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Abstract

This report identifies and evaluates accident management strategies that are potentially of value in maintaining
containment integrity and controlling the release of radioactivity following a severe accident at a pressurized water
reactor with large-dry containment. The strategies are identified using a kigic tree structure leading from the safety
objectives and safety functions, through the mechanisms that challence these safety functions, to the strategies. The
stratepes are applied to severe accident sequences which haw one or more of the following characteristics:
significant probability of core damage, high consequences, give rise to a number of potential challenges, and include
the failure of important safety systems. Z. ion and Surry are selected as the representative plants for the atmospheric
and sub-atmospheric designs, respectively,
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Executive Summary

De purpose of the present report is to identify, as well as to assess, accident management strategies which
could be important for preventingcontainment failure and'or mitigating the release of fission products during
a severe accident in a pWR plant with a large dry mntainment. While the development of detailed actions
is of necessity plant specific, the ideas contained in this report can be useful to individuallicensees who are
in the process of deseloping their accident management programt De report should also be helpful to a
reviewer of a licensee's accident management plan. Two types of containments are considered, atmospheric
and sub-atmospheric. The Zion Nuclear Power Plant Unit I and the Surry Nuclear Power Station Unit I
respectively,are used as the example plants in this report. Sotne of the variations among the other pWR large
dry plants are also discussed.

De present report :mphasizes the use of existing plant capabilities for ,cvere accident management. The
containment and release management (CRM) strategies differ from the cr tingemergency response guidelinesi

(ERG) primarily in terms of the conditions under which certain actions are undertaken and certain sptems
activated. For CRM, systems are often operated in an anticipatory inste.id of a response mode, and often
beyond their design limits. Non-safety grade systems are also made use of tor CRM, ne plant features that
are important to containment and release management in a large dry containment are reviewed to 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 support their operation. Important issues related to
these systems and some of the uncertaintiesinvohed in sesere accident phenomena are discussed.

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

As a result of the euminationconducted 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 pWR containment.

| The strategies were assessed by application to certain accident sequences,i.e. Station illackout sequences,
LOCA sequences, and SGTR sequences. A DCII event was also singled out for discussion. The strategies
discussed may, of course, also be of benefit in other 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 containment integrity and minimize the release of!

radiation following a severe accident.

Among the combustion modes which could potentially occur in such a containment, the most challenging
i appears to be a k) cal detonation caused by non-uniform gas distribution, since this could threaten the

containment integrity The potential for local demnation depends on the containment constructian, interior
ut and other specific design parameters. Iloweve: for large dry containments, the risk from all combustionF

modes is deemed low enough that no modification of these plants is necessary, althouga 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.

| De direct containment heating (DCll) associated with a high-pressure melt ejection (IIPME) event appears
j to be an early threat to containment integrity. Many factors can influence the effects of melt ejection and

some are not well enough understood to allow unecuivoca! statements regarding their influence on DCII. For

| instance, the impact of co-dispersal of water present in the reactor cavity during a IIPME event involves

|-
I
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Executive Summary

considerable uncertainty.110 wever, mitigation or elimination of the DCil effect could be accomplished by
RCS depressuritation.

Overpressurization of PWR containments can occur during the late phase of an accident due to the buildup
of steam and noncondensible gases. Ilowever,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. Wder these circumstances, mitigation can be achieved by the restoration of
containment cooling systems, using ahernate water sources, or by a controlled venting. Restoration of '
containment cooling systems must be donc cautiously so as not to 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 the accident for some
containment designs. Ilowever, concrete erosion by the molten core debrisis a very slow process and it would
take days for the concrete to lose its structuralintegrity. The erosion of the concrete may be mitigated by
flooding the reactor cavity, llow ever, there is a large uncertainty regarding the effectivenessof cavity flooding

,

since it depends on the cavity configuration and the state of the core debris in the cavity.
--

4.

For some PWRs, containment bypass events provide a significant contribution to the risk estimates. 'fhe
'

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 break

*

location, and the activation of auxiliary building fire sprays. These strategies are currently feasible for many
PWRs. Ilowever, for some plants, modification of existing syr. ems and/or procedures are required.

The decision to carry out a strategy 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.

I
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.

LOCA Loss of Coolant Accident
LPIS Low Pressure Injection Sptem
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LWR. Light Water Reactor
MSIV - Main Steam Isolation Valve
MWR Metal Water Reaction

- NSSS Nuclear Steam Supply System
PDS Plant Damage State
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PSA Probabilistic Safety Analysis
PSS Probabilistic Safety Studies

'PWR ' Pressurized Water Reactor
RCFCS. Reactor Containment Fan Cooler System
RCP Reactor Coolant Pump -
RCS , Reactor Coolant System

_

RHRS Residual Heat Removal System
RPV Reactor Pressure Vessel
RWST Refueling Water Stora6: Tank
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1 Introduction

1.1 Background
.

Experience obtained from Probabilistic Risk Assessment analyses indicates that a cost effective means for licensees I

to reduce severe accident risk even further is to supplement plant operating procedures with additionalguidance
for severe accidents, that is, by preplanned management of severe accidents. While mint 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 sywems. Such an approach to risk reduction is
preferable to one which relies on significant, and therefore costly, hardware changes or additions.

De current phase of the NRC Research effort in identifying and assessing accident management actions is j
concerned with mitigative strategies which would most likely be applied in the more advanced stages of a sevcrei

,

I 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 to the emironment. Containment and
Release Management (CRM) constitutes the mitigative aspects of Severe Accident Management. CRM anticipates

! a breach in the reactor coolant system pressure boundary and, through the effective, innovative and informed uw
of available sy tems, seeks to maintain containment integrity and minimize radioactive release folk) wing a severe
accident,

.
i

i

Brookhaven National Laboratory is produc'ag 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 widerstanding of the phenomena encountered is limited. Herefore, the uncertainty
surrounding some of these strategiesis 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 containment types,

and therefore five individual reports are being published for containment and release management, each one
addressing the challenges and strategies applicable to one of the five containment types used in the U.S. today.

7The present report is one of this series.

| 1.2 Objective, Scope and Approach

| The purpose of the present report is to identify, as well as to assess, accident management strategies which could '

'

be important for preventing or delaying containment failure and/or mitigating the release of fiss' n products during
a severe accident in a PWR plant using a large dry containment, ne discussions contained in this report are
intended to provide usefulinformation 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 in
_ this report can be useful to individuallicensees who are in the process cf devek) ping such guidance.

'
- De report can also furnish the reviewer of an accident management plan with a sptematic 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 vbifu follow the challenges that can impair containment integrity and give rise to fission product_

i- releases from a large dry containment during a severe accident are discussed. Strategies which can be vied to
eliminate or rritigate the effect of some of these challenges are identified. Dat is, actions in the form c4 accidentt

management strategies are identified where appropriate and possible, and their anticipated effect or, the accident is i

assened. Not all challenges can be completely met by availabic strategies.
F

Strategy identification can be enhanced and summarized via a safety objective tree (SO4 A tree structure was
developed to link the appropriate safety objectives with the challenges of the accident and ultimatciy with the
strategies devised to meet these challenges. His tree structure is similar to that used in previous accident
management reports.

1-1 NUREG/CR 5806
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Introduction

For containment and release management two safety objectives apply: (1) preventing containment faDure, and (2)
mitigating fission product release to the envbonment. Dese safety objectives are achieved by the maintenance of
certain safety functions. During an accident tce iornud 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 a number of strategies. He tree developed by this process for a large
dry matainment is illustrated in Figure 3.1.

De systematic method used in this report for strategy identification and the top d n structure of the SOT, using
.

the hierarchy just described, allow an analyst to decompose the problem of strategy identification into more and
more detailed levels in an organized manner. His systematic method of chatenge depiction and strategy
identification is more likely to achieve a certain degree of completeness than other more haphazard identification
processes.

Previous history of the accident often plays an important role in determining which strategies should be
implemented and how 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. Ilowever, the identified
strategies are not only applicable to the sequences discussed. He strategies will often be beneficial under other
conditions as well, although these conditions may need to be accounted for in strategy implementation.

,

1.3 Organization of the Report

He 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 severe accident management capabilities. A-

detailed examination of the mutainment challenges and the identification of the relevant containment and release
strategies for a PWR large dry plant are presented in Section 3. He application of the strategies during certain
accident sequences is discussed in Section 4. Section 5 summarizes the important findings. References are
mutained in Section 6.

,
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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) reinforced
concrete,2) prestreued concrete, and 3) steel.

A reinforced concrete containment has three basic structural elements, 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 steelliner attached to, and supported by, the concrete ne 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 shcmm ;

in Figure 2.1.

In more recent plants the reinforced concrete design has been replaced, to a large extent, by fully preatressed
containments. In this design, the reactor containment is in the shape of a cylinder with a shallow domed roof and a

,

'

flat foundation slab.. The cylindrical portion is prestressed by a post-tensioning system consisting of horizontal and e

vertical tendons. The dome has a three-way post-tensioning system. The foundation slab is corwentiondly reinforted
with high-strength reinforcing steel. The entire structure is lined with a one-quarter inch welded steel plate to
provide vapor tightness. A prestressed concrete containment requires less net free volume for a giwn blowdown
load. The external force applied by the tendons allows a higher internal pressure ~7. ion, shown in Figure 7 2, is a

representative plant for this category.

Most steel containments utilize a steel plate inteiior structure enclosed by a separate biok>gical shield concrete
building. (Exceptions are San Onofic 1 and Yankee-Rowe which lack the concrete shield building.) The concrete
shield structure is not designed for high internal pressure but serves to protect the slect siell from extreme
environmental effects. The internal pressure of the containment is carried by the structural strength of the steel
plating. A typical steel shell dedgn, Davis Bene 1, is shown in Figure 23.

An important feature of a PWR dry containment which can significantly influence the progression of a severe t

accident is the configuration of the reactor cavity located below the reactor vessel. There is a large variation in
reactor cavity design among PWR dry containment planto This is due, in part, to the fact that the cavity plays no
role in design basis accidents: Howeser, under severe accident conditions, the reactor cavity could strongly affect se e

challenges imposed on the containment. The cavity's size, geometry and outlets into the containment regions could 3

iaffect the interactions of corium/ water and corium/ concrete, and these in turn could affect the subsequent|
~ containment pressurization and basemat crosion. For example, the presence or absence of sumps or curbs arocadj

!~ access ports to the cavity region would determine whether the cavity would be floodcd during a particular accident
'

'

sequence, thereby influencing whether the core debris could be cooled. The outlet flow paths from the casily can
- significantly impact the amount of material which might be ejected into other watainment regions by a high pressure
release from the reactor vessel. The Industry Dqraded Core Rulemaking (IDCOR) program has classified PWR
reactor cavities into 14 types acrording to t;eometry to express their expectations of debris dispersal during a high-
pressure melt iection eccident [1].

j
; The Zion and Surry plants were analyzed as part of the NRC's NUREG.1150 program [2h while the Industry

Degraded Core Rulemaking (IDCOR) program studied the Zion plant. Both plants will be referred to extensively
during discussions presented in this report. The results obtained for these two plants can be used . tatively as a

~

guide for the evaluation of other PWR plants with a large dry somainment design. However, dat to .ome uniqu-

| characteristics of Zion 'and Surry, such as the re:.ctor cavity geometry, not all the insights of this report may be valid
'

for other plants.

.
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,

11.2 Containment Pressure Capability and Failure Mode
.

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

Atmospherie Design Subatmospherie Design - ;

Pressure (psig) Pressure (psig)

A. Concrete

Prestressed vertical e>linder 47 4 ) --a.

and dome with flat base
b. Reinforced hemispheric dome, 42-55 45

vertical cylinder and flat base
_

c. Others 42-60 -

B. Steel -

a. Hemispheric dome, cylindrical 34-44 -

body, and ellipsoidal base
b. Sphere 25-48 -

The higher design pressures are associated with smaller prestrened concrete containments; the kwer pressures with
non-stress relieved steel structures; and the mid-range pressures with reinforced concrete son:e.inments, and stren-
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 /streu analysis,
the containment failure pressure can be estimated as being 2 to 3 times the design pressure.

t

~ The potential failure pressures for the Zion and Surry plants from aggregating of expert-specific probability
distributions provided for the NUREG-1150 study [2] are given below:

,

Zion Surry

Mean Failure Pressure, psig 134 128

1-

Failure pressure at 5th 95th 108-180 95-150 ;

percentile range, psig

Potential failure modes that could cause early containment failure a.c:

1) Overpressurization 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 to core debris / water interaction in a flooded reactor
cavity,

Late containment failure could be caused by- -

1) Basemat meltthrough,

<

4

~
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Plant Capabilities

- 2) . Overpressurization due to nonconhnsible gases and steam generated by the interaction of the core dchris with
concrete and water, and

3) Late hydrogen combucion.

In addition to the abose failure modes, there is also the potential for containment bypass. Ilypass sequences include
steam generator tube rupture events and interfacing systems LOCA (ISL). Interfacing systems LOCA refers to
accidents in which the interface between the high pressure reactor coolant system (isolation vahes) and a low
pressure secondary system is breached. If tl.is occurs, the low pressure system will tx overpressurized and could fail
outside the primary containment. This failure would establish a flow path dirculy from the damaged core to the
emironment or to an intermediate, but low capacity, building.

The Zion and Surry containment analyses in NUREG 1150 made extensive use of expert judgement to quantify the
containment event trees and estimate the probability of containment failure. The mean frequency of core damage
due to internal events was predicted to be 3AE-4 per year for Zion [2]. The frequency weighted average conditional
probabilities of four accident progression bins are:

No containment failure 0.73
Late containment failure 0.24
Early containment failure . 0=02

Containment bypass 0.01

Late conteinment failure is mainly from basemat meltthrough, and early containment failure is frorn a combination of
in-vessel steam explosions, overpressurization and cochinment isolatica failure.

For the Surry plant, the mean frequency of core damage due to internal events is about (IE 5 per year |2]. The
frequency weighted average conditional probabilities of four accident progression bins are:

No containment failure 0.81

Late containment failure 0.06,

.Early containment failure 0.01

- Containment bypass 0.12 i

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 restdting 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.

*

Another release is caused by core-concrete interactions after sessel breach. Fission product grc 4ps represented by
Te, Sr Ru, La, Ba and Ce are teleased mainly during the cany time period when the casity concrete floor is
thermally attacked by the molten debris.

In add; tion to the natural deposition processes, which are related to the ratio of the deposition area and the '

'
- containment volume, the retention of fission product in PWR dry containment is strongly affeued by the containment
spray system and the cavity configuration. Sprays are an effective means for 4cmoving airborne radioactive acrosols.
Other than the release of noble gases and some iodine evolution the release of radioactive material to the !
nvironment should be very small if sprays have operated for an extended time. |

the cavity. However, this is not tFe case for all plants. For example, Zion has a curb as well as the * dog house"
. |Many PWR plants, have a cavity configuration which allows the overflow of water from the containment floor into

enclosure around the cavity which may limit water access. There may be other plants with curbs or endosures The
presence of an overlaying pool of water on the core debris would mitigate the release of radionuclides from core-
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Plant Capabilities

concrete interactionsi Water in the cavity may also mitigate the release of radioactive materials from the molten
core cenerete interactions if a coolable debris bed is formed. For PWR plants, such as Surry, which do not have a '

flow path for water to enter the cavity from the containment floor, the cavity will be dry at the time of venel breach
unless the containment spray sptem has operated. A drycavity will not be able to mitigate the release of radioactive
materials from the molten core concrete interaction.

2.2 Containment Safety Systems and Resources
.

2.2.1 Containment lleat Removal Systems j
- Tbc high pressures and temperatures during an accident in a PWR dry containment may be reduced by two

containment heat removal systems: the containment water spravs and the atmospheric fan coolers. Ir. some designs ,

. both systems are Engineered Safety Features (ESFs) and are designed to operate during a LOCA assuming a single
component failure. In other designs, typically :he subatmospheric plants, only the sprays are an ESF sptem. Thei

containment heat removalis accomplished by heat exchangers in the containment spray sptem at:d containment fan -

. coolers. Typically, the sprays and fan cooler systems are sized to accommodate energies auociated with the reactor 4

decay heat and the sensible and latent heat of the primary system coolant.

The containment spray system (CSS) of a PV/R larg , plant like Zion has three independent 100% capacity '

subsystems with no common headers. A singk acth passive failure in any of these subsystems will not alTect the '

operation .f either of the other two subsptena. Oi the three containment spray pumps, two are motor-driven and
the third is diesel engine-driven. The capacity of each pump is WO gpm (Zion). During a 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 Refueling Water Storage Tank (RWST). When spray is required dvring 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 '

remosal(RHR) pumps. Therefore, spray pump operation is not necessary during the reeirculation phase in a
subatmospheric conadnment, 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 emptied in this plant, the injection
spray system is secured and the recirculation spray system is started.

;

TL 'cactor Containment Fan Cooler System (RCFCS)is designed to filter, cool, and dehumidify the reactor.
r

containment ensironment during both normal and abnormal conditions. It is a recirculation system. There are a
total of five units operating in parallel (Zion). F( post accident operation a minimum of three units must function

, _ to satisfy safeguards requirements. Each RCFCS unit is composed of fan, motor, cooling coil, filters (both roughing
L

filter assembly and flEPA filter assembly), moistme separator and backdraft dampers. For the 7. ion plant, the fan
E capacity during post accident conditions is 53000 cfm, and each unit is capable of removing an actual heat load of 81
i 6

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
T

transfer path from the containment spray (or RilR) heat exchangers and the containment fan coolers to the ultimate
heat sink is completed by one or two cooling water loops (i.e., 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-|-
t

accident hydrogen buildup to a level below the flammability limit. The splem contains four elements: 1) a hydrogen i

sampling system which alerts the plant operator to the hydrogen concentration in the containment,2) a hydrogen / air
mixing system which minimizes the formation of h>cally high 11 concentrations,3) hydrogen recombiners in which2

gases drawn from the containment are heated to high temperatures to combine hydrogen with oxygen and returned
back to the containment, and 4) a containtnent purge system which allows venting of the containment atmosphere to
the outside environment. However, these systems are designed to accommodate hydrogen accumulation for design

,

i |
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~ tusis events (oxidation of 59 of the Zircaio) surrounding the active fuel). The systems are not designed for the -
hydrogen generation that might accompany a core mcltdown accident.

Hydrogen may be released to the containmeat in appredable quantides if the accident has progressed to the
' degraded core stage. Several thousand pounds of hydrogen may result from the reaction of steam with fuel clad and
steel structures, and the radiolytic decomposition of water. The accumulation of the hydrogen gas presents a threat
to containment integrity if it is a sizeable quantity and if it were to burn rapidly or detonate. PWR dry containments .

are not required to have the intentional ignition sptems that are required fo, the ice-condenso plants.

2.2.3 Containment Penetration and Isolation Systems

| Containment penetration and isolation sptems are designed to limit reicases of radioactive cases and particulates to
! the emironment after an accideat. During normal oper: Mn, PWR containments are closed or have on!, a limited

amount of purge flow. -Following a LOCA, the containmeni isolation system is required to chwe isolation vahes for ,

nonsafety-related fluid sptems penetrating the containment. The criteria defining the number and location of
esmtainment isolation valves in each fluid sprem depend on the function of the sprem and whether n is open or
closed to the containment, atmosphere, or reactor system. Lines sening ESF syvems remain in senice subsequent
to design basis events

2.2A Component Cooling System

The purpose of the Component Cooling System (CCS) is to remose heat from systems which may contain radioactive
water. The heat removal is then transferred to the Essential Raw Cooling Water Sptcm fERCWS) for rcicase to the

.

emironment The CCS is a closed sptem, so it acts as a barrier bcturen radioactive sptems and the emironment. 7

The CCS is operated at lower pressures than any system with which it interfaces. so it will collect leakage A PWR
CCS typically consists of fise pumps, four thermal barrier teter pumps, three heat exchangers, two surge tanks, and
a CCS pump seat water collection unit. The systems served by the CCS include the containment spray sptem and

*

residual heat removal system. An example of component cooling sprem heat tramport paths is shown in Figure 2.5
I4

2.2.5 Senice Water System
,

The Service Water System (SWS) is also called Essential Raw Cooling Water Sptem (ERCW) and is used durmg all
phases of operation to remose heat from engineered and non. engineered safety systems. It is an open spiem, using
water from the emironment and discharged back to the emironment.

The Zion pint has six pumps feeding two separate main supply headers, one header for each unit anu three pumps
on each header. The headers are crosstied so that any combination of pumps can sent both units under normal
operating conditions. The sprem pressure is maintained at 55-75 psig in the main supply headcr and the pumps ve-

rated at 22,000 ppm.

The senice water system could be considered as an alternate water source to proside a long term supply cf water for
'he removal of heat from the containment. This strategy could be implemented durirm an accident in which all
higher priority water supplies and systems are unavailable or inadequate.- The urategy is accomplished by prosiding

; backup emergency connections, such as service water supply to RWST, CSS, or to a reactor cavity flooding system, if
such a system exists. Actual hard piped crosstics between systems needed to implement this strategy are unlikely t_o

#

exist in most plants. The at nate would le to utilize a temporary hose connection arrangement Although such an
arrangement would depend or =pecific plant configuration,it is likely that some plants hase a penetration or blank

' flange that could be modified to permit a base connection.

,

j & .. .' -
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Figure 2.5 Eumples of Component Coollag System liest Transport Paths [4]
,

2.2.6 Fire Water System

Similar to the Senice Water Sptem, the fire water systems could be considered an alternate water source for long-
term cooling of the containment. The system is normally maintained at 125 psig to 140 psig by the senice water
booster pumps which take their suction from the senice water system (Zion). There are two fire pumps; one motor

"

driven pump supplied with electrical power from the essential bus, and the other a diesci engine driven pump started
by battery. Both of the fire pumps are rated at 2000 gpm. When the pressure in the fire protection system header
falls to 115 psig, the motor driven fire pump will automatically start and restore the pressure to between 125 psig and
140 psig. If the motor driven pump fails to start or cannot meet the demand on the fire system, the diesel driven
pump will automatically start at a header pressure of 110 psig.

Since the fire water system pressure is almut twice as high as that of the senice water system, it could be used when
higher pressures are required. For CRM applications FW also requires the backup emergency connections.

NUREG/CR-5Kri 2-10
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3 Containment and Relen Management Strategiesi

' The development of Containment and Release hianageme (CRht) strategies requires an interface with the
procedures, programs and policies which hase already be, deseloped for the Emergency Operating Procedur,5
(EOPs) and the En,ergency Response Guidelines (ERGS) The EOPs prmide procedural direction for a wide : ye
of adserse plant conditions during off-normal / abnormal esents. The ERGS prmide additional uganizational
structure and technical capabili'ics and on-site and off site communications improvements to support the plant
operating staff during an accident. The relationship between CRhi s'rategies, EOPs and ERGS was discussed in
References 5 and 6 In general, the EOps are predominantly intended for use in the Control Room and constitute
"early action", wherea , CRht strategies are primarily intended for the Technical Support Center (TSC), or equivalent,

i and will constitute " late action". The ERGS proviJe " entry points" in ths development of CRh1 strategies in the sen<c
that they help to define the emnditions of the reactor core, the reactor cc.olant system and the containment, as well as
the status of safety systems. The strategies deseloped for CRN1 must be apphcable to a wide range of poulble
conditions, and must also acknowledge the variety of phenomenological challenges which could be present.

3.1 Strategy identification

The safety functions are used in EOPs and ERGS to prioritire actions and identify important equipment. This
approach can be used to identify the CRht strategies. The safety function-based approach deGncs the relatiornhin
between the safety objectives of accident management; the safety functions needed to preserse these objectives; the
challenges to the safety functions; the mechanisms causing these challenges; and the strategies which counter these
mechanisms and thus mitigate or eliminat the effects of the challenges.

A schematic diagram of the safety objectise tree for PWR plants with a dry containment is shown in Figure 3.1 The
principal safety objccti es of CRh1 are preserving containment integrity and minimiting the off site release. If
contaHment integrity is preserved little or no fission pruJucts are released. Ilowewr, since containment integrity
may be violated, not only by a bypass or failure of the containment, but also by a venting strategy intended to prevent
unconditional failure,it becomes important to minimize the amount of fiwian products released under these
circumstances.

- The safety functions to present containment failure invohe the control of containment isolation, pressure, and
temperature. The challenges to containment failure consist of containment isolation failure, bypass, pressuritation,
and a severe thermal-environment. The safety function to rMtigate off-site release invohes Gssion produci release
control. The challenges are the release, transport and generation of fission products in the containment, and the
release to the auxiliary building and the emironment. The mechanisms which cause the containment challenges
involve phenomenological processes which could potentially occur during accidents, and are discussed in detailin
Section 3.2. The strategies to eliminate or mitigate these challenges are given in Section 33.'

L 3.2 Containment Challenges

PWR dry containments are designed to accept the internal pressure iesuhing from design basis accidents (DBAs).
However, the containment may be vulnerable to pressure and temperature loads associated with some low frequency
core meltdown accidents which are potentially more severe than DBAs. Discuuions of PWR containment challengesI

were given in the NUREG il50 report [2| and in Reference 7 The containment challenges applicable to PWR
CRh1 stratecies are summarized below.

|

3.2.1 Containment Ilypass

Accident Sequences that imolve bypass of the comainment were assessed to be important at the Zion and Surry
plants, and were risk dominant at the Surry plant. The principal contributors to containment bypass are accidents
initiated by interfacing-system loss of-umlant (ISLOCA) and steam generator tube ruptures (SCTR). The predicted
frequency of these events is quite small. However, the consequence of these events is high because their very
occurrence implies immediate loss of cor4tainment integt;ty.

3-1 Nt' REG /CR.5%
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Management Strategics

A,s owm lOCA (ISI OCA) refers to a class of accidents in which (L tractor coolant miem preuures

a lary interfacing with a supporting sysicm of lower design preuure is brcached If this ouurs, the low preuurc, ,

I( a will be merpressurized and could rupture outside the containment. This failure would utablish a flow pathms

actly to the emironment or, sometimes to anc.ther building of small prenure capacity. As the RUS loses molant i

i inventory, make up will be prmided from the refucling water storage tank (RWST). When the water in the RWST is
depleted, recirculation cooling is not tvuible because the water has been ist outside the mutainment. Core damage'

;

will thcn occur if an alternathe water supply is not prmided Inpending im the arddent wquences the emergency
'

core cooling system and other safety sytem may also fail resulting in a rapid wre melt with containment bypau.4
,

;llNL performed a detailed study of an interfacing splems LOCA for preumi/cd water readors p) Three plants
werc <, elected: Indian Point 3 (Westinghouw), Ownec 3 (llabcock & Wilcox), and Cahert Clilh 1 (Combustion r

!Engineering), The interfacing lines which hase bcen identified as gutentialISL pathways indude lines of low
,

preuure injection. high prentre injection, residual heat removal suction, letdown and the wre fhuling tank
(accumulator) outlet lines. Tbc resuks of the 11NL study indicate that the contributors from two groups of pipe lines |
namely the Hesidual lleat Removal suction and low Preuure injection lines, dominate the core da.nage frequency

'

(CDF) due to ISLOCAs. The total contribution of ISIDCA events to CDF is generally leu than a few percent of
the overall CDF. Iloweser, they can potentially be important contributors to risk if wre damare acurs beume
ISLOCAs may bypan the containment and allow radioactive material relcase diredly to the emironment. j

For some plants ISLOCAs are deemed to be not imperant beaute of the plantopccific mnfiguration of the high to-
low preuute system interfaces the hication of the HilR pumps, and the RilR tclief salvet 11 ihese are imide
containment, many potential ISLOCAs will not bypau containment. For the Surry plant, three check vahr failure ;

scenarios were identiGed as the initiating event for thk equence. The frcquenn of the N OCA initiating crent pcr
reactor year is estimated as 3M x 10' for the Surry plant |2) |

!

The basic procedures to control an ISLOCA comidered for the accident management strategies intohe carly
detedion, isolation, or mitigation of the effects |9] and will be discuued in Section 3;.d ;

Steam generator tube rupture induced by high temperatures represents another containment bypau event Analyses
have indicated a potential for very high gas temperatures in the reactor coolant system during accidcnts invohing core ;

dar.4 age with the primary system at high preuure. For example, a RELAPS analysis for the Hellefonte plant (a PWR [
designed by llabcock & Wilcox) showed that natural circulation flow of the gases through the primary hops could
cause a tarp temperature increase in the reactor coolant piping system |10). The high temperature could fail the

,

steam generator tubes long before the core begins to rekicate, As a result of the tube rupture, the sewndary side
may be exposed to full RCS preuuret Thne pressures are likely to cause relief sahrs to lift on the secondary side.
If the<.e valves fail to redose, an open pathway from the veuct to the environment can result. ;

3.2.2 Direct Containment IIcaling (DCil)

| In certain core damage accidents, such as a unall LOCA or station blackout, the core debris could penetrate the

|_
reactor ussel when the primary system is at high preuure, Under these conditions, the molten core materials
ejected under high preuure are likely to be dispersed out of the reactor cavity into the containment volume as smallt

particles and they can quickly transfer thermal enerFy to the containment atmosphere. During the process, the metal
contents of the ejected material, mostly rirconium and steel, can react with oxygen and stcam to generate chemical t

,

energy and hydrogen. Il>drogen combmtion could occur if the conditions arc famrable. This direct energy enhange
via (a) melt atmosphere heat trarnfer, (b) meh4 team chemical reaction, (c) meh-oxygen chemical reaction, and (d)
hydrogen combustion can lead to rapid containment pressurization which has the potential to fail some containments
under certain eccident conditions.

A review of DCII phenomenology and its impact on containment loading ha been made by Ensberg and lutu |ll).
The review shows that there is a large uncertainty in predicting DCil loads, which is caused by uncertainties in initial

1
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injected into the cavity and that the < ' i i i i ' i ' i

cavity water will then be dispersed 14 - -

ahead of the bulk of the injected With H, Durit
. #g j

water will be co-dispersed with the M 12 -
\ ,#

,

debris. Amither scenario is that m f
!4 -.

/ ,,, [.kbris, cristing in the cavity region k . p
'

'

as small droplets intermised with CD ,,,,,

the transported debris, steam and ] 10 -

Est. Failure , , ' ' r !
hydrogen. 'the water may quench g _gp p .

' ""the debris, mitigating the eficcis of CC /
Odirect containment heating. On the tu /''~

-
other hand, the steam generated by - L -,,,I - - - - - - - p- # --- ---

; the co-dispersed water may a 6 / ' --

enhance the containment M ,,,,[ i
pressuritation rate, or may react - $ j, / - - ;-

with unquenched debris to generate o. 4 p .

hydrogen and hberate chemical I /

[ ~

energy. The CONTAIN parametric O
ZionO 2 /

,

r.tudies [13,14] show that the ,,

Surrycontainment pressure inercases if
.

No H, Durn ~~

_

water is present in the reactor :

0 ;i i i i i i . '

cavity. The analyses imply that the
quenching of trapped debris 0.0 0.2 0.4 0.6 0.8 1.0 ;
releases additional steam into the
containment atmosphere which
directly contributes to the PARTICIPATING MELT FRACTION :

mctemental pressure rise. %m M N d H, Buri m NH Mssm mw Hawd a >

Furthermore, the addition of this
Wnno#namic Adlabetic Equilibrium Model (Reference 11).

steam into the lo' var *egions of
i

containment causes additional
trapped hydrogen in these regions to move upward into the mygen rich 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 cadty,

j The CONTAIN analyses indicate a trend of a lower DCil pressure rise with decreasing initial pressure in the reactor
coolant system (RCS). An example is given in Figure 3.3 for the 7. ion plant [2th The CONTAIN result is driven,in

| part, by the assumed increase of melt droplet diameter with decreasing RCS preuure and the consequent reduction
of surface area available for heat and mass tramsfer. The trend, howeser,is also believed to be the result of the

i 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 preventive strategy
in combatting DCll.

,

t

3.2.3 Combustion ;

During a severe accident in an LWR, oxidation of the metallic components of the reactor rare will produce hydrogen.
- liydrogen combustion in the containment building could produce pressure and temperature levels that may threaten
the integrity of the containment boundary. The threat to containment depends on the details of the accident
sequence and the containment design. Because the typical PWR dry containment hat a higher design pressure and

i

larger containment volume in comparison with other designs, it has a greater ability to 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

3-9 NUREG/CR 58th
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Figure 3.3 Zion DCil Calculation Results for Various RCS l'ressures
/

NUREG/CR 5W> 3 10



_ _ _ . . . _ _ _ . _ _ _ . _ _ _ . _ - -- - . _ . - _ . - - - . - - - - - . - .

|

|
.

Management Strategies
!-

surrounding the active fuel. In the NURiiG.1150 study, hydrogen cornbustion is not identified as a dominant
contributor to early containment failure for either the Zion or the Surry plant. While hydrogen combustion alone is
not considered to be a severe challenge for PWR dry containments, the combined effects of hydrogen combustion
with DCll and steam spike could threaten the containment integrity under certain conditions.i

Combustion phenomena can invohc hydrogen burns prior to reactor veuel breach, and combined hydrogen /carbnn
monoxide burns after the reactor ve.ucl breach and the initiation of corium concrete interaction These phenomena
invohe many luucs, such as in4euel and ex venel hydrogen praluction, concrete crosion and CO paiduction,

'
ignition probability, detonation probability, peak preuure rise from a deflagration, dynamic load from a detonation,
and thermalimpact on safety related equipment. These iuues have becu discuued in Reference 16 for PWR dry *

,

containment $.
,

Potential hydrogen generation equivalent to 75% and 100% fuebeladding oxidation are given in Table 3.1 for a group
of PWR plants with atmospheric and subatmospherie containment design. The quantities of hydrogen that would be '

i
3

Table 3.1 Ilydnigen Concentrations in PWR Dry Containment (Referrnee 16)
~

75% Otidation .l.{sf1 Or.idatiop

Thermal l~ree Clad,

Pm*er, Volume Mass 11, Mass II, Mass,

Plant MW (10' ft') (Ibm) (Ibm) Vol.% Obm) Vol.%

Ginna 13(O 0.97 22 440 7M 13 984 17

Kewaunce 1650 132 24443 HN 11 1072 14

Prairie Island 1650 1.32 24443 8N 11 1972 14

Turkey Point 22m 1.55 MVO 1194 13 1592 17

Summer 2775 1.84 M280 1257 12 1676 15

Maine Yankee 2640 1.86 537(A 17(A 16 2358 20
*

Octmec 1,2,3 2 '.( A 1.9 42200 13M 13 1850 16
| Robinson 23m 1.95 36XO 1194 11 1592 14

Rancho Seco 2772 1.98 4 22( O 13M 13 1850 16

; Crystal River 3 2452 2.0 42210 1M8 13 1850 16

; Farley 2652 2.0 M230 1257 11 1676 14

Comanche Peak 3411 2.5 50913 1614 12 2233 15

Indian Pt. 2 2758 2.61 SWO 1467 10 1956 13

Zion 3250 240 44550 1466 10 1954 13

( Indian Pt. 3 3025 241 41W3 IM2 10 1842 12
'

Diablo Canyon 1,2 3411 2.63 46W3 1545 10 2061 13
,

WNP1 3800 3m 51450 1692 10 2256 13
I IIellefonte 3620 335 51450 1692 9 2256 12

| South Texas M17 3.40 54MO 1804 10 2405 12

| Surry - 2650 1.80 36XO 1194 17 1592 21

| Millstone 3425 2.30 452 % 1490 16 1956- 20

Note:
1 Free volume and clad man are from FSAR of each plant. *

2. Vol.% is computed for dry atmo.;phere at 100F

3-11 NUREG/CR 5M6
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generated from a 75G reaction vary from about 3rd) Kg (NL) pounds) for smaller plants, such as (iinna, Kewaunce
and Prairic Island, to about 770 Kg (1,70) piunds) for larger plants, such as South lexas, WNP-1 and Ilcllefonte.
The quantity of hydrogen from 10Fi clad oxidation ranges from about 454 Kg (1/m pounds) for smallcr plants, to
more than WO Kg (2,00 pounds) for the larger plants, Additional hydrogen could be generated from the midation
of steel in the reactor casity region.

Estimates of containment pcak Table 3.2 Estimated Adlabatic Pimure Rhe Due to llydrogen ikflagiation
pressurcs due to hydrogen
deflagration are shown in = ---

Table 3.2 [16] for a number of Plant Design Latimated Prmurt Ri e
plants. The table also includes Preuure Failure
the containment design Prmure (a) (b)

preuure and estimated failure
Ginna to 150 lus 133preuure. Since the
Kewaunce 46 115 93 113containment failure prevure
Prairie Island 41 103 93 113has not been analyttd for

many of the plants, it is taken Turkey Point 59 le 1W 135

hiaine Yankce 55 1M 127 159as 2.5 times the design
pressure. Table 3.2 indicates Oconce 1,2,3 59 1 44 105 m

Summer 57 143 101 123that the estimated peak
Robinson 42 105 93 114pressure due to a global
Rancho Seco 59 144 102 125hydrogen burn based on a

75';F h1WR is within the Crystal River 3 55 1M 101 12t,

estimated containment Farley 54 135 95 lit,

C manche Peak 50 125 W 121capacity. Therefore, it seems
unlikely that containment Indian Pt. 2 47 118 M 107

~

Zion 47 118 M 107integrity would be threatened
Indian h,3 47 11R 85 103by a hydrogen deflagration

from a 759 h1WR in thesc Di blo Canyon 1,2 47 118 41 110
'

containments examined. WNP-1 52 13d 87 105

Table 3.2 also indicates that a UCIl0f""l0 50 I25 83 W
South Texas 57 143 ks 103hydrogen burn resulting from

a 1007 htWR would produce
pressures very close to the S"'TY 45 Il3 84 106

e.uimated containment hidistone 45 113 82 Int

capacity. The above adiabatic
pressure increase due to a Note:
global hydrogen deflagration 1. Pressures in psig.
repre(ents the upper limit of 2. Design pressure, clad mau, and free volume are from ISAR of each
potential containment loading. plant.
Under non-adiabatic 3. Failure pressure = 2.5 x design pressure.
conditions, the pressure 4. Preuure rise is based on (a) 759 clad oxidation. (b) 100% (lad )increase is expected to be midation.
smaller.

<

Altbough PWR dry containment designs are generally not highly compartmentalized, their large free volume means
that a relatively long time is needed to achiese a well mixed atmc,,'aere. The average hydrogen volume ;

concentrations based on the assumption that hydrogen is well mixed with dry air at 100 F (311 K) are included in
Table 3.1. The assumption of mixing with dry air tends to maximi /c the potential hydrogen concentration and is
unlikely to occur during an actual accident. Under accident conditions, it is likely that steam will be released
simultaneously from the reactor vessel to the wntainment. The hydrogen concentration correspmding to a dry
atmosphere could be reached only if all the steam released to the containment is condensed by the containment heat
removal systems. Thus, caution must be exercised in activating the containment spra) system or fan cooling system

NUREG/CR-5W 3 12
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late during the acciJent when a large quantity el combustible gases has accumulated in the wntainmcnt. lo the lot
of their ability, the plant staff should calculate prevaihrg hydrogen and steam concentrations in the watainment
bascJ on containment temperature and prosure, as well as estimates of clad damage and water imentory in the
wntainment. Ibr a ghen spray duration and flow rate, another estiniste can be made for hydrogen 4 team

i

Such ntimates can be hel ful for making a decidon regarding sprayconcentrations subsequent to spray actnation. t

act h ation.

Table 31 rescals that at 1Mi Zircaloy eddation the ghibal aserage hydrogen wmeritration in the wntainmer,t is
higher than the !can detonation limit as inJicated by the National Research Council Report |17[ 1he
subatmosphcric plants, which opcrate at about la pda and base less air to dilute the hydrogen wncentration, appear
to be potentiaH) mme vuln ralle to combustion.

One of the important inues of combustian in PWR dry containment is the non-uniform midng of gaws which couldi

lead to local detonaten Multiple compartment analpes udng the CONTAIN code show that it could take hours to
achine uniform byJrogen distribution by the intercell flow midng due to natural circulation processes [14 Prior to
achieving a uniferm distribution, there are situations where high concentrations of combustible gases could exist in
subcom partme nt s. An cumple is ghen in l'igure 3 4 which iHustratn the transient mole fractions of gncs in the
canty region for a smad br ak LUCA sequence |11 in Zmn it is uen that tht atmosphere wntains a large fraction
of hydrogen and carbon monodJe during a Hicf period from about 5m0 sewnJs to thO sewndt A peak hydri gen
fraction occurs at about 5271 sewnds and a peak carbon monodde fraction at about 5811 seconds T he
corresponJing fractions of gasa are shown belom

Time, s 5271 5s11

11 (i 14 7.5
Coq 0 22

O/1 53 4.5

SteanW 00 50

During this period of about 1000 :cconJs, the combined hydrogen and caibon monoxide fractions are betwecn 014
and 030. The hydrogen may be above the detonation hmit reported in literature. CO may also burn it is not clear
whether the steam fraction is high enough to make the atmosphere inert and there may be suff cient oxygen to
initiate combustion. CONTAIN analpis aLo indicated that the atmosphere temperature in the cavity region (the
source compartment) is between 750 K to 1340 K The high temperature and high fractions of combustible gases
would lead to a favorable condition for local detonation. A local detonation could threaten th> containment integrity.

It should be pointed out that a PWR dry containment with a steel shell design is particularly s dnerable to missiles
generated due to a local detonation in the wotainment [19,20} if the internally generated missiles hit the stect shclI,
local mechanical damage may occu . If the mechanical damage coincides with a global load caused by internal
pressurization, a failure et the containtnent is possible. At present, the U.S, has two PWR plants with spherical steel
shell designs, and snen plants with cylindrical steel shcIl dedgns.

,

Aethation of the containment f an wehng sptem can mitigate the potential for local detonation by promoQg flow
mixing in the containtnent Tht 'egree of midng, howe er, depends on the fan capacity and containment volume.
Significant midng will occur in tne time required to turn over the entire containment solume. The times required to
process one containment volume by fans are shown in Table 3 3 for several PWR plants with large dry containments.
(Note that subatmospheric plants do not hase recirculation fans as part of their engineered safety features.) Table
3 3 indkates that good mixing by fans alone could ide between 10 to 30 minutes for the PWR containments
examined Containment sprays, which promote turbulent motion in the atmosphere, can also enhance the mbdng
pr ocess. Howner, both fan coolers and sprays tend to de-inert the atmosphere by condensing steam and thus
increase th; chances for combustion.

3 13 NUREG/CR 5%
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Table 3.3 Comparisons of Contalument ran capacity and Turnmer Time

,
-

--

Plant Number of Ian 1 te Number of Turumer

fans Capacity Volume (10' funn Time (min)
ufm) It') Ope rating

(1:at h) _

Robert Ginna 4 17,n 0 0,972 3 19

Turkey Point 3 25,txi0 1.55 2 XI

Palisades 4 (A0x) 1.f e0 3 9

Nuclear One-2 4 50,9 0 1.78 3 12

Virgil Summer 4 61,54) 134 3 10

Robinson 2 4 65,9 x) 1.95 3 10

Rancho Seco 4 40,9 0 1.98 3 17

Crystal River 3 3 54,R0 2.0 2 19

Calvert Cliffs 4 55,000 2.0 3 12

FarIcy 4 40,0t 10 20 3 17

Haddam Neck 3 $d,R M 2 23 2 22

San Onofre 2 4 31,0 0 2.% 3 25

Indian Pt. 2 5 65,0t o 2 61 4 10

Diablo Canyon 5 47,0 0 2 61 4 14

Waterford 3 4 35.nu 2rA 3 2f,

Davis llesse 3 58,u o 237 2 t.6

South Texas 1,2 6 50,825 34 5 13

Zion 5 53,0A 26 3 16

Th11-2 5 47,000 2.0 4 il

Note:
1, Fan capacity and free volume are obtained from the FSAR of enh plant.
2. For some plants, the fan capacities given in 13AR are based on the normal operation condition. The

capacity will be reduccd undes severe accident conditions.

3.2.4 Steam Explosion

The term " steam explosion' refers to a phenornenon in which molten fuel rapidly fragments and transfers its energy
to the coolant resulting in ueam generation, shock wases, and posuble mechanical damage. To result in a significant
safety concern the interaction must be very rapid and must involve a large fraction of the core mass. If such events
were to take place within the rentor prewure seuel, missiles could be generated which might penetrate the
containment and allow early release of radioactive material. In the Reactor Safety Study (WASil-1400) this mode of
containment failure due to inaessel steam explosion was denoted as the alpha-mode failure.

In-vessel steam explosions and direct containment heating are the two major physical phenomena contributing to the
low estimate of early containment failure of large dry containments. Inaessel steam explosions, which are controlled
by the triggering mechanism, are more likely to occur when the primary system is at low pressure. On the other
hand, direct containment heating is associated with high pressure sequences. The estimated relative contributions
from these two phenomena for each plant damage state (PDS) of the Zion plant are given in Table 3.4 [21]. Any
strategy for mitigating the DCH event by RCS depressurization would increase the probability ot in vessel steam
explosion.

The possibility of a steam explosion is not confined to the in-vessci phase of a sesere accident. When water is
present in the reactor cavity at the time of sessel failure, contact of molten core debris with water may result in a
steam explosion. Iloweser,in the NUREG ll50 report |2], the Zion and Surry containments were not asseued to

NU REG /CR-5xan3 15
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Management Strategies Table 3.4 Comparhon of the Contributions from a41 ode and DCil to I;arly !
Zion Containment failure (Per Corr Damage) (Reference 21) |

have significant vulnerability to [
impulse loads from ex vessel |
$ team explosions since PI)S a DCil Others Total i
accelerated water from the I

'

Sito 5.910E 03 1.574E.02 3.183E413 2.4M3E412 (cavity would not directly
contact structures that are W (2 M ) (6339) (12.81) (100 00) '

both vuln:.rable and essential
to the containment function. Transients 3.505E 03 5.19t E413 3.058E413 1.175E-02 :

(%) (29.82) (44.16) (26.02) (100 #1) |
3.2.5 Mass and

'

LOCAs 7.9S3E-03 1.706E-03 4.1(6E413 13EE-02 !
"N ("< ) (57.62) (1231) (30.07) (100.00)

Addition at i

Vessel lireach |
.

,

After the reactor vessel has been breached and the core debris discharged into containment, a large quantity of mau ;

and energy is added to the containment. The maues are hydrogen, steam, water, and core debris. The energy L

sources are (1) internal energy of these manes,-(2) chemical energy potentially available via oddation of the core |
debris, and (3) decay heat anociated with the core ocbris. The manes cod internal energy of the hydrogen, steam, ;

and water will not present any threat to a large PWR containment. The chemical energy via oxidation of the core
debris is the DCli inue which has been discuued in Section 3.2.2. The internal energy and decay heat of the core
debris, which can be transferred to the containment atmosphere by vaporization of available water in the casity i

- region or on the containment floor can impose a high pressure loading on the comainment. This pressure loading is ;
often referred to 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 (failure of sprays).

The Containment Loads Working Group (CLWG), an ad hoc committee formed by the NRC, investigated the inue
,

of a steam spike for the Zion containment |22|. The issue was defined as Standard Problem No 1 (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 1
an equilibrium, adiabatic basis, the containment pressure due to a s: cam spike would be in the range of 48 to % psia. .

'

These results would be reduced if the effects of passise 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 venct failurn is an event of ;
relatively low probability.

.

3.2,6 Overpressurtration Due to Noncondensible Gases and Stearn

Without containment heat removal, the containment would fail by pressurization due to the addition of Meam and '

noncondensible gases to the atmosphere. Even with containment heat removal pressurization will continue, albeit ;

much more slowly, due to the noncondensibles The noncondensible gases may emlve from corium-concrete ;

- interactions.
!

If the rentor vesselis depressurized, the core debris pouring out of the reactor vesselis likely to remain in the
reactor cavity where it willinteract with structural concrete. The erosion of concrete due to the thermal attack by

~

core debris releases steam and CO gas. (The quantities of steam and carbon dioxide released vary among different2
'

types of concrete, i.e., basaltic vs. limestone. For example, the basnitic aggregate concrete contains much less CO {2

- and has a higher heat of fusion? It is expected that basahic aggregate concrete would release less CO gas and2 ;

. exhibit a relatively slower crosion rate.) As the gases flow upward through the mohen debris, they may react with '

the metal components and generate 11 and CO, which are combustible gases. Potential 11 and CO burns could i3 2

contribute to late pressuri/ation failure.:

Pressurization caused by corium. concrete interactions is governed by many factors, among which are the presence of i
watei in the cavity and the potential for debris molability. If the cavity is flooded with water prior to vessel failure,

NUREG/CR 5806 3 16
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wagcment stra ein;
1

then. as the ratdten wre inattrials fa!! into il c water, rapid wahry and f r annt nt stun h pouible t his piotew wdd
resuh in the formation of a cooLble &brh bed in whu h all th; wu dcca) beat h rcmosed by bodmg watcr and
wnmte attack n prevented UnJcr these arcumstaincs, proGJay w ater flow to the tauty would rcplcnish watt r

~ loss due to h,d.ng and ensuie that the wrium rcmams in a cooM le and statte wnfiguration.

If t!!C caiil) is knitiahy dt;. Dd t}le wic dcbris b u nn a it p bcd it itiuld remain but | er H ttlatut]) long timC .md
estenshe wnt rete att d would ociur. I!nJct th: e linemstanics pouring water en top of the wrc &biis may hast
the clieu of rapiJI3 couline anJ sttging the wncrete anatk. llownct. opciiments h,ne shown that a trust un
form on top of the molten wrc &btn and ellatiu!) pino:t the watt r from midng with and cooling the dtbitt
lhese esperiments were p; stormed at small walc and the staMty of the uusts unar thc coadnion3 of a sour
acci&nt in a power plant has not been ettahli>hcd. Ilms, thc tilat of pounng watt r on top of the wrc &bris n
uncutain p3] l hc rclor% nca iLwh water ik h sc<tored to the wrc dtim, watinued wnuttc attac k with the
pencration of more wmbustNe rases and relea t of radianthe material h stdl pomNe 1he presence of wattis

abo.e the &brh dxs hne the aJuntace, hwner, of trapping a frastien of the radmastwc material genetattd
during tht concrcic attask which would othuwhc have rex hed the wotainment alnnwpbcre

-

Containment anahscs indicate that late oscrpreuuri/ation f ailure on bt oputcJ to be a stry dow pnuest The
tslimalCd wn!ainment [aiIure time (tiuld estond an)Vherc from 13 L>urs to more than 1) bliurs after the illitiation ad
the anident. Unir these conditiont, the too of wotauunent imcgrity wuiJ rew!! sia a 1catageh f oref ailurc*
mode rathcr than a catastrephic f ailure lhe CPWG stody p4) has pomted out that sign!hant kalage may rnuit
due to hyh pressure and hich temperature in the wot;unment

in the CPWG study p4}, naluations indicated that for the 7mn ;lant the pre cure & penint k akage tan delay or
pouiNy pruent the wntainment from nathmg its Lolore pec< ute for th lMI Ir sequente mth e ihnded cmty
l'or the hurry phnt, the estimated wntainment prewurcs are not Lich enough to cause dgnificant lealan l he
prewure response n not significantly affated i y Ical arcas La than 0 4 in

3.2.7 liasemat Meltthrough

in the zion Pita, it w.a assumed that for some sninento the reactor unity would be flooa d with watte and hence
a coo!able debrks bcd would be !ormcd, thercb) pf Ch nting k. Umat n4 hlhrudf . Tht bl'lIIl b } }M study h), $!dlchh

that a sienificant la chbood ests lor watmuous Abriwonente init ration nce if a replemshaNe water supph n
as aibNa Under tht circumstanto, the presence or absenec cf an oscilymg water pool is not espulcJ to have (s

much efied on the dunaard procres ion of the m A frontc

llie Coriurn%tinCrCtc inteiastion ratC depenth on man) f actterN $U;h as (tirium 11au, itini post $on and tin 1perature,
Cavity cO'1b/Oratif m, and oscrl) int wJttr pold. l he utrium4tincitit [ritcrattions reported in lieferCMc 7 sh<m that
undLr cCr13in iNtial conditions the adal contrete cro1I4m ra|C [of thC / ion plant b cstimated in the range of 0 00

*

cm[ min to OM7 cm/ min dependine on whtther the cavity h Co .ded and when it ;s Do4*ded The bascinat thickncu
for the Zmn pbut (a prntressed conacte wnta;nment) is 174 m W 111 lhe wmpkte cronion of the basemat would.

I take sescral days. Ilownct, the bawmat wu!J lose its struaural integrey before the wmpluc crouan of its
thickness. The basemat thickness for the hurry phmt (a scinhecd conaete contaimnent) is about 3 in (10 ft.) and
the utimated concrrte adal trouan h in rance of t,% (m/ min. It abo wou!J take sacral days to pentuate the'

entire basanat.

3.2.8 Thermal 1)egradation

The desen temperature for the zion and 'suny phats are no r and no r, resputhch tht e temperaturn are
much lower than the npected tauperatures in containmtni danng a socrc acciJc:1. ihe primary impxt of high
temperaturc is the thermal AgraJation of containn cnt p'cocuation wak IL sca's are made of clastomcr
compounds which COuld degrade when exposed to hieh temperatures for a lonJ pcriod of time. The [ailure o[
penetration scah could cause leakage to the containment. t thh h r icacd to as ' he 1cak be for e-bicak' f aihu c

tp N U lti m /( 11 . %
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m oJ c. ) !)ata depittin.: seal hfe as a function of tune at terops rateir f or tusic clastomer t empounds used for
wntainraer.t construction is she a n m li a 3 4

k |Il.'h tempCf Jt Uf C s in thC Colllai!M'It'nt af C hbT !) 10 U( CUf !at C alkng, thC ailidt nl d t i) thC lof c debrk% 1rl the fdut)
assumc> a noncoolaNe configuration and is net wu rcJ by w ater, and (2) the cor.t.unment hcat remo.al sp!cna are -

dot draPaNe UnJer this situation. the woum-com r ete i:A r astion wou!J ttirase a btge quantity of hich-
temneraturt gnes and caus a sncre thctnul cmitorno r.t in the mutainment for a Lmg pcrial. IVure 3h
illustrates the CONTAIN predicted atmosphene temperatue in 12 sub mmpartments of the Lon plant for a small
bred LOCA scqucnce (18| 11eude the cauty regiori, temperataics in many compartments arc alo-e 'm K for
scural huurt Based on Figure 3 5 wme seah in.n niit be able to withuand thes.e temperaturcs
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Ehminmion er mhication d i:w thermal dyraJaion M r. wou bt aWm d by tb adianon or restoranon of

the antainment hcat rcmm.1 m.tcms (spran andwr f ans) -.

3.3 Strategy Description
;

3.3.1 RCS Depressuriation

The beneficiJ enJ aJ-oa ef fats of na d;pr< uitan.m for wre wo! > < h:c, been cuenuuly discuueJ |/| p7],

As far . s containment integrity tuncerned, deprc esurvation of tht RG vs al,i rt:We the thttat of din ets

containment heating. and indiu td faihat; of s:eam renerator tub: an i piim ary c,v a nt piping.. tte t h ra ever, R ( 'S_

depreuuruation could mcre.n; the liit hba ut of steam cql i ion, E ach tk b cqa; cy of antainr mt failure '

cauwd by a mam eqlask i i' pn Jhted m bt o-! iti, ly 1 m. t~p runcrn rn. al that a < t rn t ylos i t(come;
more !!k tly ai !cw and-dent pr e xure m I?|
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>

PWRs do not have a system specifically designed to manually depressuri/c the reactor sessel, however, the manual
operation of all PORVs can offect limited depressuritation. In a study of ;he feasibility of depressurization to avert
DCli for the Surry plant, four operator actions that could depres.suri/c the primary systca using available hardware
have been identified by Chambers, et al. [25p

(1) Open pressurizer PCRVs,
f2) Open steam generator PORVs,
(3) Open reactor vesscl head vent, and
(4) Isolate SF $ccumulators from the RCS. '

Isolation of accumulators would be needed for RCS depressuritation. Ilowever, the isolation of accumulators from .

the RCS may r.ot be desirable from the accident prevention siewpoint. Although the additional water from the !

accmaulators boiled in the core region would increase the primary system pressure and hydrogen generation in. vessel,
it would also cool the core.

!

The operator actions identified in Reference 25 are not currently implemented in any PWR cmcrgency guidclines.
Chambers, c'. al., have suggested different bases for operator actions considering the following two factors:

1. The ready availability of thermal-hydraulic data and phenomenological consi& rations of the plant.

2, Ergonomic aspects of the layout and configuration of the control room emironment.

Tht. bases for the timing of the operator actions and the plant control room indicator for these actions are given in
Table 3.5.

NUREG/CR-5806 3 20
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TLbir 3.5 bases for Operator Actions and Indkators for RCS Deprmtuintion (Referrace 29

_ _ _ _ . _ _ _ ___

Action /indicutw nasis:

L.atch olm preuurrier PORVs when steam All cooling lost, hase waited for powcr recovery,
stcr ator. dry. operator action required.

lAh open pressuNet PORVs at five minutes. Earliest time that operators would rcart baud on
plant dynenics and operations experti "best purss'.'

. Lath open reactor vessel be 3 Knt when boiling Added relici capacity necded for steam gracration
bepc ;n core, from toiling in tore

Latch open Mcam p:ncrator PORYs at 15 minutes. Hypothesired as reasonabic time for action based
~

-

on plant operating philosophy and operations
exparti *best gucv?

Imh opcn steam generator POR\ s at two llypothesired earlint time for action.
minutes.

Steata generators dry. All steam generator secondary side hquid levch
indicated near top of tube shect.

Hoiling m core. Subwolmg margin 9 0, core exit thermocouples
at .aturation temperature.

Isolate Si accumulators. Biced off nitrogen cover gas through manually
opening air-operated valves.

These deprenurization variations scre tested in an analysis using the REl.APS code [25]. The results show that for
the transient sequence (TNf LU"|, a primary system pressure of 1.8 hipa can be achieved in a scenario in which the .

pressuriter PORVs were opened v. hen the steam generators were dry and the head vent was egened when boiling
began in the core. The accumulators also were isolated. This system preuure was within the range of 1.5 to 2.5
hipa (230 to "bo psia) that was auumed to be the DCll cutoff pressure range based on corium dispersal

consideration [25).

The capability to effectively depressurite the RCS depends on the relief capacity of each plant. The studies
performed for the Surry plant may not be applicable to other plants. The relief capacities of a group of PWRs are-

conipated in Table 3h [26,27]. It is seer. that many reactors, particularly those designed by Combusnon Enginecting
and by Babcock & Wilcox, have smaller relief capacities than reactors designed by Westinghouse. For reactors with
smaller relief capacity, ody limited depressurization can be achieved through the actuation of PORVs. Therefore,'

using the PORY alone rnay not be sufficient to mitigate the potential for DCil in these reactors. It is also noted in
Table 3h, that five reactors designed by Combustion Engineering do not have PORVs.

Prior to the implemeutation of primary system depressurization praedurcs, the following must be considered for
ca h plant:

1. Is depressuritation technically feasible using existing systems or are modifications to the existing systems
cost effective?

3-21 N3REU/CR 5*'
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Tabic 3.6 Summary of PWR lhnudur Relief Capacities

ihnt %. ed l'inM a Non * wd'
MikV Cap.4itp

1Whs .4fW

I % estinghouer liants

Surry 1.2 2 M0
North Arma 1.2 2 40
feaver Yelle) 1,2 3 79
Milhsone 3 2 61 1
Rc+ttwn 2 95 4
Trqan 2 bl e
Salem 1 2 610
Iarley 2 2 72
TMey M. 3.4 2 95 i
Ps : Ish nd 1.2 2 tm $
Gorm 2 117 A
m.am: 2 11, 9
&n 1.2 2 64 6
lladdam ba k 2 1l$ l
Indian Point 2) 2 ?a ^?

San Ormhr 1 2 no 0
Les a urre 2 1(r, O
WWf Creek ;' e16
ianAce h(wrc 1 1 I S _0

liraiJao d 2 61 1
inyron ! A 2 2 61 6
Cah way 2 61 6
Cosnanche Peak 1 & 2 2 61.6
I aricy 1 & 2 2 MJ
$hearon liarris 1 3 ?$ 4
5%th Texas ! A 2 2 < < ti
Vogtle I & 2 2 F7 I

IL Cornbustion f1gineering liants

Ca} vert Cidh 1,2 2 %7 'l

Art Nwicar One 2 0 0
Fort Calhoun 2 ti0 7
Maine Yartkee 2 57 0
Mdhtone 2 2 .% A
Pahadea f.o 5
St Iwie 2 *.9A
Waterbrd 3 0 0
San Omfre 2.) 0 0
Palo Verde 1,2J 0 0
WNP 3 0 0

ill Babcock & % Won 1%nts .|

|
A1L Nalear One 1 1 3S 9
Omtre 1.2J l 41 7 |

Crystal River 3 1 40 F
Truce Mele Island 1 1 32 9 -

Rarwho sem I 40 4
liclicfonte 1,2

1 41 ?
WNP-l 1 41.A
Davh Ikuc 1 40.4

.

1.__

' c y ca ofe.ch Po u v
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2 h sufficient information (instrumcmation) usailable im thc opctror to dctt rinine the thne for attuating
primary system depressurinttion?

1 is sufficient information (instrumentauon) available for the operator to monitor the progrenion of
deprewuritation and the mnJition of the teattor wrc?

4 h the impact of deprenurization en acddem proga wion and nitential roh fully un&ntood?i

3.3.2 Conibustion Conttol

There are fo"r condiustion modes which wuld potentian) ouur in the watainment: a flagr ation. diff usion flame,
auto ignition, and detonahon. T he prenure loadmg and thermal effcct> of the thrce formcr modes are not capected
to threaten the containment integrit3, because PWR contait ments are (haratterited by a large volume and high
design pressure it is the local detondion cauxed by non uniform gas do.tribution, which muld thallenge containment
inttgtity. Thus wmbusuon control in a PWR dry omtainment should focus on promoting gas mixine and delibcrate
burring in order to prnent the accumulation of wmbushbb gnes greater th.in the lean detonation hmit

A deliberate ignition system using ignitcts, such is glow plugs, t as been adopted for PWR ice wndcnser and UWR
hlark HI containmentt 'Ibe use of glow plugs as the ignitcr system is based on their simplicity of operation (only
requiring clectrical power) and their wmpatibihty with other instrumentation (no electrical noise from sparks). Glow
plugs have been evaluated extensisely at simulated 1.OCA wnditionc for reliabdity, endurance, and ignition
per for m ant e. It appears that the system wold ahn be used for PWR dry containments, if nettuary. 'I he installAion
of glow plugs (quantity anJ locations) is plant <pedfic and depen h on the wotainment sitt, internal suuctme layout
and potential locations of rdease wurces.

OuIkug an accident a large Quantil) of deam would be MicascJ from the tcactor scud to the wntainment. Because
the PWR dry containment docs not have any pressac suppreuion systern, such as an ice-condenser or suppresdon
pod, the contrinr. mt is generally incried if the containment sprays or f an uelers are not aethated. Analyses base
shown that -ornbustion is not espeded during many snere arddent sequences because of deam inciting. Iloworr,
;bese ,mdpis do not cuend long enouch to indude the natural wndenution of steam from a coohng atmosphere

| and on coohng structuret which will nentt. ally occur and hydrogen combustion inn become a challenp.
Combin.rN even if asailable, were not designed for these wnditions A so,t-bcMt analysis of a hydrogen ignition

| splem for the Zion ana hurry plants {l6), wndudcJ that the ire.talbtion oi full gn6on sprem would not be cost .

effccthe. It is pouibic to reduce the threat from hydn ren combuttion for botn Jon ano Jurry,if one were to
consider implementine additional operator procedurn leading to operation of sprap (and containment f ans in the
case of Zion) in suth a rnannct that a certain steam fraction (10 201) tcmaim in the atmosphere indefinitely. An
exart da of such a strategy (awuming the spray sptem is operating in the recuculation malt) was provided at the
19th Water Reactor Safety Information Niceting by a spokesman for Commonweahh Vdison Company, the owners of
the 2kn plant: By throtthng the vabes controlhng the flow of woling water to the C% beat mhangers a hotter
spray temperdure is obtained, which results in a los rapid steam wndensation, and thus provides a greater'

oppa : unity for sttam contentration conuol.

' 3.3.3 Contninment Venting

Venting has besn suggested . a means by which an ou rprenure challenge to wntainment integrity could be
mitigated, thereby redudng the iisk of wnt.inment failure The bent 6tt of senting have been discussed for some
BWR plants {28] and PWR ice-condenstr plants b). The removal of radionuchdes can be enhanad in an ice
condenser plant by senting from the upper containment, and in a BWR plant by venting from the wttwell chamber
(i.e., ice or water scrs the radioactive material). For a PWR dry wntainment, early senting will probably not be
needed. I alc senting 13 prevent late unconuolled itlea. . of radmacthity due to wnlainment strudure Iailure may be
bencficial but should be evaluard.
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l'or PWR plants, a containment wnting sptem k not wnsidctcJ a part of the ct gincertd saftty features and wating
is not impicmented in the EOPs. Ilowtwr, the wniainment purge spicm couhl be ronsidued for linuttd and
wntrolled senting following a lowof-coolant i OCA. The wntainmem purge sptem conskts of air supply and
exhaust parts and is designed for containmc nt sentilation during normal o;wration

The air exhaust sptem is cquiptwd with an air duct, isolation ulves, fibers, and fant The fdtcrs are mmiesed n'
banks of prefilters and ilLPA fdters installed in senes. and are arranged in two parailcl mdependent modules. For
the Zion plant cach module hn a rated now of N,tm (fm. The air fans arc of the motor-driven type and arc
mounted in the outict of the respecthe exhau't air filter Two exhaust air fans are prosided, each of Im ; deden
capacity (Wim cfm) with one f an as spare. It should be pointed out that the containment putye spicm k designed
for operations hmited to a maimum temperature of 1N l' and preuurn letween 01 and 03 pdg. The adequacy of
this ni tmg sptem for the purpose of containment senting during scure accidents must be fully esaluated.

In a PWR dry containment parametric study [2% the CONTAIN code was used for a prehminary cakulation of
containment venting for the Surry plant. The calculation was performed to insestigate tbc pmdble bencGt of opening f
a vent to relieve the slow pressuri/ation dwing a small break LOCA sequence. A Dow path with an area of 1 ft' to
the outdde environmtnt was opened at bnAin seconth (24 hours) and kept open until the problem end time of
90,100 seconds. The realts show that this uniing area is sullicient to terminate the pressuri/ation at a pressure of
3.4 bar (493 psia). No dkcusdon of the unting procedure with retpect to the operator action, selecting of unt path,

.

activation pressure, and equipment performance was given in Reference N

Some European countries (5weden. Germany, and France) han installed, or intend to install, fdtcrcd unt systems
for PWR plants. Strattgics for containment enting to prewnt overpressurization haw been culuated for stvere
accidents iM31[ The strategies have also been applied to hydrogen control. For nample, litacht and lihmann M
have performed an analpis for a larps German PWR durmg core melt accidents The study wnddered three
strategies of containment venting for hydrogen wntrol A low-prmure loss of cmlant sequence and a high-pressure
station blackout trandent were invohed. Their results are summari/cd as followv

(!) Early vcnting before the start of wre heatup.
Early senting reducn the content of air in the containment prior to the in wucl relcates of hydrogen and
steam. Thus, the containment atmosphere becomes more incricd and rich in hydrogen after wre mch.
The hydrogen enrichment may make the consequence of a gutential hydrogcn burn more sescre .

(2) Venting during core melt:
Sina most hydrogen is generated and rcicased during the period of core mciting, unting during this time
would reduce the hydrogen wntent in the containmcnt atmosphere. Ilowewr, hydrogen cnrichment in
the wnt sptem could make a dcHagration or ewn a &tonation posdble if no countermeasurn ,oc

Iprovided. Another disadvantage of such a wnt str;tcgy is that woting o(curs at a time when the fisdon
product leul in the containment is ntrcmcly high and acrowl settlement has just startti

..

(3) 1. ate senting:

This strategy is applied when the containment pressure reaches the dedgn j ressure. T he analpes show
that late venting has no effect on the h3drogen diuation in the wntainment whde hydrogen enrichment in '

the vent sptem could lead to a hsdroesn wmbustion.

A3,4 ISI.OCA Mitigation

in a detailed study of interfacing system LOCAs for PWRs FL four wrrettne attions were identified that wuhl be
taken to reduce the core damage frequency (CDF):

(1) Application of continuous prewure (lcal) rnonitoring doices;4

(2) Increased frequency of vahe leak testing;

[
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(3) Improvement of operator training, and
(4) Implementation of RWST makeup procedure.

The first three actions are presentive and are capable of reducing the CDF due to ISIOCA by a factor of 1 to (>
depending on the specific plant.

Once an 1510CA has occurred, the following t.ctions could be imp'.cmented to mitigate its effetts:'

(1) Isolation of ISI OCA:
This action is often feasible because in many lines t number of vahes exist which can be dosed to
compensate for the failure causing the ISLOCA Ucwever,in order to isolate, the operat:,r must be able
to pinpoint the hication of the break with a good d:al of accuracy. This action could lead to an
aggravation of the accident if operators open or close incorrect valves or shut down sital s.ystems in their
attempt to contain the leakage.

~

(2) RCS Depressurization:
A reduction of pressure in the RCS would reduce the rnass flow ra:e at the break area. Ilowever,
depressuri/ation will cause rapid vaporization and early core uncovery which (ould lead to an early release
of radioactive materials from the fuel. If the ECCS is available, then depreuurization would allow the

,

I

activation of the RilRS Pumps. The mauive injection raic of the RilRS would enhance core tecovery
and mitigate the release of radioactive materials. In the event of ECCS failure, continued core
degradation would lead to the relocation of molten core debris into the lowcr plenum. Under this
situation, RCS depressuritation could increase the probabihty of an in-vessel steam explosian due to the
contact between core debris and water in the lower plenum.

As stated in Section 3.3.1, some PWR plants do not have PORVs to reduce the RCS preuure. This
action will not apply to these plants.

(3) Rcfilling of RWST:
The RWST is the primary water supply for the ECCS. The capacity of a typical PWR fout.hiop plant is
about 350,0t0 gallons (Zion and Surry). The water can last for about I bour at an injection rate of fue
gpm (2 RilR pumps). Recirculation is normally prosided by taking suction from the containment sump.
Ilowever, the sump may not contain enough water during an ISLOCA event in which the break is outside
of containment and water Dowing out of the break cannot find its way back ',o the contaimaent sump. '
Thus, it is crucial to proside actions to avoid or delay depletion of the RWST by adding makcup. The
sources of water and capacities of pumps and lines available for RWST refill are plant specife and a
review of some plant procedures has shown that many plants have existing procedures for refilling the
RWST at limited rates once a low level in the tank is reached [4]. In many plants, existing capacities of
pumps and lines for refill are likely to be inadequate for some important scenarios.

The effectiveness of this refill strategy depends on the makeup sources available at a specific plant and on
the particular accident sequence taking place. For an ISLOCA sequen.e, recirculation of the auxiliary
building sump water to the RWST could be accomplished utilizing the Radwaste System. The sump water'

would be processed through the Radwaste System, pawed into the primary water system, and back to the
RWS1.

(4) Flooding the break h> cation:
This action is aimed to provide fission production scrubbing. An alternate water source, such as service
water, could be used if the break k, cation can be identified and connections to the water sptem are

|
j available. One of the adverse effects is that fhoding could impact the operation of cquipment h>cated

near the site of the break.
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(5) Auxiliary Building I're ;.p<ays
Activation cd the fire sprays in the auxiliary building during an ISLOCA event muld prmide fissitm
prainct scrubbing. This action may have an adverse impact on the operation of electrical equipment.

For an SGTR sequence, the following actions could be implemented:
.

(1) Closing main steamline isolation and bypau vahn on the affected steam generator to isolate flow from
the ruptured steam generator;

..t

(2) Dumping steam from intact steam generators to initiate cmidown in the reactor cmlant sptem; and

(3) Depressurizing the reactor coolant system to minimire the break flow.

The first action may cause the safety valves to open and discharge radioactive steam into the emironment.
_

3.3.5 Reactor Cavity Flooding
/4

Flooding the reactor radly may provide debris coolability. A emlable dcbris configuration would climinate or reduce
the thermal attack of canty concrete and therefore mitigate the containment mtrpressurization due to non-
condensible gases. During an accident, if the ECCS and/or CSS are activated, it is likely ECCS and/or CSS cooling
water as well as condensate would accumulate in thi reactor canty prior to the failure of the reactor vessel. The
accmnulation of water in the reactor cavity depends on the specific design of each plant. Some PWR plants do not 4

prmide a water path to the cavity and would not be able to collect water in the cavity. The presence of water in the
reactor cavity before vessel failure has sevetal effects on containment performanec:

(1) For low-pressure sequences, the interaction between the discharging debris and water pool is la ely to
produce fine particles due to fragmentation of the core material. The large number of fine particles vill
increase the surface area for heat transfer which could result in a cootable debeis configuration. On the
other hand, a rapid generation of steam would cause a steam pressure spike bu: this is not expected to
threaten the containment integrity of large-dry PWR plants as discussed in Section 311

(2) For high pre =ure sequences, water in the reactor cavity region could be co-dispersed with the core debris -

into the rest of 6;e containment during a DCil event. The effect of water on DCll remains uncertain, as L
discussed in Secti; n 3.21 Since CONTAIN analyses [13,14), as well as some experiments [40), base
shown that co-dispersal of water with corium could increase the containment pressure during a DCl!
event, the benefit of applying this strategy for high-pressure sequences requires fur her confirmation

In addition, the presence of water in the reactor cavity before vessel breach may result in stean expkwions a vessel
breach (Section 314). The adverse effect of this event has to be weighed against any expected beneficial effects.

Adding water to the reactor cavity dter the vessel has breached and corium has discharged into the cavity is
considered to be beneficial. An overlying water pool prmides fission product r,crubbing and enhances heat removal
from the core debris. The increased debris coolability could arrest or delay basemat meltthrough.

At present, rnost of the PWR plants do not have specific splems for deliberate flooding of the c.nity. Ilowever,
deliberate flooding could be accomplished by using an alternate water source, such as fire water or service water
systems, to directly fill up the cavity or cause an overflow from the containment floor to the cavity. For some PWR

' plants, the cavity is designed such that the curbs around the instrumentation tunnel could prevent water from flowing
*

'
into the cavity. The implementation of reactor cavity flooding should consider the depletion of wa(cr resources which
could be used for other purposes.
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The Zion IMR |32] reports that prmisiom have been made for the futurr installation of a posi Iownf 4oolant
accident protection system (PLOCAP). A major comionent of the PLOCAP is the cavity fhnd subsptcm. l'hc
primary function of the sptcm is to provide a rapid initial injection of a large quanthy of water into the ussel and
seul caity following the f ailure of the reactor vessel The sugpsted system contains caity flo i tanks, r. umps, and

Reactor cmity flomling is also bcing considered as a strategy to oul core dcbris in the ' by submerging
pumps.
the bottom hcat. Whether this water lesel relative to the RPV h obtainable in a partimlar plant orpends uty much

,

on reactor cavity design.

3.3.6 Utilization of e .tv Water Dr Containment Sprays

Under accident conditions, containment sprap arc of ten required to limit the wntainment pressure and tcmperature
risc. and to enhance fission product removal llowever, in some cueN the CM may become unavadabic tither due
to the fadure of the spray pt.mp during the injection mode or dur to the fadure of the recirculation system aftet
RWST depletion. Under theu. sittalions, the Grc water system could be considercd as an alternate watcr soune for -

containment spray operation. This strategy imolves cross connec;ing the fire water pump disharge to the disharge
lines of the containment spray pumps or RilR pumps by hard piping connections or a temporary hose connection.
I~or Zion the capacity of each of the two fire pumps is 3m gpm at 13 psig to IM psig, whnh h mmparabic to the
CSS.

In addition to mntrolling containment pressurc. tempes atute, and fission products, this strair gy also prosides nnhng
for core debris in the crity region or c.n the containment floor, and can help to control hydo>cen mmbustion.
Ilowever, there are puential adscrse effrets as described below.

(1) This strategy h likely to dilute the boron concentration in the sump Thus, implementation of thn strategy
before reactor vessel failure would raise concern about scoiticahty when inaessel injection is in thes

rediculation moJc.

(2) 'The strategy would competc with other strategies which rcquire the s.ame water resounts and equipment,
such as flomling of the reactor caity, a steam generator, or $c anni %ary building

,

(3) While this 3trategv is beine implemented, fire fighting equipment may not be asailable for its intended
I purpose,

w

(4) Implementation of this strategy during the late phase of certain auiicnt sequences wuld cause a rapid'

condensation of steam which in turn could de inert the atmosphere and resuh in a detonable misture as a
large quantity of cornbustible gases may have already accumulated in the containment.

Iinally, it should be pointed out a cross-connection of the fac water system may not imohe the spiay addithe tant,
Wuhout sodium hydrotide (NaOll) in the water, the effect of spsays on iahne remosal h reduced.

3.3.7 Fission Product Control

The objeuives of thh stratcgy are to reduce fission pnxiuct releases. While some European muntries het installed
or intend to install filtered unt systems for PWRs wi h large dry containments, such a system has not beent

consider:d for domestic PWRs, Potential venting paths, which may etht in -ome specific domestic PWRs, are
therefore not expected to proside significant filtcring of fission products. Nesertheless, it may be possible to smidify
such specific vent patns so that they pass through a water filled volume which can prmide some 'ission product
scrubbing. Ilowever, the objecthes for Gssian product control are often met by actions already taken to control the
pressure and temperature of the containment atmosphere. The actions are summarized bdow:

(1) CM operation can scrub fiuian products released to the containment atmosphere The fire water system
can be used as an alternate source when the normal CM water soune k unasailable
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(2) Flooding the reactor casily after seuct breach could cool the hot debris to reduce fiuion product
udatili7ation. Tne overlying water pool aids finion product scrubbing.

(3) RCFCS operation will cool the containment. The cooling coil and filters of the fan system enhance the
remosal of aerosols.

,

(4) Flooding a steam generator with water following an $UTR, and flooding the break location following an
ISLOCA can preside fission product scrubbing.

(5) Operating nrc sprays in the audliary building following ISLOCA to provide finion product scrubbing and
teduce fission product revaporization.

The benefits and potential adverse effects of these actions have been discuued in presious sectiont

3.4 Strategy implementation
_

'

- An effective implementation of the CRM strategies requires several action stept The first action involves an
anessment of the plant damage conditions. These conditions provide a means to characterire the extent of core and
containment damage, and the extent of finion product release. Oehlberg, et al,(6) have discuncd the auenment of
both RCS and r.ontainment_ damage conditions vith_ respect to the implementation of Accident Management
Guidance (AMG). They have characterized the containm' nt damaer conditions into four categories according to the
i,tatus of containment function: +

(1) The containment is dosed and no cdsting (hallenge ests to containment integrity. Core debris, if any is
being cooled, combustible gas concentrations are wkhin acceptable limits and containment heat removalis
cvailable.

(2) The containment is intact, but threatened by lack of coohng or combustible p.ases. The containtnent
function is still being performed, but loss of the function could occur unless physical conditions in the
containment are improved. This condition includes both cases with core-on-the Hoor and not.

(3) The containment is impaired in some manner and the containment function is lost, but not bypassed. As
such, fissien product re! case from the wntainment may still be mitigated by measures such as spraying the -

containment atmosphere or debris cooling.

(4) The containment is bypassed releasing finion products directly from the wre debris to outside the
containment. As such, measures to control fission product release from the containment such as spraying
containment atmospheric or debris cooling may not be effective. Ilowever, the use of fire sprays in the
secondny containment / auxiliary building, or submergence of the break wuld be effective in mitigating the
release.

7 The four categories can be used to specify the containment conditions at any given time in the accident progrenion.
These conditions could be indicated by a range of plant parametert Examples of containment damage conditions
and possible indicators given in Reference 6 are shown . Table 3.7.

The second action requires the full utilization of available plant information ources to direct operator actions. This
involves both the safety related and .x.n-safety related instrumentation. Instruments which are not quahfied for
severe accident conditions can often provide usefulinformation as a backup to verify plant status.- In addition, the--

. failure of an information source may in itself provide valuable information. An example which relates the
containment temperature and pressure control with plant inforrr.ation sources given in Reference 6 is shown in Table
3A The table shows a number of alternative means for making determinations regarding containment pressure,11

2

levels, temperature, and spray status. For example, the operability of air operated equipment, such as primary system
f
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relici sahes, wuld indicate containment preuurt. The opening of primary spicra r(lici sahes gencrally rcquiru a
differential pressure tvtween the instrument air system and the mntainment atomsphere

The third step requires the estimate of plant resionse after a CitM action ha., b(en implen enttd This action may
invohe calculations and interpretation of the plaat states from plant information sources. The estimate of plant
response should be used to judge the ctfccinencss of the strategy and predict the future plant (onditiont.

Table M bample Containturnt Damage Conditions and Ponible Indisatori Otaftrence 4

.

Containment Poulble Indicatorf
Damage Condition

Isolation completeContainment *

Containment pressure and/or temperature stabic/dccreasing and within -

Closed and Cooled e

the design basis
Containment hydrogen lesch stable and less than 49e

Containment heat remmal functioning normallye

hufficient water addition to containment to match dccay heat remosal*

requirements

isolation wmpleteContainment e

Containment pressure and temperature increasingThtcate ned e

No fission products dete(ted outside containmente

Containment hydrogen lesch high and/or increasmge

Containment heat remmal function guuibly impairtd.

CO and/or CO: Icicis in containment high and/or increanng.

insufficient water addition to containment to match dccay heat remosale

requirements

Isolation not completeContainment *

liigh radiation levels in secondary containment /audliary buildmgImpair ed a

liigh temperatures in secondary containment / auxiliary bu!! Jing(includes Failed) e

Iligh hurr.idity in scconkry cantairment/ auxiliary buihhnge ,

Containment pressure decreas;ng without sufficient heat removale

liigh radiation levch outside containmente

Fire alarms or fire sr. tem actuation in secondary mntainmern/ auxiliary*

building with no sigm of fire

High radiation, temperatures and/or humidity loels in secondaryContaininent *

llypa ssed containment / auxiliary building while containment conditiims iemain
"normar
increadng sump !cscis in secondary containment /autiliary buildinge

Containment pressure decreasing without sufficient best remov .*

liif radiation levels outside containmente

Fire alarms or fire sptem actuation in secondary mntainment/auuliary.

ouilding withnut signs of a firc
m . , _ _ _ _

' based on insty nr readings and/or analpis estimates
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Management Strategies Table 3.8 An Example of the Relationship of Safety Functions i

to Plant Parameters and Information Sources (Reference 6)

Safety hecatial Nat I'sasape N at l'. sam {de Nat Systems
Functaan Parameten tafanantaw Eauces Suppwting Safety 1%nctum

Containment - Containment . Control Roorn Preuurt Indicators - Containment Sprap
Temperature Preuvre local ILRT Presure Indrators $

and Pressure - RCS/RPV Preuure Indicators - . Containment Air CncAers
Control . Preuure Indraton on inactM Pumps

Abgned to the Conta:n:acnt Sump or - Cnntainment 11, '
i

Suppresuon Pool Recomtsinen
- Contamment Al''4 crated Compment

Operatnhty . RCS Injectkm Sourtes
- Shutoff IIcad/lk= of Cocuamment Injectr.n

Sources . Recircubtion Spray Sptem

- Containment II, , Control Room 11: Moniton . RllR System --

Levels - Post AcciJent Sampling Results
. Igmien (Ice Condensers)

- Contamment . Control Room Containraent Temperature
Temperature Indkaton . II, . nt Sptem

. Control Room Containment Ventilatim
System Temperature Indwaton (num*,:ous - Contamment Pjrge Sptem
spiems and indearon enst)

- RllR System
- Containment spray . Control Room Containment Spray 1%w j

Status Indicaton
. tocal Containment Spny Pump Sucun

Preste Indicator
.

mee

8

i

|
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4 Applications to Selected Sequences

in this se tion the strategics are assessed by apphing them to several accident sequences, which have been identified
as major contributors to plant damage [2]. Containment analpis performed using the STCP, MELCOR, CONTAIN,
and MAAP codes are used for discussion. The Zion and Surry plants were used as the surrogate plants for this

assessment.

4.1 Station Illackout Sequences

Station blackout sequences are initiated by a loss of all off site and on-site ac power, which results in the
unavailability of the high-pressure injection system, the containment spray system (both injection and recirculation
modes), the containment fan cooler system and the auxiliary feedwater pumps. While the loss of all ac power does
not affect instrumentation at the start of the stadon blackout, a long duration station blackout leads to battery
depletion and subsequent loss of vital instrumentation. Battery depletion was postulated to occur after approximately
4 hours for Surry, and b hours for Zion [2]. Thus, th. most important accident management actnities after a station
blackout should be (1) to recover the ac power. (2) to encod de power, and (3) to identify and utilize alternate
systems and resources for cooling of the core and containment. If recovery and mitigative actions are rmt successful,
the event will result in core degradation, vessel breach, and esentual containment failure.

The NUREG-1150 study [2] concluded that a statian blackout event could lead to (1) a reactor coolant pump seal
|

|
LOCA due to the loss of all seal cooling, and (2) a SGTR induced by high temperatures due to natural cinulation of

I hydrogen, suam, and fission products in the primary coolant system. These two scenarios will be discussed b
| Sections 4.2 and 4.5, respectively. The scenario discussed in this section assumes no pump seal LOCA and no SGTR.

4.1.1 Containment Response

At the initiation of the accident, the main coolant pumps stop and the reactor trips. Following the reactor trip, decay
heat boils off the water in the secondary side of the steam generators. After steam generator dryout, the primary
system pressure rises to the relief valve setpoint and reactor coolant is discharged in a cycling manner to the quench
tank and ultimately to the containment building. The failure of high pressure injection (.HPI) to provide coolant
makeup causes core uncovery, fuel heatup, melting, and eventual vessel breach at high pressure. Because the station
blackout considered in this scenario is a high-pressure sequence, prior to vessel breach most of the steam, hydrogen,
and fission product generated during core degradation are retained in the RCS. Only a relatively small quantity is
released to the containment through the cyclic opening of the PORV. This amount has no significant impact on the ,{
large-dry PWR containment. At the vessel breach, molten core debris is ejected un&r high pressure to the reactor
cavity. The rapid depressurization in the RCS will activate the accumulators and add water to the reactor casity.
The corium-water and codum-concrete interactions will produce a large quantity of steam and not condensible gases
which could cause over-pressurization and over-heating in the containment. A aotential scenario as: .ciated with the
high pressure melt ejection is the DCH esent which would result in a different containment responst The DCil
event will be discussed in Section 4.2.

| The above station blackout sequence was analyzed for both the Zion and Surry plants using the STCP cmle [7,33,
14). The predicted major events are [7]:

Zion Surry

Steam Generator Dryout 97 min 80 min

Start of Core Melt 148 min 135 min

Reactor Vessel Breach IM min 177 min
2

Containment Failure 36 hr' 72 hr

' extrapolated time for oser-pressurization f ailure
extrapolated time for basemat mcitthrough,
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A loss of de power was assumed at the initiation of the accident in the above analyses. Bccause both plants have
. batteries as the su.ndby de power sources, core damage and containment failure predicted by the MARCil code
would be delayed by 4 to 6 hourr.,if the batteries are maintained fully charged, This delay arises because most plants
have at least one turbine powered auxiliary feedwater/ pump which can be operated if de povxt is available.

4.1.2 Containment Ch!!?nges

4.1.2.1 - Zion plant
.

- Figure 4.1 shows the containment pressure and temperature for the SBO sequence as predicted by the Elt.r n
'

[7}. Immediately after the reactor vessel breach (ISS minutes), the corium/ water interaction yielded a steam pressure
spike af about 17 psig, which did not threaten the containment integrity.110 wever, the containment was continuously
pressurized as a result of the release of non condensible gases from corium-concrete interaction and the generation

- of steam from the overlying water pool. At about 550 minutes, the cavity water was depleted and the containment
_

pressurization was solely due to the non condensiblex The pressurization rate was reduced to 0.03 psi /minf At this
rate, the containment is predicted to fail at bout 2100 minutes (36 hours). Figure 4.1 also illustrates that the
containment temperature was maintained at about 320 F throughout the transient. Although the temperature is
above design temperature (270 F), it is unlikely to have a severe effect on containment integrity.

The STCP code also calculated the cavity concrete erosion rate as about 0.087 cm/ min (Figure 4.2). At this erosion
rate, the complete penetration of the containment basemat (2.74 m) would take more than 50 hours. Figure 4.3

Fshows the mole fractions of gases in the containment. The steam fraction is nearly 0.8 and hydrogen is below 0.04.
The containment is highly inerted and no combustion was predicted by the code.

Ahhough there are uncertainties in the STCP crdeulation, the. general behavior predicted by STCP is similar to that
predicted by other codes, such as .MAAP and CONTAIN. It appears that overpressurization is an important long-

'

term challenge to the Zion containment integrity. '

- 4.1.2.2 Surry plant

For the subatmospherie plant, the containment pressure was 10 psia prior to the start of accident. The containment
. pressure reached 45 psia immediately after vessel breach at about 177 minutes as shown in Figure 4.4. Due to the
specific design of the Surry plant, the reactor cavity is isolated from the containment sump and no water can flow -

back to the reactor cavity. The boil-off of the initial cavity water ejected from the reactor vessel at the time of vessel
breach, increased the containment pressure to a peak of 55 psia. After the depletion of cavity water, the containment
pressure increase is solely due to the non condensible gases from the corium concrete interaction. Figure 4.4 shows
that the pressurization rate is only about 0.01S psi / min. At the end of 24 hours, the pressure reached 63 psia, which
is slightly above the containment design pressure (60 psia) but considerably less than the estimated capacity (143
psia). An extrapolation of the containment pressure shows that the containment would fail at about 90 hours.

The containment temperature, included in Figure 4.4, is maintained at about 260 F luring the entire transient.
Ahhough the temperature is above the design level (150 F), significant leakage due to the degradation of the
containment penetration seah is not expected at this tengerature level.

The molar fractions of steam, hydrogen, and oxygen are given in Figure 4.5. Although the hydrogen fraction is above
0.08 (the flamma'oility limit), no combustion was predicted due to the high fraction of steam (above 0.55).

.The concrete axial crosion under a " dry cavity" situation is shavn in Figure 4.6. The crosion rate is about 0.068
cm/ min. At this rate, a complete crosion of the basemat (about 3 m) would take about 72 hours. It appears that
for 5urry, basemat meltthrough occurs prior to containment failure due to gradual overpressurization.

l
;

;
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4.1.23 Implications

.

From the above calculations, it is clear that the presence of water in the reactor casity has a significant impact on the
long term challenges experienced by large volume containments With water present in the reactor cavity,
pressurization of the cantainment via steam and noncondensible gas generation will be rapid. Under these
circumstances basemat penetration is unlikely to occur. If basemat penetration does happen, it will occur a long time
after failure of the containment via overpressurization. On the other har.d,if the cavi:y is dry, the steam and
noncondensible gases released during CCI are unlikely to cause an overpressurization failure of a large dry
containment. Under these circumstances, basemat failure or failure of scals due to high temperature are the most
likely cause of loss of containment integrity.

k 4.1.3 CRM Strategies

Loss of off-site power and of all on-site AC power are sufficient conditions for declaration of an Alert. This
condition is upgraded to a Site Area Emergency when SBO persists for more than 15 minutes. Among the licensee
actions required by a Site Area Emergency are [35]:

I
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prompt notification of the state or local off site authorities of emergency status,e

activation of on-site Technical Support Center, en-site Operational Support Center, and near site Emergencye

Operations Facility,
dispatch of on-site and off-site monitoring teams.e

maUng senior technical and management statf on-site available for periodic c(msultation with NRC and state*

authorities,
providing meteorological data and dose estimates to off site authoritics.*

According ta Westinghouse ERGS, the upcratar is directed to the Emergency Contingency Action ECA-0.0, which is
specific to si hn blackout. Some of the actions recommended in ECA-0 0 arc listed below:

attempt to emergency start the diesch,*

call for dedicated AC power*

attempt to switch around fauhed circuitry at the switchyard, ~e

shed non-essential DC loads,e

attempt to manually align and set up the turbine-driven nFW pump,*

locally isolate RCP seal lines,e

locally open SG PORVs,e

manually effect containment isolation.a

All the presioas actions, except effecting containment isolation and shedding non-essential DC loads, are assumed to
be ineffective. In-vessel accident management strategies to be initiated in the early phase of the accident are
expected to center around attempts to depressurize the steam generators so that diesel-driven fire water pumps,if
available, may be utilized to flood the steam generators and bring about some degree of core cooling. The failure of
this in-vessel strategy would lead to eventual vessel breach.

The mitigation strategy during the late phase of the accident, i e., after vessel breach, is plant specific. Discussions
for the Zion plant and the sub-atmospheric Surry plant are given below:

4.1.3.1 Zion plant

Since long-term over pressurization appears to be a scry important challenge to the Zion plant, mitigation strategies _

should focus on restoration of containment sprays and fans or containment venting. If venting is attempted,it should ,

not be initiated immediately after vessel breach when containment pressure is rapidly increasing to the design
pressure. The puff-release of fission products from the reactor vessel to the containment at the time of vessel breach
is likely to cause a large release to the environment if senting is implemented at this time. A delay of venting besides
allowing more decay of radioactivity, would provide sufficient time to settle aerosols released from the reactor vessel
and from the corium. concrete interaction. The times of maximum CCI will depend on the scenario, especially the
amount of water, if any, in the cavity. For the Zion SBO sequence of Figure 4.1, BNL has performed a venting
analysis using the STCP code. In the analysis, venting is actuated at 370 minutes when the containment pressure

>

reaches 85 psia. The equivalent diameter of the venting area is 1 ft. The vent valve is assumed to stay open without
re-closing at lower pressures. The venting is actuated at about 3 hours after the vessel treach. It is expected that
opening of the vent vahe at this time will cause a less severe release of fission products than earlier valve actuation.
Figure 4.7 illustrates the impact of venting on containment pressure and hydrogen mass. Within about 200 minutes,
the containment pressure is reduced to the atmospheric pressure level and the quantity of hydrogen is reduced from
about 1800 pounds to 300 pounds At the end of 1450 minutes, the containment holds about 900 pounds of hydrogen,
which is considerably less than the 3300 pounds that would be present if venting was not activated. Although there is
a large reduction of hydrogen mass, the volume concentration of hydrogen increases from 47c to about 8% at the end
of 1450 minutes, as shown in Figure 4.8. This is due to the simultaneous loss of steam and air by venting. The high
concentration of hydrogen (S%) does not induce any combustion because of the lack of oxygen in the containment
due to venting. The oxygen solume concentration is below 2G as shown in Figure 4 A It should be noted that the
implementation of a senting system could insolve extensisc hardware changes for most PWR dry containments. The
valvcs of the containment vent and purge system are usually large butterfly vahes and are unlikely to open once a
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significant pressure difference develops. Vent paths of a smaller diameter, capable of sustaining higher pressures,
may exist or be relatively easily constructed from existing penetrations on a plant specific basis.110 wever, providing a
remote valve opening capability, especially one available during station blackout, would still involve major

- modifications.

The restoration of containment sprays and fans can also prevent or slow down the over-pressurization of the
containment, A limited STCP analpis was performed for the Zion SBO requences [7]. A summary of the results is
given in Table 4.1. Restoration of containment sprays was considered for two cases. In one case, the sprays were
restored at the time of vessel breach, and in the other case at about 4 hours after the vessel breach. In both cases,
recirculation was assumed, so that sprays were continued throughout the transient after their initiation. The
containment sprays presided cooling of the atmosphere and a water source to flood the r: actor cavity. Ilowever, for
these sequences, heat exchangers were not available to cool the circulating water, and soon saturated water was
recirculated tnrough the sprays. The erosion of cavity concrete was reduced considerably, but the corium was not
quenched by the overlying water pool. Consequently, the corium/ water interaction in the cavity provides a
continuous steam source to the containment atmosphere, which causes a slow but continuous pressure increase as
shown in Figure 4.9. Thus, the operation of containment sprap could delay, but not eliminate, the containment
failure due to over. pressurization. Another consequence of corium interaction with the overlying water pool is that
the steam generation maintained the containment inert. Combustion it unlikely to threaten the containment integrity.

Table 4.1 Summary of MARCll Analpis for the Zion TMLir Results

Containment Con rete Containment
Pressure @24 Erosion Failure *

Case Description lir, psia @24 lir, cm 11, Burn (Time, min)

BS No operator action. 128 125 No No
,

S1 Sprays started at 200 min. 107 80 No No

S2 Sprays started at 480 min. 106 80 No No

F1 Four fan coolers started at 107 so Yes No
_

300 min. No sprays.
.

F2 Four fan coolers started at CF' 7; Yes Yes
960 min. No sprays. (1056)

F3 Two fan coolers started at CF* 90 Yes Yes
960 min. No sprays. (1207)

' Containment failure at 149 psia due to late 11: burn.

The effect of fan coolers is quite different from that af sprays. The Zion plant has five containment fan cooler units.
The heat removal capacity for each unit is about 24 MW (81 x iff Btu /hr), which is comparable to the decay power
(32 Mw) at the time of sessel breach. }{ence, an operation of 2 or more fan units would be sufficient to remove the
decay power and mitigate the pressurization effect. llowever, it should be noted that the dehuraidification achieved
by the fan cooler will deinert the containment atmosphere and could initiate combustion if ignition sources are
available. An STCP calculation [7] shows that a late restoration of fan coolers could cause the burn of a large
quantity of hydrogen and fail the containment as shown in Figure 4.10 and in Table 4.1. Therefore, application of -
this strategy during the late phase of the transient must proceed with caution. Monitoring of h> cal concentrations of
combustible gases (H: and CO) and inertants (steam and CO:) should be performed to ensure that deinerting of
containment atmosphere wi!! not cause local detonation or the general deflagration of a large quantity of combustible
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,

gases. Currently, the ability to monitor combustibles or inertants locally is not available. Global hydrogen
measurements can be made, but not CO or CO measurements.

2

4.1.3.2 Surry plant

As discussed in Section 4.2.2, a 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
casity. However, the boil-off of the water iatroyed into the cavity will then make overpressurization a real

i- possibility. Nevertheless, flooding may delay ultimate containment failure and proside additional time for recovery of
;

CHRJ 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.

1

The mechanism of adding water into the cavity depends on the cavity configuration. IDCOR [Il has classified the
cavity configuration of all sub-atmospheric plants (Beaser Valley 1 & 2, Millstone 3, Surry 1 & 2, and North Anna 1
& 2) as a " type D' configuration (Figure 4.11). According to the IDCOR descrip: ion, 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 Nater collecting on the floor (of the Surry containment) canno' low into the reactor cavity *
Therefore, modification of the cavity such as additional piping may be needed to provide water paths for flooding.
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4.2 DCH Event

Direct containment heating (DCH) is the result of high pressure melt ejection from the reactor vessel to the cavity at
the time of vessel breach. Under high pressures, the debris could be dispersed into the upper containment. The
fraction of debris which could be dispersed and involved with containment heating depends on a number of
parameters, including the internal arrangement of the containment. If a large fraction of core debris could escape
the reactor cavity, DCH would be a severe challenge to containment integrity. IDCOR classified PWRs according to
reactor cavity configuration as shown in Table 4.2.

IDCOR's judgement of the potential for debris dispersal based on this classification has not been confirmed by
experiment and involves a large uncertainty Some existing experiments have cast doubt on IDCOR's estimate.
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Table 4.2_ Lower Reactor Cnity Types of the IDCOR PWR Plants

In a scoping experimental
study of the extent of molten

tacdebris dispersal from PWR " " ' " * ' " ' " ' ' " * * * " ' ' " " * * * " "reactor cavities, Tutu,' et al.
[36], have conducted ^ naw**J t a 2 o bm ouw ==ce ibe reann mity

: experiments using 1/42nd- [*, ',*2 -

scale model of reactor canties - ;

of Zion Surry, and Watts Bar, B Inden PoiM 2 a 3 Would not retain nuech de> an
kia 2The ' experimental results show 7,'*rj ,

that the fraction of material
c c.i,.s. I a 2 woounist ,wmanowwooia &emdispersed from the reactor

cavity are more than 0.99, $;,c ~

1 2
0.83, and 0.74 for the Zion, sc poy.h i a 2

Surry, and Watts Bar plants, vos* I a 2
waits Der i a 2

respectively. Tutu, et. al. [36], _

also developed dimensional D Iwavervaikt i a 2 wouw nisia e=em.uy air or ibe debre

._ analysis for the scoping study. U"",',
A total of 10 dimensionless un,m
parameters are involved. Neh Anm t a 2

Robimon 7Based on the scopiaa analysis, " " " " * *
it is concluded tha t debris
Would bC Cjected from the E South Texas 1 & 2 Utile debru eda enore

: full-scale cavity of the Zion p 3,u ,,, 3 uo,, ag,, ,,w ,,c,p,
plant. For Surry and Watts cawericwts t a 2
Bar, at least 84% and 82% of M "' '" 2

*"* d"the debris will be ejected out
of the full-scale canty, o oconee 1.2.3 Not much debra is e9*cied to escape -

respectively. Note that the
il Maine Yankee Unk &bns a enreded to wape

cavity con 0gurations of the eau vere u.3
Surry and Watts Bar plants WNP 3

are classified as being of type (*,'[ *,,a 2,,,
D and C, respectively, by summ,e t

- IDCOR (Table 4.2). These Turkey PmS 3 a * '

Cavities are expected to retain
1 Nim Beach I a 2 % sich abra a evoed to escape -

a considerable amount or si. tu. I a 2
essentially all of the debris in Wuerf*83 .

the cavity. Thus, based on the 3 3,, o,,,,, 2 , 3 3 y,,;a,,,3 3 ,,,, g y,, , ,p,g,, , ,,u,,,
,

- expenmental results, it
K ^''***$8 N ' *"ch de6r= " e"P" #d 'u ''c*reappears that regardless of

* WNP 1
'IDCOR's classiGeation, a large,

fraction of core debris could t. zwueroate i a 2 some debr..ouw eu.pe

bC dispCrsed from thesc M Ca h g 1 A pid tracion,d hbm @ted W retain
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conditions of the reactor
vessel and core debris, The

con *Mnment 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 twc cases are given in Table 4.3. Case A5 assumes full pressure in the RCS
prior to vessel breach, dispersal of 100% of the core melt into 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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Applications

(30%) of core melt and relatively larger particle size. The predicted peak pressure for this case is much less than the
estimated containment capacity. The comparison of the two cases illustrates the effect that assumed initial conditions
have on the CONTAIN DCH calculation.

Table 43 initial and Boundary Conditions for Zion DCil Analysis
The mitigation strategy of RCS
depressuriration has been investigated
in detail at the Idaho National Case A3 C6

Engineering Laboratory (INEL).
Based on analyses for the Surry plant, Primary system pressure (Mpa) 16.4 3.4

INEL recommended depressurization Melt fraction 1.0 033
after core uncovery. The strategy
results were extended to other U.S. Particle size (mm) 0.5 LO

PWR plants [37]. Using Surry as the
reference plant, five PWR subgroups Blowdown time (s)

were identified based on the Debris 6 12.2

normalized "ORV capacity to RCS Steam and H: 15 12.2
t

volume ratio. This natio is considered I

Blowdown rate Uniform Linear
as the overriding parameter affecting a
plant's ability to depressurire. The H: in containment (kg) 191 419

higher this ratio, the more rapidly a
PWR is able to depressurize relative to H: in sessel (k g) 321 14

,

Surry. The five subgroups are: Zr ejected (kg) 11000 3667

L Westinghouse PWRs with ratios i e ejected (kg) 18700 6233
gmater than Surry's; t-

2. Westinghouse PWRs with ratios | React cavity Dry Dry

less than Surry's;
3. Combustion Engineering (CE)

PWRs with PORVs;
4. Babcock and Wilcox (B&W) PWRs;
5. CE PWRs without PORVs;

A comparison of the normalized PORV capacity to RCS volume ratio is shown in Figure 413. The Cfth group (CE -

PWRs without PORV3) was not included in the study. The conclusions of the INEL study are:

1. Intentional depressurization of the RCS using the late depressurizrion strategy has the potential to mitigate the
effects of DCH in the Westinghouse Group 1 and 2 PWRs.

2. The Westinghouse Group 2 PWRs will probably experience sub<tantially more core damage prior to
accumulator injection than was predicted in the Surry analysis. <

3. It is likely that the PWRs of the CE group will be ab!c to use the late depressurization strategy to mitigate the
effects of DCit

4. The PWRs of the B&W group do not appear to have the capability to depressurire to a point where DCil is
mitigated.

4.3 LOCA Sequences

A loss-of-coolant accident induced by coolant pump seal failure, a pipe break in the RCS or a stuck open PORV,
should have the following signature: an increase of containment pressure and radiation level and a reduction of
pressurizer pressure and water lesel. The operator will implement ERG E-0, which calls for verification cf reactor
trip, Si activation and auxiliary feed water (AFW) avai' Mlity. ERG E-O directs the crew to E-1 to mitigate the
LOCA based on high containment pressure, high containment radiation or high sump level. The CSS will be
actuated manually or automatically, depending on the plant, after the containment pressure exceeds the actuation

4 21 NUREG/CR-5806
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. Applications

pressure. The anavailability of the CHRS will be indicated in the control room in the form of the unavailability of
the spray heat exchangers.: The recognition of a LOCA in progress would call for the declaration of a site Area
Emergency.-If containment failure follows, 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 following the declaration of these emergencies are
discussed in Section 4.L'

: Zion and Sun / are again selected as the representatives for the PWR atmospheric and sub-atmospheric plants, i

respectively,in discussions of containment challenges and mitigation strategies.

4.3.1 Zion

NUREG-1150 pj has identified that reactor coolant pump seal LOCAs induced by the loss of component cooling
water and service water are important accident sequences for the Zion plant. The event could lead to core damage if
the senice 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 water) is recovered
in time to provide injection from the RWST, core damage can still occur if the recirculation cooling fails.

' Commonwealth Edison (the Zion licensee) has committed to perform the fo!!owing actions with respect to the
alternative water supply for component cooling [2j:

1. Auxiliary water supply is provided to each charging pump's oil cooler via the fire protection system.
Hoses, fittings, and tools are locally ava2able at each unit's charging pump area, allowing for
immediate hookup to existing taps on the oil coolers, if required.

2. A formal procedure change was made to Atmormal Operating Procedure (AOP) 4.1, entitled ' Loss
of Component Cooling Water,i 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 oi' cooling valves and piping.

An STCP calculation for the pump seal LOCA sequence with an assumed failure size of LS inches in diameter ,

showed that core uncovery could occt.r at about 65 minutes p]. 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 vessel could fall at about 130 minutes. Because of the relatively small break size associated

' with pump seal failure, the RCS is likely to remain at high pressure and DCH could occur after vessel breach. To
mitigate the potential DCH cha!!enge, the RCS should be depressurized as discussed in Section 4.2.

In the event of vessel breach without DCH, STCP predicts the following containment response for the pump seal

LOCA [7]:

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

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

.

- The con'ainment would fail at about 900 minutes as a result of overpressurization due to corium-3.

concrete interactioniif the containment heat removal systems are not restored.

Thus, the conta'.nment challenge during the late phase of the accident is likely to be overpressurization. The,

r"itigation strategies are similar to those discussed in Section 4.1, i.e., the restoration of containment sprays or fans or,

-containment venting. Since sprays cart effectively enhance aerosol removal, they should be considered as one of the
CRM strstegies.

4-23 NUREG/CR.5806,

r

, , . .- - m . .m ., - -



_. _ _ __ _._ _ _. _ _ . _ . - _ _ _ _ __ - _ _ _ . _ - _ . _ _ _ _ .

I

Applications

As discussed in Section 3.23, caution must be exercised la the implementadon 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 beyond its capacity, a hical
detonation induced by flame acceleration (i.e., deflagration detonation-transition, DDT) could
severely threaten containment integrity. The potential for DDT depends on the containment
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
-

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
th|e cavity. Hence, a wet cavity would eliminate the overpressurization cha!!cnge. 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 overpressurizatica challenge.

A limited STCP analysis was performed for the S;DC,F sequence to qualitatively asses the spray strategy [7}. The
S DC,F sequence is a pump seal LOCA accompanied by failures of ECCS, containment spray recirculation, and fan2

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 to the reactor vessel breach delayed the containment
failure time by about six hours.

,

2. Initiation of sprays immediately after the reactor vessel breach induced a large hydrogen burn which
did not threaten containment integrity. The containment failure time was delayed by about six
hours.

3. The initiation of sprays late during the accident 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. - Refilling the RWST for _ containment sprays during thr, late phase of the accident enhances the I

containment cooling effect 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 i

_

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 (S D)J in both codes, the Zion RCS was represented by 14 nodes and the containment by 42

nodes. The MELCOR code predicted the failure of 4 penetration tobes (instrumentation tubes) in the reactor lower
plenum between 190 to 250 minutes, and the failure of containment 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-through or combustion The major challenge to
| containment integrity under LOCA conditions is the slow overpressurization due to corium-concrete interaction, The

.
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Table 4.4 Summary of STCP Analpis for the Zion S DC,F Sequence [7]3

Containment Concrete Axial

Case Description Failure Time, min II, Burn Erosion, em

SF2 No operator action (no 900 (note 1) No 106 (note 2)
Sprays)

SF25 Spray injection started 1260 No 84

prior to VB (31 min)

SF45 Spray injection started 1243 Yes 84

at VB (IM min)
l

SF8 Spray injection started 1600 No (note 3) 85 j

at 800 min 1
1

SF580 Same as SF45, but 75% 1335 No (note 3) 84

injection rate

SF390 Same as SF45, but 50% 1352 No (note 3) 86

injection rate
,

SF8L- Same as SF8, but spray 1803 Yes 85

time doubled

Notes
1. Containment failure at 149 psia due to overpressurization.
2. Casity concrete crosion distance at end of 24 hours.
3. Although MARCH predicted no hydrogen burn, the gas concentrations are within the uncertainty 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 accident,
i.e., after a large quantity of aerosols has been deposited by natural settling processes.

4.3.2 ' Surg

NURt;G 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 plant. The equivalent diameter of the
break size could vary from 0.5 to 6 inches. All containment heat removal systems are available, but the continued

, beatup 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,M). The results show that the containment2

could maintain its integrity through challenges such as hydrogen burning and pressurization. It is possible that the

'. basemat will eventually be penetrated due to the attack of the concrete by core debris. Fer the c=e of a dry cavity,
j (i.e., containment sprays are not available during the small break LOCA event), the concrete e rate is about

',

i 0.07 cm/ min and a complete penetration 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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4.4 SGTR Sequences!

i A steam gerrrator tube rup'ure will expose the secondary side to full RCS pressuse. These preuures are likely to i

| cause relief ulves to lift on the secondary side While these vahes are open, an open pathway from the versel to the
emironment can result. Thus, the behasior of the seccndary side safety valves is very important for the SGTR event.
Based on consid-rations of plant emergency operating procedures, thermal hydraulic calculations, and data from
actual SGTR events,it was concluded in the NUREG il50 study that there was a high likelihood that the safety
valves would stick open.

The or : rating crew is initially lead to ERG E O to initiate a reactor trip and to start the r,afety injection. Step 23 of
.

E-O diagnoses a SGTR accident based on a 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 neccaary operator actions to
- terminate primary to+econdary leakage and to prevent overnll of the steam generator. All the safety systems are
anumed available at the initiation of E 3. The recommended step,iridude (1) checking the RCP trip criteda for i

further RCP cperation, (2) identification and isolation of the broken SG, (3) control of the water level in the steam
generators, including isolation of the broken steam generator from the ATW system,(4) initiation of RCS n>oldown-

by dumping , team to the condenser from the intact SGs at the maimum ute using the PORVs or cooldown va:ves, )

(5) depreuurization of the RCS in order to minimite break flow and to tefili the preuuriter,(6) termination of
:.afety injection to prevent repressurization after the termination of RCS depressuritation, and (7) control of the RCS j
pressure and makeup flow to minimize break Dow. ;

The above proceduies when properly implemented will be able to control the rapid lou of reactor coolant inventorv
, imd restrain the release of radioactive materials to the atmosphere from the broken steam generator. Recently, a
'

best estimate analysis on system behavior during the SGTR transient was performed for the Kori Nudear Unit
(KNU) 3 & 4 [38]. The pir.nt is a three loop PWR designed by Westinghouse for a thermal power of 2785 MW
(similar to Surry). The analysis used the RELAP/ MODI code and focused on measures to control the break flow.
Various cases were studied for transient boundary conditions and major operator actions based on the E 3
procedures. The study showed that the current E 3 procedure is adequate, but some recommendations were made
for the improvement of the procedure. The recommendations are: "

(1) Put the failed SG's PORY in the manual closed position with tne intation of the MSIV. '

The lifting of the PORY of the failed SC at its set point presmrt wtd emit in an undesirable ;

release of radioactive steam to the emironment. Manual clo,. : e af the braun SO's PORY may r

limit radioactive releases. This action Su little impact on the overoll sptem bchnio according to
the analysis. !,

!

(2) Put the intact SG's MSIV in the manual open position before the start of RCS moldown.

Because SG cooldown salves are located dowtr 'am of the MSIV, the isolation of the MSIV during
RCS cooldown may disable further cooldowe w en,in turn, will repressurite the RCS and increne

,

'the leakage now through the failed SG,

(3) Continue RCP operation based on RCS pressure for SGTR accidents that are not accompanied by
an addi:ional LOCA.

Unlike the situation during a small break LOCA, <ignificant voiding of the reactor core is not*

crpected during an SGTR accideen Thus, the operation of the RCp should be maintait f to
increase the RCS subcooling. Tb: aperator can mr.itor RCS pecuure together with hot leg
subcooling to determine whe;.% se RCP opuation should be continued.

4
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~ The EOP E 3 procedure assumes that all safety systems are availabic during the SGTR event elowever, there are
situations in which some safety systems may fail. For example, the emergency core cooling system could fail to
switch to the recirculation mode because the containment is dry. Such sequences were analynd for the Surry plant
|39] The results show that the reactor vessel could fail at 4 hours when toth the injection and recirculation anodes of
the ECCS are not available. The reactor vesselis predir:cd to fail at atout 15 hours when the fallare of the
recirculation mode was assumed. For the latter seq sences, the mitigation strategy shor t focus on refilling thet

RWST with alternate water sourecs as discuued in Section 3.
,
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5 Summary and Conclusions

Information on severe accidents, from NRC sponsored research efforts, as well as results from industry supported
investigations,has been reviewed to identify the challenges a large dry mntainment of a PWR plant could f ace
during the murse of a severu ao:ident, the mechanisms that cause these thallenges, and the strategies that can be
used to mitigate the effccis of these cha'Jenges.1he capabilities of esisting plant systems and procedures that are
relevant to containment and eclease management (CRM) have also been examined to determine their applicability
to CRM and to determine pouible areas for impimement. Important findings are surnmariico below.

5.1 Existing Accident Management Capabilities

Existing accident management capabilities are based on the NRC requirements described in NURl!G41737 [41|
regarding emergency response, and NUREGo654 [35] regarding radiokigical(mergeng plans and preparedness.
1he elements of these requirements that are most significant for CRM are the establishment of the technical
rupport center (15C), the availabilityof the emergency operating procedures (l! ops), and the requirements on

_

plant instrumentatbn for acddent monitoring.

In the accident scenarios examined in this report, the 15C will be activated and operational when CRM activitics,
beyond those of the current EOPs, are required. Since a wide variety of plant status mnditions rnay oaur and
significant uncertaintieson future accident progression exist, the availabilityof the 13C to take control of plant
operations and to provide support to reactor operations is an important attribute for containment and release
management in a severe accident.

1he existing EOPs for a PWR with a large dry containment are based on the Ernergency Response Guidelines
(ERGS) prepared by the appropriate PWR vendo; i.e. Westinghouse, Combustion Engineering,or liabcosk &
Wilcox.1he plant operations perstmnel can follow these procedures into a severe accident scenario. Ilowever,
some of the assurnptions on which the ERGS are based, are obtained from design basis accident conditions and
may not be adequate for severe accident management af ter significant core degradation has developed.
Modification of the existing ERGS regarding initiating and restricting cunditions for accident responw actions may
be desirable to extend their applicability to accident phases beyond mre damage.

The existing ERGS also concentrate on the restoration of core cooling and maintainingcontainment integrity
under design basis k> ads.1he mitigation of containment loading conditions that may occur after vessel breach or _

the mitigation of fission pmduct release af ter containment failure are not emphasized. Additional guidelines for
accident management after vessel breach or containment failure could thercfore be beneficial.

A very significant potential problem with plant instrumentation for CRM is the lack of sufficient control room
indications of containment variables during a station blackout (SHO) wquence, it may be desirable to provide an
alternate power supply for some instrumentation that is important for making decisions on CRM activities. In
addition, the identification of alternate methods to obtain containment variable indications in the absence of
electric power willimprove the availabilityof relevant information for CRM.

The surdy of plant instruments under severe accident conditiots muld also be a prob!cm. The containment
conditions, e g. temperature, pressure, and radiation, that may occur in a severe accident may escced the
environments.1 conditions for which the equipment and instruments are qualified. Even though the equipment and
instruments naay survive under conditions well beyond their qualification conditions, their accuracy is not auured.
A case by case analyt:s of the various types of instruments may be needed to determine their availability and
reliability under sevare accident conditions.

5.2 Interface Between Existing ERGS and CRM Strategies

An important goal of the USNRC's Severe Atcident Management Piopam is to make innovative use of existing
plant systems for accident management instead of resorting to costly hardware changes or additions. It is not
surprising therefore, that many of the strategies described in the previous sections involve actions similar to ones
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called for in the current ERGS and often rely on the activation of systems designed to mpe with design basis
accidents.1he CRht strategies differ from the existing ERGS primarily in terms of the conditions under which

I ceitain actions are undertaken and certain systems are activated.1h'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 systems in some instances. The luundary between current emergency procedures and those actions
referred to as severe accident strategies is not a sharp one, and the interface between the two types of actions is
complex.

the greater emphasis on anticipatory actions for CRM compared to current ERGS was illustrated by several
strategies discuned in the previous sections. Such phenomena as llPMl! are too fast acting to allow remedial
actions at the time of their occurrence, and therefore an advance action,like RPV depreuurization,if high
preuure RPV failure is deemed likely, may be advantagmus. I

l

M4. ~tions called for in the ERGS, such as those dealing with semndary side heat removal, ternain generally I
Od W usefulin the severe accident regime as well. Others, however, muy need to be modified or restricted: As
dissed in previous secilons, the activation of containment sprays during an advanced stage of a sente accident,
where steam inerting may provide protection against a hydrogen burn, should be based on more than mniainment
pressure and temperature levels.1here are also a nurnber of CRM strategies which have no direct counterpart in |
the ERGS. Cavity fkuding is such a strategy, for instance.

'

~

llow 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 no that they lit into
existing EOPs, creating separate severe accident procedures, or providing more general guidance instead of specific
procedures. *lhere are advantages and disadvantages attached to all of these methods. While specific procedures
lead to 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 i

particular situation. Some strategies may be easier to proceduratire than others. Ihc resources of a partiolar
utility can also determine the best rnethod of CRM integration at a particular plant. If 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 plan. In practice a
combination of procedures and guidance is likely to be most effective in filling the needs of the operators, support
staff, and accident management team.

5.3 CRM Strategies

llecause of their large containment volume and high design pressure, PWR dry containments are relatively robust
and provide considerable opportunities to maintain containment integrity 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.e.
deflagration, diffusion flame, auto ignition and detonation, the pressure loading and thermal effects of the three
former modes are not expected to threaten the containment integrity. A k, cal detonation caused by non uniform
gas distribution could challenge the containment integrity.1he potential for kical detonation depends on the
containment construction, interior layout and other specific design parameters. PWR plants with subatmospheric
design or steel shell design are more vulnerable to kical detonation. Ilowever, 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 delibers.te burning in order to keep the combustible gas concentration below
the lean detonation limit.

NUREG/CR 5806 5-2
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Summary

'ihe direct contaic ment heating (DCil) associated with a high pressure melt ejection (llPMl!) event appears to be i

an early threat to catainment intcgrity, Many f actors can influence the effects of melt ejection and some are not a

well enough understos d to allow unequhocal statements regarding their influence on DCil. For instance, the j

impact of co-dispersalof water prescot in the reactor cavity during a llPMil event involves considerable j
uncertainty. Flooding a c.vity solely to mitigate DCil effects may not t~ justified based on present understanding. ..

Ilowever, cavity fkioding for some circumstances may be used to provide externalcooling to the vessel, or in
anticipation of cooling a debris bed. Therefore, the decision to iked has to take into anuunt the range of >

possibilities in the particulat accident under musideration.

Ilowever, mitigation or climination of the DCll effect could be accomplished by RCS depressurization. INI?l, has
developed a strategy based on late depressuritation using PORVs, and has classified all PWits into 5 groups for
comparison of the effectiveness of the late depressuritation strategy. The liabmck and Wilcox PWRs and
Combustion !!ngineering PWR with no PORVs are unable to depressurize the RCS by venting the primary
system. -

Overpressurization of PWR mntainments can occur during the late phase of an accident due to the buildup of
steam and noncondensible gases. Ilowever, because of the large containment volume, for most PWR plants
overpressurization is a skiw process. In rnost cases, the ultimate capacity of tLe containment would be reached on
the order of days. Under these circumstances, mitigation can be achieved by tu restoration of containment
cooling systems, using alternate water sources, or by a controlled venting. Restoration of containment cooling

. systems must be donc cautiously so as not to de-inert the atmosphere and cause a sudden burn of a large quantity
of combustible gases,which may have accumulated in the mntainment.

Basemat melt through also is a potentially important challenge during the late phase of the axident for some
mntainment designs. Ilowever, concrete crosion by the molten core debris is a very slow process and it would
take days for the concrete to kisc its structural integrity. The crosion of the concrete may be mitigated by fkuding
the reactor cavity, llowever, there is a large uncertain,y regarding the effectiveness of cavity fkeding since it
depends on the cavity configuration and the state of th$ core debris in the cavity.

For wme PWRs, containment trypass events provide a significant contribution to the risk estimates. The
rnitigation 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), (kioding the break location, and the
activation of auxiliary building fire sprays. These strategies are currently feasible for many PWRs. Ilowever, for
some plants, modification of existing systems and/or pn>cedures are required.

|

|

|

|
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This report identifies and evaluates accident management r, t r a t e g i e s that are

potentially of value in maintaining containment integrity and controlling the release
a pressurized water reactor with large-of radioactivity following a severe accident at

dry containment. The strategies are identified using a logic tree structure leading
from'the safety objectives and safety functions, through the mechanisms that challenge
these safety functions, to the strategies. The strategies are applied to severe

i

'ccident sequences which have one or taore of the following characteristics:
etificant probability of core damage, high consequences, give rise to a number of

tial challenges, and include the failure of important safety systems. 7,lon and

to selected an the representative plants f or the atmospheric and sub-atriospheric
respectively.
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This report identifies and evaluates accident management strategics that are

potentially,of value in maintaining containment integrity and controlling the releas.e
of radioactivity following a severe accident at a pressurized water reactor wfth-large-
dry containment. The strategica are identified using a logic tree stmeture leading ,

from"the safety objectives and safety functions, through the mechanisms ' Sat challenge
these safety. functions, to the strategies. The strategies are applied to severe
accident' sequences which have one or more of the following characteristics:

- ofsignificant probability of core damage, high consequences, give rise to a no Act
Zion andpotential challenges, ard include the f ailure of important safety systems.
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AVAILA8tuTY NOTICE

Avuhaulbty of heteronoe tJatchls Cned H NRC P.Nombant

i Most documents chad h NRC ppcations wIs be avalable from one of the foto*irg sources:

1. The NRC Publo Document Room 2120 L Street, NW., Lower Level, Wa Nngton, DC 20555

2, The Superbtmoent of Documsnts, U.S. Goverrenent Printing Offlee, P.0, Box 37082, Wa:Nngton,
DC 20013 7082

3. The National Technicalinformation Service, Springfield, VA 22161

Although the asting that fonows represnts the majority of documents etted h f;RC publications, it is not
htended to be exhaustive.

Referenced documents avatable for hspectlon and copyhg for a fee from the NRC Pubac Document Room
- include NRC correspondence and htomal NAC memoranca; NRC buceths, circulars, hformation noticos,

inspection and investigation notice 6: boensee event reports; vendor reports and correspondence; Commis.
slon papers; and appscant and licenses documents and cortespondsnce.

The fosa+9 documents in the NUREQ ser6es are avatable for purchase from the OPO Sales Program:
formal NRC sta.ff and contrar4nr reports, NRC-sponsored conference proceedhge, hternational agreement
reports, grant publications, and NRC booklets and brochures, Also avatable are regulatory guides, NRC
regulations | the Code of rederal RwlaHons, and Nuclear ffeguistory Commhslon Issuances.

Documents avatable from the National Technical Information Service include NUREG-series reports and
technicalreporte prepared by other Federal agencies and reports prepared by the Atomic Energy Commis-
elon, forerunnor ager.cy to the Nuclear Regulatory Commission.

Documents avefable from public and spectal technical hbreries include all open 6terature home, such as
bocks, journal articles, aM transactnenec Federet (fegister notices, Fedoral and State legislation, and con-
grossional reports can usually be obtained from these Beraries.

Documents such as theses, dissertations, foreign reports and translations, and norvNRC conference pro-
coedings are available for purchase trom the organtration sponsorhg the pub 6catnen cited.

Shole coptse of NRC draft reports are avaaabte free, to the extent of supply, upon written request to the
Office of Adrrwestration, Distribution and Mag Services sectbon, U.S. Nuclear Flegulatory Commission,
Washngton, DC ' 20555.

. Coples of bdustry codes and standards used h a substantive manner h the NRC regulatory process are
mahtahed at the NRC Library,7920 Norfok Avenue, Bethesda, Maryland, for use by the pubac. Codes an
standards are usuaVy copyrighted and may be purchased from the originating organization or, if they are
American National Standards, from the Amer 6can National Standards Institute,1430 Broadway, New York.
NY 100t8.

DISCLAIMER HOTICE

TNs report wes prepared as an account of work sponsored by an agency of the United Statelt Govemmoet
Neither the Unit M States Govemment ter any agency thereof, or any of their employees, mak any warranty,

' expressed or impfied, or assumes any legal li&bility of respons!bility for any third party's use, or the resutts of
such use, of any inforrrvW vt, sapoaratus, product or process disclosed in this report, or represents that its use
by such third party wouu not infringe privately owned rights.
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