (1) checking the RCP trip eriteria for
further RCP cperation, (2) identification and isolation of the broken SG, (3) control of the water level in the steam
generators, including isolstion of the broken steam generator from the AFW system, (4) initiation of RCS cooldown
by dumping iteam to the condenser from the intact SGs ot the maximum rate using the PORVS or cooldown vaives,
(5) depressurization of the RCS in order to minimize break flow and to refill the pressurizer, (6) terminstion of
safety injection to prevent repressurization after the termination of RCS depressurization, and (7) control of the RCS
pressure and makeup flow 10 minimize break flow

The above procedues when properly implemented will be able to control the rapid loss of reactor coolant inventory
and restrain the release of radioactive materials to the atmosphere from the broken steam generator. Recently, a
best-estimate analysis on system behador during the SGTR transient was performed for the Kori Nuclear Unit
(KNU) 3 & 4 [38]. The plant is a threedoop PWR designed by Westinghouse for o thermal power of 2785 MW
(similar to Surry). The analysis used the RELAP /MODI code and focused on measures (o control the break flow,
Various cases were studied for transient boundary conditions and major opetstor actions based on the E-3
procedures. The study showed that the current E-3 procedure is adequate, but some recommendations were mude
for the improvement of the procedure. The recommendations are:

(1) Tut the failed SG's PORY in the manual closed position with tne i dation of the MSIV,

The lifting of the PORV of the failed S at its set point pres-az, weedd r -t in an undesirable
release of radicactive steam to the environment, Manual clo. » of the Leoten 8G's PORY may
limit radioactive releases This action "ws hittle impact on the overill system behevior according to
the analysis.

(2) Put the intact SC's MSIV in ihe manual open position before the start of RCS cooldown,

Because SG cooldown valves aie located down - am of the MSIV, the solation of the MSIV during
RCS cooldown may disable further cooldowr w a, in tura, will repressurize the RUS and increase
the leakage Nlow through the failed SG.

(3) Continue RCP aperation based on RCS pressure for SGTR aecidents that are not accompanied by
an addional LOCA,

Unlike the situation during 4 small break LOCA, <ignificant voiding of the reactar core s not
expected during an SGTR accider. Thus, the operation of the ROP should be muintayr o
increase the RCS subcooling. Th: sperator ean me, itor ROS pressure together with hot eg
subcoaling to determine whe.: . e KCP aperation should be continued.
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Applications

The EOP E-3 procedure assumes that all safety systems are available during the SGTR event.  dowever, there are
situations in which some safety systems may fail  For example, the emergency core cooling system could fail to
switch 10 the reciroulation mode because the containment is dry. Such sequences were analyzed for the Surry plant
[39]. The results show that the reactor vessel could fail at 4 hours when both the injection and recirculation modes of
the ECCS are not available. The reactor vessel is predicied (o fail at about 15 hours when the failure of the

| recirculation mode was assumed  For the latter sequences, the mitigation strategy shov'd focus on refilling the
RWST with alteruate water sources as discussed i Section 3.
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Summary

called for in the current ERGs and often rely on the activation of systems designed 10 cope with design basis
accidents. The CRM strategies differ from the existing ERGs primarily in terms of the conditions under which
cortain actions are undertaken and cerlain systems are activated. Th's includes operating systems in an
anticipatory rather than a response mode, operating them beyond their design limits, as well as making use of non.
safety grade sysiems in some instances. The boundary between current emergency procedures and those actions
referred 10 as severe accident strategies is not & sharp one, and the interface between the two types of actions is
complex.

The greater emphasis on anticipatory actions for CRM compared 1o current ERGs was illustrated by several

strategios discussed in the previous sections. Such phenomens as HPME are too [ast acting to allow remedia)l

actions at the time of their occurrence, and therefore an advance action, like RPV depressurization, if high

pressure RPV failure is deemed likely, may be advantageous. |

My . tions called for in the ERGs, such as those dealing with secondary side heat removal, remain generally |
v ey useful in the severe accident regime as well  Others, however, muy peed 10 be modified or restricted As |
diseussed in previous sections, the activation of containment sprays during an advanced stage of a severe accident,
where steam inerting may provide protection against a hydrogen burn, should be based on mare than containment
pressute and temperature levels. There are also a number of CRM strategies which have no direct counterpart in |
the ERGs, Cavity Nlooding is such a strategy, for instance, |

How severe accident strategies in general, and CRM strategies in particular, ure 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 advantapes and disadvantages atiached to ali 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 of & particalar
utility can also determine the best method of CRM integration at & particular plant. I 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 available at the time of
the accident, more specific advance direction should be developed in an accident management jdan. In practice
combination of procedures and guidance is likely 1o be most effective in filling the needs of the operators, support
staff, and accident management team.

§3 CRM Strategies

Because of their large containment volume and high design pressure, PWR dry containments are relatively robust
and provide considerable opportunities 1o maintain coatainment iuicgrity and minimize the release of radiation
following a severe accident.

Among the four hydrogen combustion modes which could potentially occur in such a containment, i.¢
deflagration, diffusion flame, auto-ignition and detonation, the pressure bading and thermal effects of the three
former modes are not expected to threaten the containment integrity. A local detonation caused by non-uniform
gas distribution could challenge the containmen integrity. The potential for local detonation depends on the
containment construction, interior layout and other specific design parameters. PWR plants with subatmospheric
design of steel shell design are more vulnerable 1o local detonation. However, for large dry containments, the risk
from all combustion modes is deemed low enough that no modifications of these plants is necessary, although
licensees should be cognizant of the potential for these events to occur. Plant specific combustion control should
focus on promoting gas mixing and deliberate burning in order to keep the combustible gas concentration below
the lean detonation limit.

NUREG/CR-5806 5.2




Summary

The direct contain nent heating (DCH) associnted with a high-pressure melt ejection (HPME) event appears 1o be
an early threat 1o o stainment integrity. Many factors can influence the effects of melt gjection and some are nol
well enough undersio d 10 allow unequivocal statements regarding their influence on DCH. For instance, the
impact of co-dispersal o " water present in the reactor cavity during & HPME event involves considerable
uncertainty. Flooding & ¢. -ity solely to mitigate DCH effects may not b justified based oo present understanding
However, cavity flooding for some circumstances may be used 1o provide external cooling 10 the vessel, of 1
anticipation of cooling a debris hed.  Therefore, the decision 10 flood has o 1ake into account the range of
possibilities in the particular accident under consideration,

However, mitigation or elimination of the DCH effect could be accomplished by ROS depressurization. INEL has
developed a strategy based on late depressurization using PORVs, 2nd has classified all PWRs into ¢ groups for
comparison of the effectiveness of the late depressurization strategy. The Baboock and Wilcox PWRs and
Combustion Engineering PWRs wilth no PORVs are unable 10 depressurize the RCS by venting the primary
system.

Overpressurization of PWR containments can ocour during the late phase of an accident due 1o the buildup of
steam and noncondensible gases. However, because of the large containment volume, for most PWR plants
overpressurization is a slow process. (o most cases, the ullimate capacity of (b= containment would be reached on
the order of days. Under these circumstances, mitigation can be achieved by 0.~ restoration of containment
cooling systema, using alternate water sources, or by a controlled venting  Restoration of containment cooling
systems mus: be done cautiously 8o as ot 10 de-inert the atmosphere and cause a sudden burn of a large quantity
of combustible gases, which may have accumulated in the containment.

Basemat melt-through also is a potentially important challenge during the late phase of (he accident for some
containment designs. However, concrete erosion by the molien core debris is o very slow process and it would
take days for the concrete 1o lose its stractural integrity. The erosion of the concrete may be mitigated by flooding
the reactor cavity. However, there is a large uncertain.y regarding the effectiveness of cavity flooding since it
depends on the cavity configuration and the state of the core debris in the cavity.

For soume PWRs, containment bypass events provide a significant contribution (o the risk estimates. The
mitigation strategies that are discussed in this report include the isolation of the break line, reactor coolant systems
(RCS) depressurization, refilling of the refueling water storage tank (RWST), flooding the bresk location, and the
activation of auxiliary building fire sprays. These strategies are currently feasible for many PWRs. However, for
some plants, modification of existing systems and/or procedures are required
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