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The following Chapters and Appendixes have been changed, please make the specified
changes in your SSAR.

REMOVE AQQ REMOVE ADQ

CHAPTER 19 APPENDIX 19K

19 TOC 11uu 19 TOC Thru Section 19K Section 19K
Section 19.6 Section 19.13

APPENDIX 19J
APPENDIX 19D

Section 19J.4 Section 1914
19DTOC 19DTOC

APPENDIX 19L
( 19D.3 TOC Thru 19D.3 TOC Tluu

Section 19D.5 Section19D.5 Section 19L Section 19L*

Section 19D.8 Section 19D.8 APPENDIX 19M

Add Section 19D.9 Section 19M Section 19M

APPENDIX 19E APPENDIX 19P

19E.2 TOC Thru 19E.2 TOC Thru Add Section 19P
Section 19E.3 Section 19E.3

Add Section19EA
Thru

Section 19EB

APPENDIX 19F

Section 19F.4-1 Section 19FA.1

APPENDIX 19H

Section 19H Section 19H
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19.1 PURPOSE AND SUMMARY provide protection against core damage. A gas
turbine is also available as an alternate supply to key ,

19.1.1 Purpose electricalloads. Although an AC independent {
firewater addition system is incorporated in the ;

This chapter documents the Advanced Boiling Wa- design, no credit is taken for it in the calculation of |
!ter Reactor (ABWR) capability in response to the core damage frequency. The calculated core damage

NRC Policy Statement on Severe Accidents (Refer- frequencyis 1.6E-7 per year, j
+

ence 1) and in response to the ABWR Licensing Re-

| view Bases (Reference 3) which would be used 'or
Containment integrity is protected by inening the |

NRC review of the ABWR Standard Plant design. containment volume with nitrogen and by prosiding i

Response to the CP/ML (Construetion a three division heat removal system, many compo- |

Permit / Manufacturing License) Rule (Reference 2) nents of which are operated routinely and thus have ;

is provided in Appendix 19A. Resolution of very high reliability. In addition, the containment t

applicable unresolved safety issues and ge :eric safety design incorporates a containment overpressure
,

i

issues is contained in Appendix 19B. For the most protection system. The probability of containment ;

part, the ABWR capability is documented by prob- failure resulting from loss of heat removal was esti-
abilistic risk assessment techniques in Appendix 19D mated at 1.1E-9 per year. Only 0.1 percent of these ;

as outlined by Reference 3. Appendix 19E through cases resulted in core damage. ,

19J support the probabilistic risk assessment. i

Appendix 19K indentifies appropriate additional The probability of exceeding 25 rem whole body |
reliability and maintenance actions that are required dose at one half mile from the reactor was !

throughout the life of the plant so that the PRA determined to be less than IE-9 per year. The
remains an adequate basis for quantifying plant calculated societal risk was determined to be 8.4E-13
safety. and the calculated individual risk was determined to

be 1.4E-13. !

Shutdown risk is addressed in Appendix 19L and
190. A fire protection probabilistic risk assessment 19.1.3 References

,

is given in Appendix 19M. Detailed information'

s '
about common-cause failure of multiplex equipment 1. 50FR32138, Policy Statement on Severe Reactor
is provided in Appendix 19N. Appendix P provides Accidents Regarding future Designs and Existing
information about the consideration of additional Plants, August 8,1985.
design modification to reduce the residual risk of
severe accidents. Finally, Appendix R contains a 2. Title 10, Code of Federal Regulations, Part 50,
screening analysis for the potential for flooding to Section 50.34(f).
lead to core damage.

3. Thomas E. Murley (NRC) letter to Ricardo
19.1.2 Summaty Artigas (GE), August 7,1987, Advanced Boiling

Water Reactor Licensing Review Bases.

This analysis indicates that ABWR satisfies the
severe accident related goals identified in Reference

| 3. The individual goals are listed in Section 19.6
( where the specific manner in which the goals are

satisfied is described. For the purposes of this sub-
section, this information is further summarized and

! is organized into three major areas: prevention of
core damage, maintenance of containment integrity
and mini niving off-site consequences.

Core damage is prevented by three divisions of the
emergency core cooling system which includes the

.
reactor core isolation cooling system which can

I (~ function for several hours without ac power. It also

( includes a reliable and proven reactor depressuriza-
tion system. Feedwater and condensate pumps also

Amendment M 19.1 1
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O 19.2 INTRODUCTION power prior to the initiation of an accident. The risk
associated with fuel handling, storage and waste

This section provides background and defines the disposal accidents are judged to be imignm nt andca

objective, scope, bases and methodology of the are not evaluated.
internal events ABWR PRA provided in Appendix
19D,19E and 19F. It explains how the analysis was 19.2.3 PRA Basis
conducted and the analytical bases for the method-
ologies employed. To the extent practical, the analysis has been

performed on a realistic basis. Equipment capability,
19.2.1 Definitions success criteria, and event sequences are modeled

realistically to determine, as accurately as possible,
In this study the following definitions are used for the expected course of events and conditions. Wher-

the assessment of core damage and risk, subject to ever possible, major conservatisms were avoided and
the employed methodology: best estimates were made of the physical effects,

phenomena or probability.
Probabilistic Risk Assessrnent

19.23.1 Key Assumptions and Ground Rules

Probabilistic Risk Assessment (PRA) is defined
as the systematic identification, analysis and cal- All of the plant system design detail which is
culation of the probabilities and consequences of usually required to complete a PRA was not avail-
occurrence of postulated accident sequences. able at the time of the study. This was recogmzed in

Paragraphs 8.5 and 8.8 of the Licensing Review
Frecuency of Core Damace Bases where GE agreed to list key PRA assumptions

(Reference 2). These assumptions are those which
The probability of core damage during a given relate to systems which are outside the scope of the

'
year of operation is approximated by the assessed SSAR or information about the detailed design

| [ ) frequency of core damage. The assessed fre- which is not yet available. These assumptions form
I n/ quency of core damage per reactor year is interface requirements or information for the COL

defined as the product of the expected frequency applicant. A summary list of these assumptions is
of initiating events per year and the estimated shown on Table 19.2-1 which also includes reference
mean probability of core damage given the to the subsection in which the assumption is
initiating events. discussed in more detail.

Risk Assumptions which were needed to conduct ana-
lytical studies are not included in the table, but are

Risk to the public is expressed in terms of the discussed in the appropriate section describing the
assessed average consequences per reactor year study. !
which is defined as the product of the assessed ;

frequency of release categories per reactor year During the later stages of the completion of this I

and the estimated average consequences per re- PRA, the EPRI ALWR Program developed Appen-
lease category summed over all release catego- dix A to the Advanced Light Water Requirements
ries. document (Reference 1). This appendix describes | ;

PRA Key Assumptions and Ground Rules. For the
19.2.2 Objective and Scope most part, the PRA follows the assumptions and j

ground rules in that document. Many of the excep- | |

The objective of this PRA is to assess the prob- tions to this statement result either because work I

ability of core damage and risk associated with the was done before certain assumptions were identified
ABWR as defined in earlier chapters of this SSAR. or because information from the EPRI effort was not
This is accomplished by evaluating the frequency and available in time to incorporate in the PRA. These

| consequence of postulated accident sequences. exceptions were addressed consistent with the
'

objectives of the ALWR program during the course
p of the review of this chapter. Most of the remaining

( The PRA analyzes the ABWR at an average site exceptions were the result ofinteractions with the !

as defined by the site related assumptions in Section NRC staff.'

19E.3. The analysis assumes that the plant is at full !

Amendment 28 19.2-1
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[m\ extracted from domestic operating BWR experience considered: 1) Errors resulting from operator failure
|

( ,/ and supplemented by generic component failure to act as directed by normal or emergency proce-
probabilities (Section 19D.3). The expected loss of dures; and 2) errors that contribute to component
offsite power frequency is taken from an EPRI failure to perform as intended because the compo-
compilation oflosses of offsite power at U.S. nuclear nent has not been properly calibrated or restored to
power plants for all years through 19S6 (Reference its operational state as required by plant procedures.
3). A realistic safety system maintenance policy, sim- Additional discussion regarding human error predic-
ilar to that practiced by a number of operating tion and its application in the ABWR PRA is pro-

4

BWRs is applied in the analysis. This policy vided in Section 19D.7. In general, human errors are
prohibits any routine on-line maintenance that would expected to be minimized by operator training and;

| disable a standby safety system as discussed in symptom-oriented emergency procedures.
Appendix A of Reference 5. Thus, all routine
standby system maintenance tasks are assumed to be Assessment of operator error in this report em-
performed when the plant is shut down, ploys the techniques outlined in the Swain and

i Guttmann Handbook of Human Reliability Analysis
19.233 Initiating Accident Events (Reference 2 of Section 19D.7).

'

The expected frequency of transient events is 19.23.6 Reliability Model Definitions
based upon operating BWR experience and incorpo-

,

rates the design requirement prescribed in the Ad- In the event tree analyses, all systems capable of
vanced Light Water Reactor Requirements Docu- RPV water makeup injection or containment heat
ment (Reference 1) of a maximum of one anticipated removal are modeled as governed ly the success cri-
transient per year which results in reactor scram. teria (Subsection 19.3.1.3.1). To simplify the
The expected manual shutdown frequency of one per analysis, all degraded core sequences are
year is based upon a 1985 analysis of operating plant conservatively treated as " binary * core damage
data (Reference 4). LOCA initiation frequencies are sequences, i.e., no partially successful operations of

[n} the same as those used in the GESSAR II PRA NSSS or BOP systems are considered. Once core,

( ,/ (Reference 5) and are based upon the Reactor damage and fission product release is predicted in an
Safety Study (Reference 6). accident sequence, no coolant injection system repair

or recovery is considered in the accident event trees. |

19.23.4 System Interactions and Common Cause In certain cases, credit for system recovery has been
Failures ' taken in the containment event trees. If adequate

RPV water level has been maintained following j

j Five factors are considered and explicitly incor- accident initiation, on-line repair or recovery of
porated in the analysis of system interactions and containmen. heat :emoval, water injection, and

,

common cause failures: 1) Component commonality diesel generator systems are mo& led. '

at the system level, such as a common initiating
signal; 2) Common divisional services such as 19.23.7 Initial and End Point Conditions

.! common electric power buses or common service
water loops; 3) System dependency, such as ADS de- All of the accident sequences in this analysis
pendency on the operability of at least one of the five except those in the shutdon risk assesment are as-
(twc high pressure and three low pressure) emer- sumed to be initiated with the plant in normal
gency core cooling system pumps; 4) Past experience steady-state operation at 100 percent power. This is
oflosing on-site or off-site power; and 5) Human consistent with the approach taken in the GESSAR
errors. II PRA (Reference 5) and the WASH-1400 Reactor ,

Safety Study (Reference 6). Consideration has been |
I19.23.5 Human Reliability given to startup and to lower power operation in the

shutdown risk assesment in Appendix 19L and 190.
The probability of human error is incorporated

throughout the analysis by explicit inclusion in the The conditions of this analysis are the conditions |
fault trees and event trees of Sections 19D.6 and j

19D.4, respectively. Two types of errors have been'

(O)v

Amendment O 19.2-2
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applicable to a mid-life plant with an end-of-cycle Methodology used in the ABWR PRA is consis-
core. This provides the widest and best degree of ap- tent with the approach and procedures applied in the
plicability to an operating ABWR. Other conditions GESSAR II Probabilistic Risk Assessment, but uti-
of operation are tnken as normal with nominal con- lizes current methods for computing the frequency of
tainment and suppression temperatures and core damage and radioactive release resulting from
pressures and stable external environmental postulated accident sequences. A summary descrip-
conditions. tion and illustration of the basic procedure followed

as well as definitions of the major tasks of the analy-
Each accident sequence analyzed is terminated in sis are provided in Subsection 19D.2.1.

one of two conditions -- core damage or safe shut-
down. Sequences terminating with a damaged core 19.2.4.1 Outline of the Anslysis
are then analyzed through the containment event
trees. These accident sequences in containment As illustrated in Figure 19D.2-1, the basic analysis
event trees terminate with either successful core melt procedure followed consists of four major sequential
arrest and therefore no radioactive release, or re- tasks: 1) assessing the frequency of core damage; 2)
lease to the emironment. The criteria for preventing determining the frequency of fission product release
core damage are defined in Subsection 193.13.1. from the core and from the containment; 3) calculat-
Recovery or mitigation of core damaging events is ing the quantity of fission products released; and 4)
investigated and included where appropriate. determining the consequences of radioacti e release.

Procedures for performing these tasks are dia-
For those sequences terminating in safe shut- grammed in Figures 19D.2-2 through 19D.2-5. The

down, the success criteria as defined in Subsection first two tasks provide the input necessary to deter-
193.13.1 are met. The accident sequence is taken to mine the magnitude and consequences of release,
a point where the reactor is in a condition of hot and are discussed in Section 19D.2. Procedures for
stable shutdown with the mode switch in shutdown, assessing the quantities of fission products released
the reactor suberitical, pressures and temperatures are discussed in Section 19E.2 and the process for
stabilized and within limits, containment and sup- evaluating the consequences of radioactive release i

pression pool cooling being maintained, and vessel are addressed in Section 19E3.
water level controlled. The analysis is not carried to ,

cold shutdown due to the potentially long time 19.2.4.2 Fault Tree-Event Tree Analysis
invohrd, the low power level and slow progression of
events, and the wide variety of test, maintenance, Given an initiating event, probabilities associated
operating, shutdown, or recovery actions that could with the accident sequences were evaluated in fault
be invohed. tree and event tree logic models. Approaches taken

and methods used to construct and evaluate these
Fer atherwise successful sequences where sup- models are discussed in Section 19D.23.

| pression pool cooling is not available and the con-
i

tainment overprcssure protection system operates to 19.2.43 Containment Analysis and Key Results |
relieve pressure, the time available for recovery |
v. dons is extended to the degree that a wide variety Probabilistic evaluation of containment failure is j
of recovery actions are possible. Such accident based on a detailed analysis of the ABWR. Struc- I

scenarios are not evaluated further. tural analysis is contained in Appendix 19F. Melt
progression analysis is contained in Section 19E.2.

; 19.2311 Socree Term and Core Melt

j Pheno nenology The containment ultimate strength under postu-

| lated severe accident conditions is evaluated in Ap-
! Source term analysis and core damage phenom- pendix 19F based on scale model testing, analysis
! enology are. analyzed with the MAAP code as noted and judgements.

in Reference 1. These analyses cover events and

| conditions depicted by the accident and containment The pressure capability of the concrete shell of the

| cvent trees m Sections 19D.4 and 19D.5. prototypical design at ambient temperature is 180
! psig for tbc top slab region as determined from

19.2.4 Methodology model overpressurization tests. The pressure capa-
bility is estimated to be as high as 180 psig for the

Amendment L 191-3
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cylindrical wall as determined from other model and the equivalent leak area is ncgligible.

| (/ tests. The ABW L containment of the standard plant
situated in U.S. has more reinforcing steel than the The evaluation of the accident progression was |

prototypical design on which the test models were performed using the MAAP code as described in
based. Consequently, the pressure capability of the Section 19E.2. MAAP is an integrated code which I
concrete containment as determined by the tests is considers the important aspects of a postulated se-
conservative for the standard plant. The thermal ef- vere accident, including both in-vessel and ex-vessel

feet of the representative severe accident tem- phenomena. In order to accurately model the ;

| perature of 500 F on the pressure capability of the important phenomena for the ABWR, resision 3.0B
'

| concrete shellis expected to be insignificant. of MAAP was modified. Additional analyses were
performed using separate effects models as

i

| The pressure capability of the drywell head which described in Section 19E'

was not included in the concrete containment tests is |
governed by plastic 3 cld of the torispherical dome. Inputs of the MAAP code are the plant param- j

i

The plastic yield limir. pressure is evaluated using an eters and event sequence information. Based on this |
approximate formula developed by Shield and information MAAP provides information about the j

,

Drucker based on the upper and lower bound theo- pressure and temperature loads on the containment |
| rems oflimit agalysis. The mediam limit pressure is during a postulated severe accident as well as deter-

134 psig at 500 F. mining the timing and magnitude of any fission prod-
uct release given the structural containment perfor- |

|The ultimate pressure capability of the contain- mance.

ment structure is therefore limited by the drywell
head. When the limit pressure is reached, the con- 19.2.4.4 External Consequence Analysis

tainment is conservatively assumed to depressurize
rapidly. Evaluation of external consequences is performed

using the CRAC-2 computer code. This evaluation

In\ Leakage through fixed (mechanical and electri- invohes-

( ,/ cal) penetrations is negligible compared to leakage
Amount and type of fission product release.through large operable penetrations such as the e

drywell head, equipment hatches, and personnel
Behavior of the fission products after releaseairlocks. The leakage potential for those operable o

penetrations was evaluated. Very small (less than from the plant.
0.005 in.) separation displacements of the sealing (

surfaces at 90 psig were calculated for the pressure- o Effects on the population exposed to the fis-
unseating drywell head closure and equipment sion products.

hatches. No significant leakage is therefore antici-
pated before the capability pressure is reached. Input data for the CRAC analysis include contain-
However,for the purpose of source term calcula- ment release data, weather data, demographic data,

tions, leakage in terms of leak areas is conservatively health physics data, and evacuation assumptions.
estimated, assuming no sealing actbn from degraded Details of the CRAC code calculations are provided

seals at temperature above 500 F, for pressures in Section 19ES.

below the capability pressure as:
The calculation of accident consequences starts

2

Pressure (risip Leak Area (m ) with the postulated release of fission products to the
0 0.00 cmironment. Following the postulated release, the
45 (design) 0.00 computer code calculates hourly dispersion, cloud

52(SIT) 0.00 depletion, and ground contamination concurrently
60 1.23 with population evacuation. Using the resulting air
70 2.77 and ground contamination along with population lo-
80 431 cation with respect to the moving plume and dosim-

| 90 (COPS setpoint) 5.85 etric models based on the health physics data,indi-

p vidual radiological doses are calculated in terms of

(# At and below the structuralintegrity test (SIT) carly and latent exposure for populations within a 25

pressure of 52 psig, leakage is within the design limit mile radius of the site. From these exposures, risk is'
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characterized in terms of individual risk of early fa- 4. Development of Transient Initiating Event frequen-
tality and injury, societal risk of increased cancer in- ciesfor Use in Probabilistic Risk Assessment,
cidence, a~1 probability of dose versus distance. NUREG/CR-3862, May 1985, Idaho National En-

gineering Laboratory.
19.2A.5 Consequence Analysis Results

5. GESSAR II, 233 NuclearIsland, BWR/6 Standard
Previous PRA's have used a CCDF or Compli- Plant Probabilistic Risk Assessment, AppenditA,

mentary Cumulative Distribution Function for pre- 22A7007, GeneralElectric Company, March 19S2.
sentation of results and as a method for comparisons
to WASH-1400 nod other PRAs. Such a curve pro- 6. Reactor Safety Study, An Assessment ofAccident
vides a highly graphical representation of potential Risks in U.S. Commercial Nuclear Power Plants,
consequences as a function of probability but is ex- IVASH-1400, NUREG-75/014, October 1975,
tremely dependent upon site characteristics such as United States Atomic Eneqv Commission.
evacuation planning and correlation of weather sta-
tistics to populttion demographics which have not ,

been developed for a standard plant site by the hTC.
'

Because of this lack of adequate definition of a stan-
idard plant site, the ABWR consequence evaluation

! has attempted to define consequences in terms of an
average site as is explained in Section 19E.3. These
results in terms of the risks of early fatality for indi-
viduals within one mile of the site boundary and in-
crease in risk of cancer fatality for individuals within
10 miles of the site can be directly compared to the
current NRC Safety Goals.

In addition a CCDF for probability of dose ver-
sus distance for unsheltered stationary detectors

,

could be produced since it is a function of release
versus weather conditions only. This evaluation of
dcse as a function of frequency serves as a compari-
son to the EPRI ALWR goal of whole body dose less
than 25 rem at one half mile at 1.0E-6 probability.

19.2.5 References
!

1. Advanced Light lYater Reactor Requirements Doc- )

ument: Appendix A; PRA Key Assumptions and |
'

Ground rules, Final draft, issued 10/88 by J.C.
Devine (EPRI) letter of 10/14/88 to ALWR
Utility Steering Committee and ALWR con-
tractors.

2. Thomas E. Murley (NRC) letter to Ricardo
Artigas (GE), August 7,1987 Advanced Boiling
1 Vater Reactor Licensing Rcriew Bases.

l

| 3. Losses of Off-Site Power at U.S. Nuclear Power
i Plants, All Years Through 1986, NSA C-111, May

1987, Electric Power Research Institute.

l
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TABLE 19.2-1

KEY PRA ASSUMPTIONS :

|
1

!
|

SUMMARY ASSUMITIONS REFERENCE SUBSECTION

| Condensate Storage PoolVolume 19E1111(1)
!|

C=t=i-ent Overpressure Protection 6.2.5 |
!;

| Ilmestone Sand Concrete 19E1111(3) i

1
'

|

Battery leading Profiles for Station 19D.419,19E1111(3)
Blackout

i

RCIC Room Temperature LessThan 19D.4.2.9.19E1111(5) )

Equipment DesignTemperature

ControlRoom Temperatureless 19E1111(6)
Than Equipment Design Temperature

!

!

( Suppression Pool Makeup within 24 hours 19D.5.7.6

Preliminary Design of Containment Drywell 19F3.1.2,19F3.2.2
Head and Major Penetrations

Reador Service Water System Definition 19D4.4.2

AC-Independent Water Addition System 5.4.7,193.1.5.2

Lower DrywellFlooder S stem 9.5.123

GasTurbine 9.5.11, 193.1.5.1
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TABLE 19.2-1

KEY PRA ASSUMI*rIONS (Continued)

SUhthiARY ASSUhfGQNS REFERENCE SUBSECTION

CategoryI Building Strudure 19H33
(other than reactor building) Fragility

Non-category 1 Building Structure Fragility 19H3.4

No Seismic-induced Soil Failure 19H3.1

Interconnecting Piping Capacity Against 19H3.1
Differential Building Displacement

ECCS Test and Surveillance Intervals, 19 3.1.6
Same as GESSAR

ECCS equipment room sump drain system 19E.23.4
includes AC-independent means to prevent
sump pump from back-floodmg
into adjacent ECCS equipment room

I
,

|
.

1 O
|

__m , , , ,

|
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i 193 INTERNAL EVENT values and their bases, their use in the ABWR PRA
! ANALYSIS was judged appropriate.

19.3.1 Frequency of Core Damage 193.1.2 Equipment Reliability and Availability

This subsection describes the approach taken to 193.1.2.1 System and Component Failure Data
assess accident event sequences and determine core
damage frequency. Human and equipment reliabil- Failure data used in the ABWR PRA have, for the

ity models and system descriptions provided the most par., been taken from internal GE data and
bases for constructing system fault trees. Results of failure information compiled in the GE Failure R. ate
these trees and applicable system success criteria Data Manual (Reference 5). This manual consists of
were used to construct and evaluate accident event information compiled from a number of nuclear as
trees to determine the outcomes of accident se- well as other sources. Specific failure rates used in
quence initiating events. The frequency of core the PRA and their references accompany the fault

!damage was provided directly for Class I and III trees presented in Section 19D.6.
events by outcomes of the accident event trees. |
Determination of what fractions of Class II and IV 193.1.2.2 Dependent Failurt Treatment !

events led to core damage required additional
processing through containment event trees, dis- Dependent failures have been addressed as
cussed in Subsection 193.2, which were used to integral parts of the overall PRA system and
determine the final outcomes of those sequences functional performance evaluations. These failures
invoMng loss of h 21 removal or ATWS, Class II and are primarily significant from the standpoint of
IV events. This approach to assessing core damage functional redundancy. Common cause failures have
frequency and fission product releases is schemati- been explicitly addressed from the standpoint of
cally illustrated in Figure 193-L multiple component failures within systems and in

addition have been accounted for as consequences of

193.1.1 Accident Initiators human error. Interdependencies have been rigor-
ously treated in the fault and event tree analyses.

This section describes the accident sequence Dependent failure treatment is WnwA in greater
initiating events documented in Section 19D.3. detailin Section 19D.8.
These initiators are separated into two general
groups, transients and loss of coolant accidents 193.1.23 Human Error Prediction
(IDCAs). Table 193-1 provides a summary of these
initiators and their expected frequency of occurrence. Human error probabilities used in this analysis are

presented in the applicable component failure rate
! The total frequency of transient initiators used in data tables which accompany each system fault tree

these evaluations is two events per year. This total presented in Section 19D.6 as well as the tables
consists of one planned reactor shutdown and one which document branch point values for each
transient which results in reactor scram. The ex- accident sequence event tree in Section 19D.4. They
pected number of planned shutdowns is based upon were taken predominately from the GESSAR II
a 1985 analysis of operating plant data (Reference 1). PRA for which they were collected from various
The frequency of transients is a design requirement other sources and modified, as appropriate, for the
prescribed in the Advanced Light Water Reactor GESSAR application.' Most of these values were
(ALWR) Requirements Document (Reference 2). derived from the Swain and Guttmann Handbock of
Apportioning of the expected transient frequency by Human Reliability (Reference 6). More recent
initiating event was done on the basis of historical studies suggest that these values may be somewhat ;

electrical grid and BWR performance data as conservative. Their application in the ABWR PRA
described in Section 19D3. analyses is judged to be acceptable. Section 19D.7

. provides additional information on the treatment of
LOCA initiation frequenck. are the same as human error.

those used in the GESSAR II PRA (Reference 3)
and are based upon the Reactor Safety Study, 193.13 Accident Sequence Analysis
WASH-1400 (Reference 4). After reviewing these

|
'
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193.13.1 Success Criteria pump is turbine driven and also provides high
pressure water make-up to the RPV as long as

This section provides a dtscussion of the ABWR steam is available at pressures greaten than 50
success criteria employed in this analysis. These psid for the RCIC turbine. The RCIC has a
criteria govern the construction of accident event lower flow capacity than the HPCF or RHR
trees which are used to model all accident sequences. pumps and therefore,its ability to maintain
The criteria are defined for both non-ATWS events adequate core cooling by itself, is limited to
and ATWS events. the smallliquid LOCA or transient (excluding

IORV) events.
(1) Success Criteria for Non-ADVS Events

The capacity of non-safety related systems,
The succe:.s criteria in this section are based on such as the feedwater and condensate pumps,
best-estimate predictions using the GE licensing has been estimated based on the ECCS per- t

approved computer models. Several BWR ge- formance analyses. Non-safety related sys-
neric studies have determined that one motor- tems which contribute to a successful conclu-
driven ECCS pump has sufficient reflooding flow sion of the event have been included in the !

to provide adequate core cooling. success criteria. The Control Rod Drive
(CRD) pumps which have limited capacity

(a) Core Cooling have not been included in the success criteria.

A peak cladding temperature (PCT) of 2200 The condensate pumps are motor driven
F was chosen as the criteria in determining pumps and their use depends on the RPV
the success of a coolant injection system. The p. essure and the availability of make-up water
resultant ABWR core cooling success criteria and electrical power. These pumps have
to prevent initial core damage for transient higher shut-off heads than the RHR pumps,
and Loss Of Coolant Accident (LOCA) but still require depressurization before they
events with scram initiated from the reactor can be used for core cooling. The source of
protection system (RPS) are given in Table make-up water for these pumps are the main
19 3-2. condenser hotwell and the condensate storage

tank. Sufficient make-up water is available to *

The high pressure core flooder (HPCF) enable these pumps to maintain adequate core
pumps, which are the emergency core cooling cooling for all events except large or medium
system (ECCS) high pressure pumps, have a liquid IDCAs.
large capacity for making up lost inventory.
Following any LOCA or transient event, A motor driven feedwater pump is combined
either one of tbe HPCF pumps can in series with a condensate pump in order to
reestablish the water level and maintain the provide a higher pressure system. Therefore,
PCT below 2203 F. this option also depends on the availability of

make-up water and electrical power. Suffi-
The residual heat removal (RHR) pumps, cient make-up water is available to enable this
which can be used in the ECCS low pressure series of pumps to maintain adequate core
core flooding mode, are alto large capacity cooling for the small steam LOCA and tran-
pumps. Following a large LOCA, the sient events.
Reactor Pressure Vessel (RPV) depressur-
izes sufficiently and any one of the three The fire protection system has two pumps
RHR pumps can reestablish the water level which take suction from the firewater tank and
and maintain the PCT below 2200 F. For inject into the RPV through an RHR line. |
small or medium IDCA, or transient events, One pump is driven by an electric motor which
RPV depressurization using at least three (3) requires AC power. The other is driven
depressurization valves is needed to permit directly by a diesel engine. Once the reactor
timely use of an RHR pump. system has been depressurized, either pump

can provide enough makeup water to restore
The reactor core isolation cooling (RCIC) and maintain the RPV water level following

Arnendment 7. 19.3-2
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i ["' any transient (including IORV) event. The

|(! analysis to support this conclusion assumes a
full ADS blowdown begins within 15 minutes 1

| after the vessel water level has resched the |
'

level 1 setpoint. The subsequent reactor
system depressurization allows injection from
the fire protection system about 7 minutes
after the start of the blowdown. The ability
of the fire protection system to mitigate the

I
consequences of LOCA events is conserva-
tively ignored. For more information about

,

| the fire protection system refer to Subsection
5.4.7.

,

!

(b) Containment Heat Removal

| Following the success of the core cooling
function, heat must be removed from the
conta:nment. Containment heat removalis
considered a success if the containment

| pressure is kept below the pressure at which
| loss of containment integrity is estimated to

occur (see Appendix 19F). Successful

[~'N,

d

!
I

f\
\%s) i

I

|
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/] containment heat removal can be achieved by (1250 psig), the faulted limit, wr,s chosen as
using the RHR system or, depending on the the criterion in determining the success of the
circumstances as defined in Table 193-2, the system to prevent over-pressure failure of the
normal heat removal path or the RWCU reactor primary system during moderately
system. The resultant ABWR longterm heat frequent events. The turbine bypass system or
removal success criteria to prevent initial core safety / relief vahrs represent the two success
damage for transient and Loss of Coolant paths in the ABWR over pressure protection
Accident (LOCA) events with RPS scram are success criteria for the events given in
given in Tabh 193-2. Table 193-2.

The RHR has four (4) major modes of For events resulting in isolation of the primary
operation and heat is removed from the system, only the safety / relief valves are
containment b each of these modes. During available to minimize the reactor system
the core cooling mode which is initiated pressure rise. The most severe ABWR
automatically, the RHR heat exchanger is in transient with scram for these events is a
the loop and the heat removal process is closure of all MSIVs. For this case six of the

_ established. If core cooling is accomplished eighteen safety relief valves are required to
without the use of an RHR system, and the open to limit the peak primary system
suppression pool begins overheating, the pressure to below l87f psig.
suppression pool cooling mode of the RHR
will be initiated by the operator. Once For events which do not result in isolation of
initiated, an RHR system will begin removing the primary system, both the turbine bypass
heat from the comainment and eventually vahes and the safety / relief vahes are available
terminate the pool heatup. to minimize the reactor system pressure rise.

The most severe ABWR transient with scram
The normal heat removal path is through the for these events is a turbine trip at full power
main condenser. This path can be used under with at least some turbine bypass capability

/ transient and accident conditions when the available. For this bounding case the
MSIVs or the main steam drainlines are open acceptable combinations of turbine bypass and
(or re-opened if closed earlier durit.g the relief valves available are given in
event) and the condensate can be removed. Table 193-?.
If the RPV is depressurized, the main steam
drainline optien is not siable since it will not (2) ATWS Success Criteria
pass enough steam to remove the decay heat
energy. For anticipated transient without scram (ATWS)

events, the success criteria are defmed in terms of
The reactor water cleanup (RWCU) system the system mitigation capability to meet the
is capable of removing the energy due to following criteria-
decay heat (at greater then 4 hours after
scram) at high RPV pressures if the return (a) The reactor pressure ressel must be
water bypasses the regenerative heat protected from overpressurization.
exchanger. Therefore,its ability to maintain
adequate longterm cooling is also limited to (b) A coolable core geometry must be
the smallliquid LOCA or transient events maintained.
where the reactor system can be maintained
at high pressure and temperature producing a (c) long term heat removal must be adequate
large temp .rature differential across the to preserve containment integrity.
RWCU non-agenerative heat exchanger.

For a postulated system failure, an ATWS esent is

(c) RPV Pressure Relief considered successful (or acceptable) if the
resulting ATWS consequences meet these criteria.

A pressure of 150 percent of the reactor-

(O coolant pressure-boundary design pressure An extensive assessment of BWR mitigation of
%
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ATWS conducted by General Electric has been As for the non-ATWS transients, a pressure of
reported in NEDE-24???. Assessment of BWR 150% of the reactor-coolant pressure-
Afitigation ofATHT. These success criteria are boundary design pressure, the faulted limit,
based upon General Electric's experience with was chosen as the criteria in determining the
ATWS analyses, and a consideration of ABWR success of the system to prevent mer pressure
features. failure of the reactor primary system during i

moderately frequent events. The turbine
Three classes of ATWS may be considered. The. bypass system and safety /relicf valves
first class when reactor protection system (RPS) represent the two success paths for the

,

scram does not operate but the rods are inserted ABWR. Over-pressure protection success |

by alternate means. Electric rod run in is an criteria for ATWS events are included in
automatic function which is initiated by the RPS. Table 19.3-3.
However, because the rods are i serted more
slowly than with scram, the successful operation For events resulting in isolation of the primary
of this method of reactivity insertion is system, only the safety / relief valves are
considered an ATWS. The rods may also be available to minimize the reactor system
inserted with alternate rod insertion (ARI). pressure rise. The most severe ABWR ATWS
High vessel pressure or low water level initiate event for overpressure protection is a closure
ARI. Additionally, the operator may manually of all main steam isolation valves (MSIVs).
insert the rods. For this case fifteen of the eighteen safety

| relief valves are required to open to limit the
The second class of ATWS sequences are those peak primary system pressure to below 1875
for which there is no rod insertion, but the psig.

l reactor is brought to a suberitical condition by
standby liquid control (SLC) injection. The For events which do not result in isolation of
requirements for this system are discussed below. the primary system both the turbine bypass

vahts and the safety / relief valves are available
The third class of ATWS events has neither rod to minimize the reactor system pressure rise.
insertion or SLC injection. Work performed by The most severe ABWR transient for these
General Electric and Idaho National Engineering events is a turbine trip at full power, but in this
Laboratory (Reference 7) has shown that a single case some turbine bypase capability is

! high pressure system can maintain adequate core available. For this bounding case, the accept-
I cooling. Maintaining the containment pressure able combinations of turbine b pass and relief3

below service level C and the containment vahes are given in Table 19.3-3.
; overpressure protection (COPS) setpoint is the

appropriate success criteria for the containment (b) CoreCooling
,

heat removal system in this highly degraded

| scenario. If three heat exchangers are available Adequate core cooling is necessary to prevent
in this case, the containment pressure can be fuel failure. Assuming some Rm of reacthity'

maintained below these levels. In addition, the controlis operated, an ATWS event does not
pressure can be maintained below service level C substantially differ from its associated
if the COPS system actuates, thus COPS is also transient. Any one high pressure system is |,

| an adequate method of containment cooling. adequate to provide core cooling for all |
[ However, because the probability of ATWS is initiators except inadvertent opening of a relief j
| very low, no credit is taken for mitigation of this valve (IORV). For the case of IORV, the |

class in the internal events analysis. vessel will continually depressurize through !

the stuck open valve, therefore, at least one |
The following discussion determines the system high pressure core flooder (HPCF) system i

and operator requirements necessary to ensure must inject to the vesscL These requirements
adequate RPV pressure relief, core cooling, and are summarized in Table 19.3-3.
containment cooling during ATWS.

(a) RPV Pressure Relief !

Amendment 28 19.3 4
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[sjT Additionally, for ATWS events where the
rods are eventually inserted, the low pressure

! systems may be used for core cooling. For
these events, the core cooling success criteria
are identical to those given in Table 19.3-2.

(c) Containment Integrity

Assuming the success of the core cooling
function, heat must be removed from the
containment. Containment heat removalis

|

|
|

!

!

!

|
|
|

Or

i

r'
l
%-
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["j considered a success if the containment The sequence of events and anticipated
,

| t ) pressure is kept below the pressure at which operator actions for an htSIV Closure with
loss of the containment integrity is estimated failure of automatic rod insertion is as follows.' '~'

to occur. Successful containment heat Upon closure of the htSIVs the reactor
removal can be achieved by using the residual pressure willincrease sharply and the safety
heat removal (RHR) system, or, depending relief vah'es (SRVs) will open. This will cause
on the circumstances, the normal heat 4 of the reactor internal pumps (RIPS) to trip.
removal path. The water level will rise to level 8, causing a

feedwater trip. The operator will observe the
For ATWS events, the ability to maintain failure to insert rods based on the rod position
containment integrity is dependent not only switches, and attempt to insert the rods
on the availability of the RHR system, but mr.nually approximately 30 seconds into the

| also on the rate at which the reactor is transient. If the rods are inserted, then the
brought to shutdown conditions. Therefore, sequence is successfully terminated.

it is necessary to consider each type of ATWS
initiating transient separately in order to If the rods are not inserted, then the water
determine the energy being dumped to the level will begin to fall. When the water level
pool as a function of time. reaches level 2, in about 30 seconds, the

remaining 6 RIPS will trip. The water level
The speed at which poison is injected deter- will continue to decrease, initiating the RCIC
mines the energy which is passed to the and two HPCF systems about one minute into

| suppression pool. This energy was estimated the transien . Shortly thereafter, the operator |

using GE's realistic best estimate computer must inhibit the ADS valves from opening. |
code, TRAC, and conservative assumptionr. Assuming all three water injection systems |

for the rate of power reduction with poison come on, the power level will drop to ,

injection. Analysis shows that once the approximately 20% of rated. The operator is j
'

[ 'N reactor has been shut down one RHR loop is then instructed to allow the water level to drop
,

(") capable of maintaining containment integrity. by terminating and preventing all injection into'

the RPV except from CRD until at least one
in order to determine the maximum time of the following conditions exist.
available for poison injection, four events are
considered below. The required timing for The reactor power drops below the APRhi
the events shown below was determined downscale trip,
assuming that containment cooling is not
initiated until the reactor is shut down. The water levelin the vessel reaches the
Therefore, only one RHR loop must operate. top of active fuel, or
However, for those ATWS initiators for
which isolation is not an immediate conse- All the SRVs are closed and the drywell
quence of the initiator, the main condenser pressure remains below 0.014 hipa-g (2
was assumed to be available. Also assumed psig).
in the analysis below is that both HPCF
systems and the reactor core isolation cooling The operator willinitiate the SLC system
(RCIC) system will automatically initiate if based upon a suppression pool temperature
their initiation conditions are reached. This versus power criterion. Assuming that one
has the effect of predicting the maximum SLC will operate, approximately 10 minutes
power generation, and therefore, leads to are allowed for him to complete this

! shorter operator action times than a case in procedure. In order to bring the transient to a
which core cooling injection is limited. The complete stop, the RHR system must be
results of these considerations is summarized initiated in suppression pool cooling or drywell
in Table 19.3-3. spray mode. A minimum of 30 minutes is

allowed for this action.

,- (i) hiSIV Closure
< \
! /
-J
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(ii) Turbine Trip The RHR will be initiated to attempt to keep
the suppression pool cool. The operator will

The sequence of events for the turbine trip is attempt toinsert the rods. If that fails, he will
quite different from that for an MSIV trip the RIPS, run the feedwater back and
closure. When the turbine trips, the turbine initiate SLC. Even if RHR is not operating,
bypass valves will open, permitting the power being directed to the pool is very
approximately one third of rated steam flow low since the bypass valves can be used to
to pass through them. The remainder of the divert steam flow to the main condenser, and
steam generated will pass through the SRVs the operator will have ample time to initiate
into the suppression pool. The initial SLC.
pressure rise will cause 4 of the RIPS to trip,
and the core flow will drop to about 80% of (iv) Loss of Offsite Power
rated. The feedwater pump will attempt to
maintain normal water level. The power will The loss of offsite power (LOSP) initiated
equalize at approximately 80% of the rated ATWS is similar to the MSIV closure tran-
value. Therefore, about 50% of rated power sient, LOSP generates a scram signal and
will be direded to the suppression pool The causes the MSIVs to close. Additionally, the
operator will be aware of ATWS conditions feedwater and RIPS will trip. Thus, the power
within 30 seconds. The operator is instructed level in the reactor will drop even more
to attempt to take actions to shut down the quickly than will the MSIV closure case. As
reactor. These actions include: for the case of an MSIV closure, the operator

sill first attempt to insert the rods manually.
Placing the mode switch in Shutdown. If this fails, the operator must inhibit the ADS
Tripping all RIPS. actuation and begin the SLC injection within
Inserting rods by various means. about 10 minutes, and RHR must be started in

30 minutes.
If these actions fail to shut down the reactor,
the operator will run the feedwater back and 193.13.2 Accident Sequence Event Trees
prevent RPV injection in preparation for SLC
injection. The water level will fall to level 2, This subsection describes construction of event
and the remaining RIPS will trip if not trees used in the analysis to determine accident
previously tripped manually. This will cause sequence frequencies. These sequences lead to core
the power level to drop to about 20%. Both damage, safe reactor shutdown, or to intermediate
feedwater runback and SLC initiation are states which require additional treatment in the
assumed to occur within 10 minutes of the containment event trees of Section 19D.5 to establish
initiation of the event. Finally,in order to final core states. Separate trees have been devel-
maintain the pool temperature, the RHR oped, as shown in Figures 19D.4-1 through 19D.4-15
system must be initiated within 30 minutes. of Section 19D.4, for each of the initiating events

considered.

(iii)IORV

This sequence is quite different from the All accident
remainder of the sequences considered here. event tree sequences other than those leading to safe
The failure of rod insertion for an IORV reactor shutdown are further treated in the contain-
event is based on a manual operation taken ment event trees of Section 19D.5 to determine fre-
when the suppression pool temperature limit quencies of radiation release to the emironment.
is reached. It is assumed that one SRV is
stuck open. This allows 4.5% of the power to For purposes of illustration, consider Fig-
flow to the pool. The turbine and the main ure 19.3-2, the event tree for the reactor shutdown
condenser are available to remove the initiating event. The initiating event frequency is
remaining energy from the plant. For this given as the first branch of the far left column of the
sequence the operator has the capability of tree. The initiating event name and symbol are pro-
shutting down the plant in an orderly fashion. vided at the top of the column. The tree is devel
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oped by identifying the system functions required,in sequences, outcomes in event trees documented in/ t

{) the approximate chronological order of occurrence, Section 19D.4 do not necessarily lead to core
for successful reactor shutdown. Success and failure damage. Detailed analyses of the frequency of core
states of each system function are represented by damage following loss of containment integrity is
branches in the tree, where the upper branch repre- presented in Section 19D.5 where it is addressed
sents success and the lower branch failure. If a prior relative to containment release paths. That analysis
system function leads directly to success or failure in is based on the accident event tree outcomes,
the accident sequence, analysis of the remaining containment overpressure capability discussed in
system functions is unnecessary. Subsection 193.2, and on the containment event

trees of Section 19D.5.
Information given at the top of the column for

nch system function consists of an abbreviated Table 193-4 summarizes the frequencies of core
de'inition of success and the sytnbol for conditional damage as a fur.ction of accident class. As explained
failure probability. The value for each failure above, eight of the ten frequencies (all Class I and III
probability is shown on the lower branch. Each events) are obtained directly from the outcomes of
accident sequence terminates in the column labeled the accident sequence event trees of Section 19D.4.
*FREQ" which contains the frequency of occurrence Frequencies of the Class II and IV events, where
of that sequence. The final column contains the con'.ainment heat removalis lost, were determined
classification of each sequence; either successful by processing the loss of heat removal outcomes of
termination (OK), core damage, or a sequence which the; accident event trees through the containment
is developed further in another accident tree or event trees to determine the probability of failure to
transferred to the appropriate containment event prevent core damage for these events.
tree.

Table 193-5 prosides a different perspective by
Accident event trees developed in this analysis showing the breakdown of core damage frequency by

contain branches which address the primary safety initiating event. Expected frequencies are given both

[m} functions of reactivity control, reactor pressure in terms of events per year and percent of total. I.oss,

\ / control, core cooling, and containment heat removal. of offsite power and station blackout are the domi-
These four functions are considered in all event trees nant contributors to expected core damage. In the
except the reactor shutdown event in which reacti ity loss of offsite power sequence, dependence on diesel
control is, by definition, prosided by event initiation. generators alone for electric power results in lower
Success criteria provide the bases for defining mini- availability and reliability of the emergency core
mum combinations of those functions required to cooling and heat removat systems. This situation is
bring the plant to a safe stable shutdown condition. aggravated in the station blackout sequences since all
Success criteria are presented and discussed in diesel generators are also lost, and adequate core
Subsection 193.13.1. cooling is dependent on successful performance of

the gas turbine generator or RCIC system.
193.133 Classification of Accident Classes

Accident sequences identified and evaluated in the
event trees were examined and classified on the basis
of similarity of timing, potential for fission product
release, and containment response. Accident se- !

iquence classes used in the analysis are described in
Section 19D.5.

193.1.4 Frequency of Core Damage j
! l

| Of the ten accident classes defined in Table 193-4, I

cight lead directly to core damage. The remaining |
| two classes can lead initially to loss of the

.

containment heat removal function and subse- !

( ]) quently, possible core damage. For these latter i!

9 |
o

l |
t
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19.3.1.5 Results in Perspective

"Ihe estimated core damage frequencies of order
IE-07 presented above are extremely low and indi-
cate the expectation of a single core damage esent in
ten million reactor years of operation. It is impossi-
ble to calculate such low numbers with a high degree
of confidence using the PRA models developed here.
For example, a number of potential common cause

failures of components such as similar pumps and
valves have not been included in the fault tree
models, on the expectation that such failures are neg-
ligible contributors to overall core damage fre-
quency. These are judged to be reasonable assupp-
tiogs when the plant CDF is on the order of 10 to

order of 10'per, the calculated plant CDF is of the
10 . If, how

, such omitted failure modes could
become significant contributors to the expected core
damage frequency.

In addition, although this PRA has addressed
those initiating events and event sequences identified
as potentially significant contributors to core damage
risk, it is impossible to be certain that all initiators
and event sequences leading to core damage at such
low levels of expected core damage frequency hase
been identified.

Amendment 28 19.3-7.1
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,

and provide the classification and frequency of acci-
dent sequences. In these event trees, the sequences

193.1.6 Positions and Assumptions implicit in which are terminated safely without core damage are

the Analysis designated as *OK". The event sequences which are
not successfully terminated could either directly lead i

A number of positions were taken and to core damage or in some cases could lead to con- .|

assumptions made at the outset of the internal events tainment structural failure which in turn could lead
analysis which affect the results obtained and !

;
conclusions drawn. Included among these was the

!decision to apply GESSAR information to the extent
possible to the ABWR 7 RA. As a result, ABWR f
ECCS system test and surveillance intervals were

'

assumed the same as GESSAR. In addition, [
j

l estimated unavailabilities of systems not modeled by
fault trees, a number of component failure rates, and
certain human error probabilities were taken from
OESSAR and used in the ABWR PRA whenjudged

j applicable.
7,.

No credit was taken for the firewater addition j

system in the level one analysis for several reasons. |

First, the core damage frequency is very low as }
discussed in Subsection 19.3.1.5. Second, the !

containment event tree analysis is significantly j

simplified if credit is taken for the firewater system j
in the accident event trees. And finally, a relatively j

short period of time is available for the optrator to j
!take the necessary actions.
l

!

|

|
! !

!
t

t

I

1

19.3.2 Frequency of Radioactive Release

193.2.1 Overview

Accident event trees developed for each of the
accident initiators are described as part of the core
damage frequency evaluation. These trees model the
event progression for the various accident initiators,

I
i
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to core damage. These cent sequences are ' binned" release to the emironment.
into various accident classes depending upon the ex.s

pected event progression, timing and mode of con-
tainment failure and the amount of fission product
release to the emironment.

There are five basic classes (I through V), and a
total of rJine classes including subclasses such as IA,
IB, IC, etc. A Class IA event, for example, is a
transient event with loss of high pressure water
makeup systems followed by a failure to depressurize
the reactor. The consolidated release categories and the

associated frequencies are used as input to the
The accident event progression for each of the consequence analysis discussed in Section 19E3.

accident classes was analyzed using the MAAP code
(Modular Accident Analysis Program). A detailed 193.2.2 Accident Classes
description of the analysis is given in Section 19E.2.
For each accident class, these analyses provide the Accident event trees developed for each of the
time of RPV failure, containment pressure and time accident initiators are described as part of the core
history, and the time at which radioactivity is damage frequency evaluation. The end states of
released to the emironment. Also evaluated are the these accident event trees are " binned' (grouped)
amount of fission products released to the emiron- into five basic accident classes based on similarities
ment. in the subsequent core melt event progression and

the containment response. The key factors that
The event progressions for each of the nine influence the definition of the accident classes are as

9 | subclasses of event are modeled in the containment follows-

(Q
event trees (CET). The CETs model recovery
actions which could prevent core damage or arrest o Type of initiating event (transient, LOCA,
core damage if alreadyinitiated. Where recovery etc.).
actions are unsuccessful, the CETs model core melt
leading to reactor vessel rupture, containment o Relative times of core melt and containment
structural failure and fission product release to the failure.
environm ent. The CET models are based on
core-melt progression analysis discussed in o Whether suppression poolis bypassed.
Section 19E.2. The mode and location of
containment failure is modeled based on a study of The type of initiating event is significant because it
the containsent capability discussed in determines the speed of the event progression. For
Appendix 19F. instance, when no core cochng is available, core melt

occurs faster for the LOCA event than for the
There is one CET for each of the nine accident transient event because of the faster depletion of the !

classes. The end states of CETs are either states coolant inventory. ;
with insignificant or no release (i.e. core damage 1

prevented or core melt arrested), or states with a The relative times of core melt and containment
release path to the emironment resulting from the structural failure are important because if core melt
failure of the containment. Associated with each occurs first, the time between core melt and
release path in each of the containment event trees, containment structural failure is available for
is a frequency of occurrence and a magnitude of removal of radioactive material released in the
fission product release. The frequencies are containment atmosphere during the accident. This
calculated by the CETs, and the fission product time is also available for enabling the operator to
releases are evaluated using the fission product recover failed water makeup systems in order to get
transport analysis discussed in Section 19E.2. The water on top of the molten core or to regain

p numerous release paths can be consolidated or suppression pool cooling ifit had been lost. |

,

| * binned" into release categories by grouping them
k- based on the expected amount of fission product

Amendment 3 193-8
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| The significance of the suppression pool bypass Class IB-3: SBO event similar to Class IB-I but the
event is that following core melt the fission products onsite power is not recovered in eight
are released to the environment without the benefi- hours,

l cial effects of passmg through the suppression pool.
! Class IC: ATWS, followed by failure of boron

Five basic accident classes, I through V, have injection and core cooling.
been identified. A brief summary of these five
classes is provided below- Cass ID: Transients followed byloss of both

high and low pressure core cooling
CassI: Transient followed by loss of core systems, reactor at low pressure.

cm!ing
CassIIIA: Similar to Class IA but for a LOCA

ClassII: Transient, successful core cooling initiator,
followed by loss of containment heat
removal systems ClassIIID: Similar to Class ID but for a LOCA

initiator.
CassIll: Loss of coolant accident followed by

loss of core cooling 193.23 Accident Event Progression

CassIV: Anticipated transients without scram The accident event progression for the above

| (ATWS) events with no mitigation accident classes were analyzed using the MAAP
code. A detailed description of the analyses is given'

Cass V: Events in which suppression poolis in Section 19E.2.
bypassed (e.g.1.OCA outside the con-

tainment). A typical core melt sequence may include the fol-
lowing steps-

Some of the accident classes are further disided
into subclasses in order to facilitate more accurate a) Core melt in the RPV
modeling of the event progression in the contain-
ment event trees (CET). A brief summary of the b) RPV failure.
Class I and III subclasses is provided below. The
remamme classes were not subdivided. c) Discharge of corium (i.e. a mixture of molten

metal and core material) and lower plenum water
Cassia: Transient, followed by failure of high in the lower drywell(LDW) area.

pressure core cooling system coupled
,

with iailure to depressurize the d) Evaporation of water in LDW producing steam.

( reactor.
! e) Core-concrete interaction producing non-conden-

CassIB: Events are broken into three catego- sible gases.-

ries:
f) Drywell heat up causing actuation of a passive

Cass IB-1: Station Blackout (SBO) event with flooder system causing suppression pool water to
RCIC failure, on-site power is recov- flow to the lower drywell, quenching the corium
cred in eight hours. and terminating the interaction with concrete.

Class IB-2: SBO event, RCIC is available for op- g) Containment leakage (high containment tempera-
eration and keeps the core cooled for ture and pressure discussed in Subsection
eight hours at the end of which RCIC 193.2A)
is assumed to fail. The suppression
pool continues to heat up during h) Containment overpressure leading to fission
RCIC operation. product release (see Subsection 19.3.2.4 for

limiting pressure)

Amendment 2E 19.3-9
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! j psig. Past stress analyses preformed for other PRAs

| ( have shown that the containments are capable of

| Each accident sequence is unique with respect to withstanding much higher pressure (typically 2 to 3
timmg of the above events, rate of containment pres- times the design pressure). A discussion of the

| surization and pressure rise and the order in which ABWR containment capability, along with the results |

they occur. of the tests performed in Japan on a scaled contain- |
ment model, is provided in Appendix 19F. The con- |

The * Passive Mitigation * discussed in f) above is tainment structural capabilityis limited by that of the |
'

| an unique feature of ABWR containment configura- drywell head. The drywell pressure capability de-
tion which allows for core melt arrest without the use pends upon the containment temperature. At 500 F,
of active components. (which is a typical temperature for most accident (

sequences), the drywcIl median ultimate strength is !
'

cvaluated to be 134 psig.

193.2.5 Containment Structural Failure Modes and ;

| For purposes of illustration, the timing a typical

| Class ID sequence is given below- In Appendix 19F it is concluded that when the
containment is pressurized, the most likely mode of

RPV failure- 1.8 hours failure is the plastic yield of the drywell torispherical
dome. Containment rupture which impairs the abil-

Water in 1.DW boils off: 2.7 hours ity of the containment to provide structural support
is not judged to be a credible mode of failure. Con-

Passive Mitigation 5.4 hours tainment leakage at pressures below the failure pres-
sure is judged to be not significant (i.e. not sufficient
to depressurize the containment). However, at high

[ ,' temperatures (i.e. >500 F) there is a potential for
\ degradation of seals in the large operable penetra-

| Rupture disk opens: 20.2 hours tions such as the equipment hatch and personnel air
locks. A conservative evaluation shows that leakage

Class 11 sequences which involve successful core is expected to occur only when the containment
cooling but no containment heat removal are signifi- pressure exceeds 52 psig.

| cantly different. Rupture disk opening occurs in
about 20 hours following which core cooling The following failure modes are explicitly
continues for a long time (> 100 hours) before it is modeled in the CETs.
necessary to replenish suppression pool water
inventory (1) Containment leakage occurs when the tempera-

ture exceeds 500 F and pressure exceeds 52 psig.
Associated with each accident sequence is the

amount of fission products released to the emiron- (2) Drywell head failure occurs when the contain-
ment. This depends upon factors such as the amount ment pressure exceeds 134 psig and temperature I
of release through the suppression pool prior to is below 500 F.
RPV failure, timing and location of containment
structural failure, core decay heat at the time of (3) Containment high temperature failure occurs
accide nt. The fission products released are when the containment experiences a very high

! documented in Section 19E.2. temperature (>1000 F).

19 3.2.4 Containment Structural Capability There are a number of containment structural
I failure modes which have been shown to be negligi-

The ABWR containment design pressure is 45 ble contributors to plant risk in past PRAs and are,
therefore, not Lduded in the ABWR CETs. Exam-
pies of such failure modes are steam explosion,

./
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basemat penetration, pressure vessel rupture leading 193.2.7 Recmery of Failed Systems
to containment failure, etc. Hydrogen detonation is
not modeled because the ABWR containment is Recovery of failed systems, on-site and offsite
inerted and hydrogen detonations are, therefore, power has been modeled in the CETs.
judged to be negligible contributors to ABWR risk.

System recovery probabilities are generally
193.2.6 Suppression Pool Bypass Events calculated using the exponential reconry formula:

7= Exponential (-T/MITR)The ABWR suppression pool plays a key role in P
reducing the fission products released to the

g= Probability of failure toenvironment following a severe accident. Fission where P

products released through the suppression pool recover
benefit from the ' scrubbing" action which traps most

Available repair timeof the fission products such as cesium iodide. T =

However, if the accident sequence results in bypass
of the suppression pool, the magnitude of the MTTR = Mean time to repair
associated release could be a factor of 100-10000
more than that for a sequence which discharges For accident sequences in which core melt had
through the suppression pool. proceeded to the point of RPV failure it was judged

that high radiation might make it difficult to carryout
It is, therefore, important to study the some repair activities. For events invohing station

suppression pool bypass paths and evaluate its blackout, the recovery data was based on historical
impact on the PRA results There are a number of data.
ways the ABWR suppression pool can be bypassed.
Most of them invoht some combination of pipe and The time available for repairing or recovering
valve failures, or leakage through closed isolation each system was determined by the time within
valves. Examples of suppression pool bypass paths which the system had to be operating to prevent the
are as follows- occurrence of failure (core recovery, containment

overpressure, etc.) The available repair times were
(1) Failure of MSIVs and turbine bypass valves obtained based on the core melt progression analysis

discussed in Section 19E.2.

(2) Failure of MSIVs and main steam line break
outside containment 193.2.8 Core Melt Arrest Success Criteria

(3) Wetwell-drywell vacuum breaker failure The accident event progression analysis described
in Subsection 193.23 shows that core melt can be

A separate study of these suppression pool arrested by quenching the molten corium. The core
bypass paths was conducted and it was concluded melt arrest can take place within the RPV in the
that the contribution of these paths to ABWR risk early stages of the accident if core cooling can be
was small. With the exception of the wetwell-drywell recovered in time. If this does not occur, then the
vacuum breakers and one other smallline wetwell- core melt proceeds to RPV failure and the molten
drywell line, not including these paths in the CET corium is discharged into the LDW. The core melt
models explicitly will affect the risk results by no can be arrested in the containment if the core
more than 10% of the total risk. Only these lines cooling is recovered before the containment experi-

| were modeled in the CETs. However, CETs also ences structural failure due to overpressure, leakage
model the suppression pool bypass paths resulting or high temperature. In many sequences, the core
from the structural failure of the containment. For melt is arrested by passive flooder system operation.
Instance the three containment failure modes In Class IA accident sequences, (i.e., loss of high
discussed in Subsection 193.2.5 and modeled in the pressure core cooling system coupled with failure to
CETs (leakage, overpressure and high temperature depressurize reactor), the RPV failure depressurizes
failure) all lead to suppression pool bypass. the reactor making the low pressure core cooling

systems available for arresting core melt in the
The suppression pool bypass study is documented containment.

in Subsection 19E.233.
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characteristics are grouped (" binned") together to ;

define release categories as discussed in Subsection |
In addition to core melt arrest, one coneninment 193 ? ? |

heat removal system must also be re-established to i
|

prevent overpressurmng the containment.

The core melt arrest success criteria is discussed
in detailin Subsection 19D.5.8.

|

193.2.9 Containment Ostrpressure Protection ,

I

| Sensitivity studies in Subsection 19E.2.8.1.4 were |
conducted to determine the value of providing a !

containment overpressure relief feature. The results
show a substantial reduction in off-site dose. ,

s

,!

i
:

>

!

!
;

193.2.11 Containment Event Trees !
!

The results of the accident event trees were i

grouped into nine accident classes. In general, one i

CET was developed for each of the accident classes. |
However, two of the accident classes,IC and IV, had I ;

negligibly low occurrence frequencies and CETs f
were not developed for these accident classes. Class !
IC event frequencies were added to the class IA i

frequencies and the class IV frequencies werc !
,

| assumed to result directlyin core damage and early |
containment failure. ;

. .I

|

The CETs model recovery actions and contain- I

ment failure modes. The end states of CETs are
either states with insigmficant or no release (i.e. core

193.2.10 Containment Release Categories damage prevented or core melt arrested), or states
with a release path to the environment resulting from

The amount of radioactive release to the emiron- the failure of the containment. The end states are
ment depends upon a number of factors such as the assigned a source term category grouping which

,
timing of containment failure and the location of depends on key containment performance criteria as

! containment failure. Ideally, there is a specific shown in Figure 19D.5-3. These results are then
| radioactive release associated with each outcome of binned into release categories as discussed in
I the containment event trees. However, evaluating 19.23.10.

the source terms for each event tree output is very
time consuming. Therefore, the releases with similar

i
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2. The time between the release of fission products
from the core and the time of release from
containment (residence time) affects the removal
in containment. For releases through the COPS
system, this term is not important since noble
gasses are not retained, and the suppression pool
effectively scrubs the remaining fission products as
they pass through the pool. This time can be
important for the few accidents which have

193.2.12 Results drywell releases. However, for most sequences, a
time delay of a few hours after release from the

The results (discussed in detail in Subsection fuel brings the airborne fission product
19D.5.12) indicate core damage frequency of 1.6E-7 concentration to its equilibrium value. This is
per year for internal events. These results, together primarily the result of the submergence of the
with the associated source terms, form the input for debris with water from the firewater addition
the consequence analysis in Secdon 19E3. system or the passive flooder.

1933 Magnitude and Timing of Radio- 3. The time available for offsite evacuation, should it
active Release be necessary, is also important. Discussions with

several utilities indicate that evacuation of their
The evaluation of the fission product release was Emergency Planning Zones (EPZ) can be

performed using a modified version of MAAP3.0B as completed in less than 8 hours, even in the worst
discussed in Section 19E.2. Representative accident weather conditions. Experience has also indicated
sequences were chosen for study on the basis of the that ad hoc planning can sucessfully evacuate a
core damage and containment event trees. Each region on about 24 hours (Reference 4, Appendix
accident sequence was then evaluated for the timing 6J).
and magnitude of release.

Based on the forgoing, four times frames were
There are three important considerations fro the selected in determining the time fission product

timing of fission product release when considering release, either via the rupture disk or directly from
the consequences of a potential severe accident. the drywell. Table 19.3-6 summarizes the results

which were obtained by using the probabilities given
L The time available for fission product decay in Table 19D.5-3 and assigning them to a time and

affects the maximum source which could be mode of release based on the accident analysis
released. In an extreme case,if all of the fission contained in Subsection 19E.2.2.
products were released alter an infinite period of
time, the offsite dose would be zero because all 193.4 Consequence of Radioactive
the fission products would have decayed to stable Release
states. In the ABWR, the COPS ensures that the
noble gasses are the only significant release from The evaluation for consequences of potential ra-
the containment for most sequences. The dioactive releases was performed using the CRAC-2
potential dose associated with the release of computer code as is detailed in Section 19E3. Based
noble gasses drops to less than 10% ofits initial upon the evaluation of plant performance, accident
value within 7 hours of shutdown. Twelve hours
after shutdown, the potential dose has dropped to
5% of its initial value, and it decreases very
slowly thereafter. For cases without COPS
actuation, the potential dose can be dominated
by iodine species. These species decay very
slowly retninmg two-thirds of their potential dose
after 40 hours.

O
Amendment 2 19.3-13
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O classes were defined in terms of their associated |
release characteristics and fission product releases. |

!Each accident class was then evaluated by the
CRAC-2 code at five sites, one representing each |
major geographical region of the United States. ;

'
Each site was chosen as representative of its geo-

'
graphical region based upon meterological calcula-
tions and was further defined as average in terms of |
population density for that geographical region. The :

results for the five sites were averaged and compared !
to three goals, two based upon the NRC safety goal
policy of minimizing risk to an individual and the
public near a plant, and the third based upon an 7

industry goal of minimizing the dose close to the
'

plant. The results of this study show that the ABWR
|Standard Plant satisfies these goals.
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TABLE 19.3-1 |

k INITIATING EVENT FREQUENCIES i

Initiatine Event Frecuenev Per Reactor Year

Manual Shutdown 1.0

Isolation /less of Feedwater 0.20

MSIV Closure 0.04
Loss of Condenser Vacuum 0.06
Press. Reg./ Bypass Valves Closed 0.06
Loss of Feedwater 0.09

Non-Isolation Event (Trip with bypass) 0.6S

Inadvertent (Stuck) Open Relief Valve 0.01

|Loss of Offsite Power 0.10
|

Less than 30 minutes 0.0579 1

30 Minutes to 2 Hours 0.0246

2 to 8 Hours 0.0158 |

Greater than S Hours 0.0017y
% ,

!Small LOCA 0.0012

(Liquid Break <0.0054,5 ft )
(Steam Break <03 ft7

Medium LOCA 0.00067

2
(Liquid Break 0.00545 ft )

Large LOCA 0.00021

(Liquid Break 03 ft or greater)y
(Steam Break 03 ft or greater)

(m
i
\s

Amendment 22 19.S15
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TABLE 193-2

SUCCESS CRITERIA TO PREVENT INITIAL CORE DAMAGE
FOR TRANSIENT AND LOCA EVENTS WITH RPS SCRAM

CORE COOLING:

h Success Criteria

Large Liquid LOCA HPCF-B or C

(> = 3 ft7 or
LPFL(1) A or B or C-

Large Ste;am LOCA HPCF-B or C

(> = 3 ft7 or
LPFL(y) A or B or C-

or
1 Condensate Pump

+ 2 Condensate Transfer Pump )f

Meding Liquid LOCA HPCF-B or C
(< 3 ft") (>.00545 ft$ or

ADS 3( ) + LPFL(I) A or B or C-

Small Liquid 1,0CA RCIC( )
(> = 0.00545ft1 or

HPCF-B or C

S3 ) + LPFL(I) A or B or CI
-

1or
ADS 3( O + 1 Condensate Pump

f+ 1 Condensate Transfer Pump ) <

All Transients RCIC(#)
(includingIORV) or

HPCF-B or C
or

1 Feedwater Pump
+ 1 Condensate Pump
+ 1 Condensate Transfer Pump (2)

S3(3) , (1)-A or B or C

S3( ) + 1 Condensate Pump
+ 1 Condensate Transfer Pump )f

ADSSN + 1 Fire Protection System Pump

9
Amendment 22 19.3-16
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TABLE 193-2 (continued)

SUCCESS CRITERIA TO PREVENT-INITIAL CORE DAMAGE
FOR TRANSIENT AND LOCA EVENTS WITH RPS SCRAM

CORE COOLING (Cont.):

Even.1 Success Criteris

SmallSteam LOCA HPCF-B or C j

(<3 ft ) or !
~

'

I Feedwater Pump
+ ?. Condensate Pump |

+1 Condensate Transfer Pump ( )

S3( ) + LPFL( }-A or B or C
or i

ADS 3( + 1 Condensate Pump
+ 1 Condensate Transfer Pump ( )

LONGTERM HEAT REMOVAL-
t

Esnt Success Criteria j

AllTransients RHR-A or B or C fO
!or or NSmallLiquid LOCA Normal Heat Removal |

or
RWCU !N

OAll Steam IDCAs RHR-A or B or C
or or

IORV Normal Heat Removal @
,

| or
Liquid LOCA (Large or Medium)

i !

| PRESSURE RELIEF: 1

Event Soccess Criteria

Isolation Events 6 Safety / Relief Valves

Non-Isolation 3 Turbine Bypass Vahrs
Events or

2 Turbine Bypass Vahes
+ 2 Safety / Relief Yahts

| or
1 Turbine Bypass Vahr'

+ 4 Safety / Relief Valves
or

6 Safety / Relief Valves ;

O |
|

I Amendment 22 19517
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19.3-2 (continued)

SUCCESS CRITERIA TO PREVENT INITIAL CORE DAMAGE
| FOR TRANSIENT AND LOCA EVENTS WITH RPS SCRAM

Notes:

(1) The term "LPFL" refers to the low pressure core flooding mode of the Residual Heat Removal (RHR)
system. ,

1

|(2) The condensate pumps take suction from the hotwell which is a limited water source. Therefore, if the
MSIVs are not open, a condensate transfer pump is necessary to pump water from the condensate
storage tank to the hotwell in order to replenish the water in the hotwell.

(3) The term * ADS 3" implies that at least 3 automatic depressurization valves are automatically actuated on
low level and high drywell pressure or the same number of SRVs are manually opened when the AE S
would have actuated. For transients the high drywell pressure signalis not present.

! (4) The RCIC pump needs sufficient steam generation at or above the required minimum pressure to dr4ve
the turbine. For the IORV the RCIC will proside adequate coohng for at least 2 hours.

| (5) If none of the motor driven ECCS pumps are running, the ADS will not automatically initiate.
|

| (6) The term *ADSS" implies that the 8 automatic depressurization vahts or the same number of SF.Vs are
manually opened within one minute after the reactor vessel water level has decreased to the lo u water ,

levelI setpoint.
!
I (7) If the reactor system is at high pressure, the RHR system would be operated in the pool ccding mode. |

If the reactor system is at low pressure, the RHR system can be operated in either the poes cooling or

.

the shutdown cooling mode.
| \
,

(8) The MSIVs or the main steam drainlines must be manually opened,if previously closed for this system )|

| to work. This requires the availability of a nitrogen gas supply. If the RPV is depressrrized, the main j

| steam drainline option is not viable since it will not pass enough steam to temcwe the dxay heat energy.
'

| Furthermore, the circulating water pumps are required to cool the main condenser. A so, a condensate
pump is required to transfer excess water from the hotwell to the suppression pool x the condensate
storage tank.

(9) The Reactor Water Cleanup (RWCU) system is capable of removing the energy due to decay heat (at

|
greater than 4 hours after scram) at high RPV pressures if the return water bypass :s the regenerative

I heat exchanger. Manual override of RWCU isolation signals would be necer.sary if a level 3 isolation
'

signalis present.

|
i !

|
.

O
|

| Amendment 22 19.3-18

!
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TABLE 19.3-3 i
l

i

SUCCESS CRITERIA AND REQUIRED OPERATOR ACTIONS |
FOR ATWS EVENTS ;

| |
!

| PRESSURE RELIEF: i

! !

Initiator Success Criteria

| Isolation Initiators 15 Safety / Relief Vahrs !
'

i

Non-Isolation Iniators 3 Turbine B pass Vahts |3

+ 9 Safety / Relief Vahrs {

or [

l
2 Turbine Bypass Valves ;

+ 11 Safety / Relief Vahes i

I
t

or !

!

_

1 Turbine Bypass Vahr |
| + 13 Safety / Relief Vahes |

!
or ;

;

| |

| 15 Safety / Relief Valves

! I

i

!

! I

i
!
i
i

!
,

i

!

!

Amendment 22 19.3-19
.
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TABLE 19.3-3 (continued)

SUCCESS CRITERIA AND REQUIRED OPERATOR ACTIONS
FOR ATWS EVENTS

CORE COOLING:

Jnitiator Success Criteria

All events with See Table 193-2
rod insertion

IORV without 1 Feedwater Pump
rod insertion

or i
2 of RCIC or HPCF-B 1

or HPCF-C

All other events 1 Feedwater Pump
without rod
insertion or

RCIC

or

HPCF-B or C

!

Amendment 23 19.3 20
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TABLE 19.3-3 (continued) |
'

|

SUCCESS CRITERIA AND REQUIRED OPERATOR ACTIONS |
FOR ATWS EVENTS !

;

Initiator Success Criteria Time of Ooerator Action

POWER REDUCTION: i

i

With Rod Insertion:
|

All Events Electric Rod RunIn Automatic |
-

,

or

ARI Automatic ,

or ,

ManualInsertion 10 minutes

With Boron Insertion ,

Isolation Events RIP Trip Automatic |III
|

! ADSInhibit 5 minutes
| ,

| Feedwater Runback 10 minutes !

! !
ISLC 10 minutes

'

I)Non-Isolation Events ADS Inhibit 10 minutes
!

Feedwater Runback 10 minutes
,

1
,

'

ManualRIP Trip 10 minutes

'

1SLC 10 minutes

LONG TERM HEAT REMOVAL

1 solation Events RHR-A or B or C 30 minutes
,

Non-Isolation Events Normal Heat Removal ( )
or RHR-A or B or C 30 minutes !

|

Notes: ,

(1) MSIV Closure and LOSP initiators generate RIP Trip. IORV and Turbine Trip Events require Manual
RIP Trip.

A

) (2) Adequate normal heat removal will be provided through the Turbine B pass valves.3

Amendment 22 19.321
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TABLE 19.3-4

FREQUENCY OF CORE DAMAGE BY ACCIDENT CLASS

Accident Frequency
Gan Description (Events /vear)a

IA Transients followed by failure of high pressure 4.25E-08
core cooling and failure to depressurize the reactor.

IB-1 Station blackout events (short term) with RCIC failure. 257E-OS

IB-2 Station blackout events with RCIC available for 1.62E-08
core cooling for approximately eight hours.

IB-3 Station blackout events (long term) with RCIC failure. 8.86E-10

IC ATWS events without boron injection coupled with 2.18E-14
loss of core cooling.

1

ID Transients followed byloss of high pressure c e 6.95E48
cooling, successful depressurization, and loss of
low pressure core cooling.

II Transient, LOCA, and ATWS (with baron injecion) L10E-10
events, with successful core coohng but with
possible failure of emeninment.

IIIA Small or medium LOCAs with failure of high pressure 3.87E-10
core cooling followed by failure to depressurize
the reactor.

fIID IDCAs followed by loss of high pressure core 2.10E-10
cochng, successful depressurization, and loss of
low pressure core cooling.

IV ATWS eventswithout boron injecion 1.66E-10
but with core cooling available.

TOTAL 1.56E-07

O
Amendment U 19.3-22
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TABLE 19.3-5
i

FREQUENCY OF CORE DAMAGE BY INITIATING EVENT )
1

|
'I

i
Frecuency -

| Initiating % of
. Event Descriotion Events hrari Total ;

!i

| TM Reactor Shutdown 1.14E418 7

j
| 1i Non-Isolation (Turbine Trip) 6.82E-09 4

TIS Isolation / loss of Feedwater 1.69E-08 11 |

TE2 Loss of Offsite Power for less Than Two Hours 4.46E-09 3

TES loss of Offsite Power for Two to Eight Hours 2.87E-09 2
,

l t
'

TEO Ioss of Offsite Power for More Than Eight Hours 1.69E-09 1 (
i

| BE2 Station Blackout for less Than Two Hours 6.67E-08 43

i

j BES Station Blackout for Two to Eight Hours 257E-08 17

BE0 Station Blackout for More Than Eight Hours 1.71E-08 11 L

|

TIO Inadvertent Open Relief Valve 1.?2F-09 1 |

1

S2 Small Break I.OCA 2.55E-10 <1

S1 Medium Break LOCA 3.42E-10 <1

S0 Large Break LOCA 1.24E-13 <1

A'I W S Anticipated Transient Without Scram 166E-10 <1

TOTAL 1.56E-07

|

|

Amendment 2 19.3 23
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TABLE 19.3-6 :

FREQUENCY OF FISSION PRODUCT RELEASE
,

I I

I Time of Release Release Frequency |
l

i No Release 134E-07
I '

'

|

Release via Rupture Disk Release via Drpell i

i

> 24 hours 2.1E-0S 3.9E-10
.

! 16 to 24 hours 1.1E-10 3.6E-11
l
i

8 to 16 hours 0.0 0.0

< 8 hours 73E-11 33E-10

i
i

|

| e

!

O
Amendment 2 19.3-23a
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TABLE 19-7

ESTIMATED FREQUENCY OF CORE DAMAGE BY INITIATING EVENT ASSUMING:

| INCORPORATION OF GAS TURBINE GENERATOR WITH
I UNAVAILIBILITY OF 5 PERCENT
i
|

Deleted

;

;

'

1

!
i
|
|

|
1

i
i
i
I

|
.

;

.

I

f
i
$
,

4
1

i
j

l

3
4

4

a.emem = 1,m

!
: i

, . . - '
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TABLE 193-8 |

ESTIMATED FREQUENCY OF CORE DAMAGE BY ACCIDENT CLASS ASSUMING
INCORPORATION OF FIRE WATER SYTEM CONNECTION WITH

UNAVAILIBILITY OF 10 PERCENT

Deleted

,

O

.

I

Oj
Amendment 3 193-23e
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TABLE 19.3 9
ESTIMATED FREQUENCY OF CORE DAMAGE BY ACCIDENT CLASS ASSUMING:
1) INCORPORATION OF GAS RJRBINE GENERATOR WITH UNAVAILIBILID' OF 5
PERCEST, AND
2) INCORPORATION OF EMERGENCY FIRE WATER CONNECTION WITH UNAVAILIBILIn' OF 10

PERCENTIN LOW PRESSURE SEQUENCES
I

Deleted ?

l
!

!

i
t

b

i

,

i

'

.,

I

i

l

I

! I

I

|

|

|

Amendment 3 19123d j

l
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i
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19.4 EXTERNAL EVENT AND only two potential external accident initiators are j

('~ SHUTDOWN RISK ANALYSIS identified by EPRI in the Key Assumptions and ;
'

Groundrules Document as events which may require
'

19.4.1 External Event Review quantitative assessment for each ALWR: 1) tornado
strikes; and 2) earthquakes. This EPRI assessment ;

The Advanced Light Water Reactor (ALWR was the basis for limiting quandtative external event
'

Utility Requirements Document (Reference 1), treatment to these two potentialinitiators. Howent,
contains a set of design requirements for the ALWR. the NRC subsequ:ntly required additional analyses ;

The Nuclear Regulatory Commission's Severe for internally initiated fire and flood. Treatment of |

Accident Policy (Reference 2) requires that a all four initiators is discussed below.

probabilistic risk assessment (PRA) be performed j
for any future nuclear power plant design and that it EPRI qualitative assessment of the ALWR vul- ;

include consideration of potential external accident nerability to tornado. induced events concludes that |
initiating events. Therefore,in order to provide a most of the vulnerabilities found in past PRAs are !

uniform basis for performing Ihese required not likely to occur in the ABWR design. Rather, the j

evaluations, a PRA Key Assumptions and dominant effect of a tornado strike is expected to be j

| Groundrules Document (Reference 3) is included as prolonged loss of offsite power, and the EPRI posi- |

Appendix A of the ALWR Requirements Document. tion is that a simplified model is sufficient for assess-

This appendix defines the purpose and scope of the ment, provided that it addresses combinations of
PRA, as well as the types of events to be analyzed random failures in combination with loss of offsite
and those to be explicitly excluded. power. The Advanced Reactor Severe Accident Pro-

gram assisted EPRI by developing a method and
The PRA Key Assumptions and Groundrules model to quantitatively evaluate tornado strike

(KAG) Document explicitly addresses external initi- impact. This EPRI KAG approach is applied in
ating events and identifies those events that may be Subseetion 19.4.2 to assess ABWR tornado
excluded based on qualitative evaluation, as well as vulnerability,
those which may require quantitative assessment, for
each ALWR. Potential external events identified in EPRI concludes that a seismic analysis is a re- |

the PRA Procedures Guide (Reference 4) were con- quired part of an ALWR PRA and presents the
j sidered to comprise an exhaustive listing of external bases and rationale for its performance in the KAG

|events which should be considered for an ALWR document. The detailed seismic event analysis is
i

PRA. presented in Subsection 19.43.
|

Potential external initiators identified for exclu- A screening analysis was performed for risk from

| sion, as well as the accompanying rationale for exclu- internally initiated fires. The FIVE methodology
sion, were reviewed. These included allidentified was used. The results of the analysis are given in
events other than tornados and earthquakes. It is Subsection 19.4.4.

assumed that the EPRI assessment that the events
listed are considered not to be important contribu- A probabilistic analysis was pt: formed for
tors to ALWR core damage based on improved flooding. All buildings which contain equipment that
design, proper siting, and low probability is an ac- could be used for safe shutdown were considered.
ceptable and sufficient basis for the exclusion of Subsection 19.4.5 contains the results of this analysis

these events from more detailed evaluation in the
ABWR PRA. Shutdown risk was considered in order to

evaluate the potential risk for Operational Modes 3,
ne above position is supported by the external 4 and 5. The results of the analysis are given in

event evaluations described and the conclusions Subsection 19.4.6.
drawn in Reference 5. His work was performed by
ARSAP in support of the EPRI Requirements Doc- 19.4.2 Tornado Strike Analysis

| ument effort, and is judged applicable to the ABWR

| design. Assessments were made on the basis of the As indicated in the preceding section, tornado

| PRA Procedures Guide, siting requirements con- strikes are one of the two classes of externalinitiat-

tained in the NRC Standard Review Plan (Reference ing events which, according to the EPRI ALWR
6), and EPRI ALWR design criteria. Utility Requirements Document, require quantitative'

Amendment 2iG 19.4-1
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assessment for each ALWR. This section discusses
the basis for the EPRI position, describes the appli-
cation of this high-level analytic approach to the
ABWR, and presents results of the ABWR tornado
strike evaluation. This EPRI position and approach
are used to estimate ABWR tornado strike core
damage frequency.

As part of the support provided EPRI in the de-
velopment of the ALWR Requirements Document,
ARSAP performed an evaluation of AL%R designs

O

O
Amendment 3 19.4-1.1
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! O (as defined by the EPRI ALWR Requirements Doc- the same as those documented in Section 19D.4. i

| ( ument) to identify minerabilities to tornado events,
~

' '

and developed a model and approach to Evaluation of these event trees on this basis
quantitatively estimate expected ALWR core yields an expected total core damage frequency due
damage frequency due to tornado strikes. Results to tornado-initiated events of 1.1E-03 per year. This
of this activity are documented in Reference 7. The is quite small compared to the internal events result
ARSAP qualitative evaluation indicates most vulner- and the core damage frequency goal. Since tornado-
abilities found in past PRAs are not expected to induced events are predicted to be such small contri-

| occur in the ABWR and that the dominant effect of butors to core damage frequency, this high level
! a tornado strike is expected to be a prolonged loss of evaluation is judged to be sufficient and a more

offsite power. Therefore, the need for analysis spe- detailed analysis is not warranted.
cifically addressing the consequences of
tornado-induced loss of offsite power is indicated. 19.4.3 Seismic Event Analysis

The ARSAP tornado evaluation developed ex- 19.4 3.1 Introduction

|
pected tornado strike frequencies from regional his-
torical data summarized in an EPRI report on tor- This ection discusses the background, objectives,'

nado muile risk assessment (Reference 8). Torna- and general approach to the seismic event analysis.
dos with intensities expected to contribute to core The ground rules and analytical bases for the analysis
damage events were combined to generate total re- are also given.
gional frequencies per square mile per year. Ex-
pected tornado strike frequency was then obtained 19.43.1.1 Background
by multiplying the regional values by an assumed
plant area of approximately 0.14 square miles. The Seismic event probabilistic analyses have been
resulting regional site strike frequencies were found performed for several PRAs including the
not to be strongly region dependent, and therefore WASH-1400 Reactor Safety Study (Reference 9).

( ) the maximum assessed regional value of 2.86E-05 The following Statement was made in WASH-1400:

() tornado strikes per year was conservatively specified
as the basis for evaluation. *Although it is difficult to predict with preci-

sion the probability of potential accidents due
Consequently, the loss of offsite power and sta- to carthquake damage to a nuclear power

tion blackout accident ever.t trees of Section 19D.4 plant because of general sparsity of quantita-
.

were evaluated using 2.S6E-05 as the loss of offsite tive data on the sizes and effects of earth-!

power initiating event frequency in Figure 19D.4-4. quakes,it appears possible to make order of
In addition, these trees were adjusted to be consis- magnitude estimates that are usefulin the
tent with the following assumptions resulting from type of risk assessment performed in this
the ARSAP qualitative evaluation of the expected study."
ALWR tornado strike vulnerabilities-

Even though there has been a great deal of seis-
o Condensate storage tank and condenser as- mic research and analysis since WASH-1400, the

sumed vulnerable to tornado effects and no above statement remains largely true today. Be-
credit taken for either, cause of the high degree of uncertainty that presently

exists in seismic analysis, there is generally a higher '

o Power comersion and feedwater systems as- degree of consservatism applied to seismic analysis
sumed unavailable due to loss of offsite than to the analysis of internally-initiated events. )

! power, and The comparison of numerical results of the two types j
| of analyses should be made with due caution to avoid |

| o Offsite power recovery not expected within arriving at erroneous conclusions.
24 hours following a tornado strike. j

| !

Remammg assumptions and conditions for eval-
! uating the loss of offsite power and station blackout

( j event trees for tornado site strike consequences were l

v

I
D
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the following- i

| (1) To provide assurance that the ABWR standard
plant meets the intent of the NRC policy state-
ment on severe accidents which includes consid-
eration of seismic and other external events as
requirements for plant certification.

!

(2) To provide insights and understanding of the rel-
ative contribution to seismic risk of the indisidual
components and structures of the plant.

(3) To provide, within the limits of uncertainty of the
analysis, the relative degree of risk contribution
from seismic events in comparison with other
events. *

(4) To provide an understanding of the most proba-
i ble sequences of events following a seismic event,
l and to identify any outstanding vulnerabilities (if

| any exist) to seismic events.
Section 3.2 of this SSAR states the following:

The seismic event analysis that has been per-
* Nuclear Island structures, systems, and formed as described in the following sections -

components, including their foundations and achieves the above objectives.,

'
supports, that must remain functional in the

| event of a safe shutdown earthquake (SSE) 19.43.13 General Approach to the Analysis '

| are designated as Seismic Category I.*

| The general approach and methods used in this

| The Seismic Category I structures, systems analysis correspond to the guidelines of the PRA
'

and components are designed to withstand, Procedures Guide (NUREG/CR-2300) and the
without loss of function, the appropriate Probabilistic Safety Analysis Procedures Guide |
seismic loads (as &=&d in Section 3.7) in (NUREG/CR-2815). This is the same approach
combination with other appropriate loads." used in the GESSAR II PRA and other PRAs and is

depicted on Figure 19.4-1. This approach also
Section 3.7 of the SSAR describes the determin- meets the requirements of Reference 3.

istic analyses performed to verify the Standard Plant
design relative to seismic events within the design This assessment of seismic-initiated core damage
basis emtlope. Since the ABWR standard plant frequency and offsite risk consists of four primary

I is designed for a nominal 0.3g safe shutdown earth- tasks: the establishment of a seismic hazard curve,
quake (SSE) on all soil conditions, considerable the determination of the seismic capability of critical
margin exists relative to any particular site. Itis this components and structures, an assessment of the
design margin that allows the plant to accommodate core damage frequency, and an estimate of the
seismic events far beyond the design basis without offsite risk. The chronologyinterrelationship among
significant risk to the public heahh and safety. The these tasks is as illustrated in Figure 19.4-1.
probabilistic risk assessment presented in the follow-
ing sections confirms the low risk for the ABWR Referring to Figure 19.4-1, the first step in the
standard plant from seismic-initiated events. analysis is to identify systems and components that,

I are important to safety during severe accidents and
19 A.3.1.2 Objectives of the Analysis that may be vulnerable (to some extent) to seismic

shock. In performing tlA step, usc is made of the
The main objectives of the seismic analysis are internal event analysis (Section 19.3) and a general

;

!

!

2Amendment 19.4 3

!

i
.

__ __



|
,

|

23A6103AS

l Standard Plant Rev. A

[ knowledge of component fragilities. The objective is (3) Structural failure of a building containing im-

( to limit the size of the analysis by screening-out many portant equipment results in functional
components that can obviously withstand a severe failure of all contained equipment.

earthquake without damage.
(4) Seismic failure of identical redundant compo-

The remaining components are then subjected nents at similar locations are treated as de-
to component fragility analysis. The location of pendent failures i.e., all components fail to-
components in the plant configuration in relation to gether. This consenatist assumption is used

,

structures that may failis also established. A struc- to simplify the analysis. At some future time,
|
| tural fragility analysis is then conducted for all struc- it may be desirable to selectively modify this

! tures that contain important safety components. The assumption to provide a more accurate
! component and structural fragilities are determined model

j in terms of the median value of ground acceleration

|
that would result in failure of the component or 19.43.2 Seismic Hazard Anal sis3

| structure. Two additions] parameters are derhed

| defining the spread of the distribution about the To assess the seismic risk associated with the
median ulue. ABWR, the seismic hazard input must be defined.

The seismic hazard analysis defines the frequency |
A seismic hazard curve is used to represent the per year that levels of ground motion are expected to

frequency distribution of expected earthquakes as a occur at a particular site. The seismic hazard input
function ofintensity for the location of the plant site. to the PRA consists of a complementary cumulathe

distribution function (CCDF) cunt of expected fre-
The seismic hn7ard cune is then integrated with quency of exceedance of increasing levels of mean

the component and structure fragilities to provide an peak horizontal ground acceleration.

| expected frequency of failure of the components and |
i

structures. The seismic core damage frequency is The seismic hazard cune used in this analysis is
| [q} determined by constructing and evaluating seismic taken from Appendix 25.D of Reference 10 and is re-
|

| (_/ fault trees and event trees. produced on Figure 19.4-2. Definition of the curve
is given in Table 19.4-1. The curve is expressed in

i The containment analysis and external conse- terms of mean peak horizontal ground acceleration.
quence analysis are conducted to assess r;sk in much This seismic hazard cune is a bounding cune appli-

the same way as for the internal events analysis docu- cable in general to sites in the central and eastern
mented in Section 19D.5 and Appendix 19E. United States. This hazard cune exceeds the mean

hazard curves for the majority of locations in the
19A3.1.4 Ground Rules / Analytical Bases central and eastern United States. In that regard,

the seismic hazard analysis in this PRA may be con-

In addition to the PRA bases discussed in Sec- senathe.
tion 19.2, several additional groundrules pertaining
to the seismic analysis are given below:

(1)No credit is given to recovery of offsite
power when lost due to the seismic event.
This may be somewhat conservative, but is
necessary due to the uncertainty of the
nature of the failure and actions necessary to
recover power.

(2) No credit is given to repair or recovery of
mechanical failure of components caused by
the seismic event.

i p)tt
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The probability model adopted for fragility de-
scription is the lognormal distribution. Using the
legnormal distribution assumption, an entire family
of fragility curves can be fully described in terms of
the median ground acceleration and two random
variables as:

,

A =A (
m 't (p

where:

median peak ground acceleration cor-A =
"

responding to 50% failure probability

(7
a lognormally distributed random=

19.4 3.3 Seismic Fragility Analysis variable accounting for inherent ran-
domness about the median. It is char-

In order to determine the capacity of the acterized by unit median and logarith-
ABWR plant to resist seismic events, it is necessary mic standard deviation $

Tto know the probability of failure of plant structures
and components at varying seismic levels. This is E a lognormally distributed random

Naccomplished through the development of fragility variable accounting for uncertainty in
curves, which plot the probability of failure versus the median value. It is characterized
the seismic ground motion parameter used in the by unit median and logarithmic stan-
hazard analysis. A typical fragility curve is an dard deviation S .

'

S-shaped curve which has an increasing probability
With known values of A and $ , the failure
probability P,at acce cratEo,n$[s,s than or equal to a

of failure at higher seismic motion (see Figure
N19.4-3). The mean fragility curve is given in terms of 1

the mean peak ground acceleration (PGA), vN h is given acced du -an be computed and a curve of
the same parameter used to define the seismic probability M f;3rre ersus ground accel.ation can
hazard curves. Fragility curves are generated only be genertN1. Lgure 19.4-4 shows a typical family of
for those components and structures that have been fragility curw. it various confidence levels. The
identified as potentially important to the seismic risk center solid curve represents the median fragility
analysis. curve at 50% confidence level. The logarithmic

standard deviation of the randomness component $}The structure and component fragility curves measures the curve slope. The logarithmic standar
are constructed from a median capacity factor and a deviation of the uncertainty component S deter-p
logarithmic standard deviation factor representing mines the spread from the median cun'e.
both randomness and uncertainty. The development
of the median capacities and deviation factors for the The 95th percentile cune in Figure 19.4-4 means
structures and components of interest is given in Ap- that there is 95% confidence that the actual fragility
pendix 19H. curve would be higher. On the other hand, the 5th

percentile curve has a probability of exceedance
To be consistent with the ground motion param- beingless than or equalto SE

eter used in the seismic hazard cune, seismic fragil-
ity of a structure or component is defined herein to When only a po'mt estimate of fragility is of inter-
be the cumulative conditional probability ofits fail- est, (as is the case for this analysis), the total variabil-
ure as a function of the mean peak ground accelera- ity about the median value is taken to be the
tion (i.e., the average of the peak of the two horizon- square-root of the sum of the squares of the random-
tal components). ness and uncertainty components:

Amendment 3 19.4-5
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O $* = $' + B" 19.433.1 Structural Fragility

I\)l ' The plant structures are divided into two catego-
The fragility cune corresponding to the median ries according to their function and the degree of in-

value and the associated logarithmic standard devia- tegrity required to protect the public during a seismic
, tion can then be computed. This composite fragility event. These categories are seismic category I and

| curve is called the mean fragility curve, and is shown non-category I. Seismic category 1 includes those

[ as the dashed curve on Figure 19.4-4. This curve is structures whose failure might cause or increase the
| used as the "best estimate * fragility representation. severity of an accident which would endanger the
; public health and safety. The reactor building and
; To generate component or structure fragility control building structures are in this category. The
| curves, first the median acceleration capacity of the non-categoryI structures are those structures which
! component or structure is estimated, together with are important to reactor operation, but are not es-

.he associated variability. In estimating the median sential for preventing an accident which would en-
ground acceleration capacity and the associated vari- danger the public health and safety, and are not es-
ability, an intermediate variable defined as safety sential for the mitigation of the consequences of

| factor F is utilized. The safety factor is related to these accidents. One example is the turbine build-
! the median ground acceleration capacity by the fol- ing structure.

| lowing relationship:
! Detailed fragility evaluations were made for the

following struaures in the reactor building complex
A =FA ,"

Reactor building shear walls
1

! where A s he grad acceleration of the reference Ontainment
d

desien earthquake to which the structure or compo-
~

'

nent is designed. A key step in the seismic fragility Reactor pressure vessel pedestal.
/ estimate thus invoh'es the evaluation of the factor ofs

safety associated with the design for each important These structures were evaluated using the
potential failure mode. The design margins inherent method described previously and using various safety
in the component or structure capacity and the factors as developed in Appendix 19H.

| dynamic response to the specific acceleration are the
I two basic considerations. Each of the capacity and Detailed fragility evaluation of other Seismic Cat- .

'
response margins invokes several variables, and each egory I structures such as the control building struc-

| variable has a median factor of safety and variability tures could not be made since the design is not com- ;

associated with it. The overall factor of safety F is plete at this stage of certification. The control buili-
the product of the factor of safety for each variable ing seismic fragility of the GESSAR II Mark III stan-
F.: dard plant design is considered achievable for the

'
ABWR since the design requirements for the ABWR
are at least as stringent as those for the Mark III

| F = H F. . standard plant, (which was designed in the late I*
| 1970's). )

|

The overall composite logarithmic standard de- Similarly, the design of Non-Category I struc-
viation is the square-root of the sum of the squares tures such as the turbine building is not currently
of the composite logarithmic standard deviations on available. The turbine building seismic fragility is
the individual factors of safety: estimated from the turbine building fragilities used in

previous PRAs compiled in Reference 11. The
estimated fragilityis the data base median value and

S*=/I $ *.. is considered achievable for the ABWR non-category
2

<

#
I I building structures.

| p

k
m

|
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For the purpose of this study, structures are The failure of the RPV due to an carthquake
considered to fail functionally when inelastic defor- would result in an accident sequence similar to a
mations of the structure under seismic load increase large break loss-of-coolant accident, with the excep-
to the extent that the operability of the safety-related tion that there would be no means to provide
components attached to the structure cannot be as- makeup (i.e., injection or cooling) to the core. The
sured. The ductilitylimits chosen for structures were ABWR RPV is supported by a conical skirt which is
estimated as corresponding to the onset of significant anchored to the pedestal with 120 2-1/2" diameter
structural damage. For many potential modes of high-strength anchor bolts. At an upper elevation,
failure, this is believed to represent a conservative the RPV is laterally restrained by stabilizers which
bound on the level of inelastic structural deformation are connected to the reactor shield wall.
which might interfere with the function of the sys-
tems housed within the structure. In this study, the RPV is assumed to fail when

the support skirt fails, either by the shell gross 3 eld-i

19A33.2 Component Fragility ing or anchor bolt breakage. The resulting RPV ca-
pacity is a lower bound since the upper stabilizer re-

Seismic fragilities of safety-related components straints are capable of providing additional resistance
were assessed for the following two categories of to seismic shock.
components:

The critical failure mode is found to be anchor
o ABWR specific components whose fragility bolt failure. The median ground acceleration capac-

evaluation was made according to existing ity is 53g with a logarithmic stawdard deviation of
design information. 033g. The individual factors contributing to the

median capacity are shown in Appendix 19H.
o Generic components whose fragilities are based

on data recommended in Reference 3. (b) RPVInternalComponents

(1) ABWR Specific Components The internal components examined for seismic i

fragilities include the shroud support, CRD guide
,

Detailed seismic fragility evaluations were per- tubes, CRD housings, and fuel assemblies. Failure |

formed for the following ABWR specific compo- of these components could potentially result in the |
nents- inability to insert the control rods to shutdown the J

reactor.
Reactor pressure vessel (RPV)

The failure modes and associated median ground
Shroud support acceleration capacities of these components are

given in Appendix 19H. The contributing factors
Control rod drive (CRD) guide tubes are also given in the appendix. Note that the refer-

ence design ground acceleration is 0.15g (operating
CRD bousmgs basis earthquake or OBE) since the OBE loads were

used in evaluating the factors of safety.
Fuel assemblies

The fuel assemblics were found to have the least
The design seismic loads for these components seismic capacity among the RPV internal compo-

were calculated directly using a coupled building nents. The failure mode is buckling of the fuel
structures and RPV/ internals model. Consequently, channel. The corresponding median ground accel-
no subsystem dynamic analyses using input motions cration capacity is L2g, with a logarithmic standud (
at support points were required. Therefore, the fra- deviation of 035g.
gility evaluation procedures used for the reactor
building structures as presented previously are also (2) Generic Components
applicabic to the evaluation of these specific compo-
nents. Detailed fragility evaluations for safety-related

components other than those specific components
(a) Reactor Pressure Vessel (RPV) presented above cannot be made at this stage of cer-

Amendment h 19.4-7
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tification due to lack of design details. risk. While structures were not modeled in the in-
ternal events analysis of Section 193, their inclusion

The fragilities for generic components recom- is necessary in the seismic analysis because of the po-
mended in Reference 4 are adopted for the ABWR tential for component or function failure due to
standard plant. These generic fragilities were structural failure. In this analysis,it was assumed
chosen based on a review of prior PRAs and fragility that all components housed within a failed structure
data. These are considered achievable for the would fail to function.
ALWRs with an evolutionary improvement in the
seismic capacities of the components designed to a In order to quantify the fault trees and event
03g safe shutdown earthquake (SSE). The generic trees, it was necessary to establish the failure proba-
components applicable to the ABWR are the follow- bility of components and structures due to seismic
ing: shock. This was accomplished in the analysis by in-

tegrating the seismic hazard curve with the compo-

(a) Off-site Power (transformers and ceramic insu- nent and structure fragility curves. Although con- !

lators) servative,in this analysis all identical redundant com- :
,

(b) Cabletrays ponents were assumed to fail simultaneously due to ;I

(c) Batteries and battery tracks the seismic event. j
'

(d) Batterychargers/Imerters
(c) Electric equipment (chatter failure mode) The three inputs required to perform the seismic
(f) Panelboards/ Instrumentation panels analysis, as shown in Figure 19.4-5, are (a) the site i

(g) Switchgear/ Motor control centers hazard curve, (b) component and structural fragility

(h) Transformers (not off-site transformers) curves and (c) fault trees and event trees which de- ,

(i) Diesel generators and support systems scribe the accident sequence. |
'

| (i) Turbine-drivenpumps
l (k) Motor-driw:n pumps The hazard curve (Subsection 19.43.2.1) is a .

| (1) Heat exchangers/Small tanks (e.g., standby function which gives the annual probability of ex- I

liquid controltank) ceeding a given peak ground acceleration. |
'

( (m) Air-operatedvahes I

(n) Motor-operatedvahes The fragility curve (Subsection 19.433) for a
: (o) Safety relief, manual, and check valves component or structure defines its susceptibility to .

| (p) Hydrauliccontrolunits earthquake expressed as the cumulative probability |

l (q) Accumulators of failure as a function of peak ground acceleration. ;

(r) Large flat-bottom storage tanks .

(s) Heating, ventilation, and air conditioning Event trees are used to describe seismic accident |
ducting sequences. Each system represented on the event !!

(t) Airhandlingunits tree is represented by and evaluated with a fault tree.
:

(u) Piping The fault tree describes the logical arrangement of
|

| (v) Buriedweldedsteelpiping basic events (component and structural) which could 1

'

lead to seismically induced failure, and resulting loss
The detailed descriptions of these component of function of the system. Only those components

categories are provided in Anner A of Reference 3. that are critical for performing a safety function and
The generic fragilities are summarized in Table are also somewhat susceptible to seismic accelera-
19.4-2. tion are included in the fault tree model.

19.43.4 Evaluation of Seismic Core Damage Frw An accident sequence probability, corresponding
quency. to a specific event tree path, is calculated by using

the following equation-
The expected frequency of core damage due to

seismic events was calculated by constructing and n
quantifying event trees and fault trees which model P = I [H(g;)-H(gg)] . Il S.. (Eq.1)

9the logical relationship of components, systems, i=0 j=0
. | functions, and structures that are significant to

seismic

Amendment 2B 19.4-8
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where i = 0 to n integration intervals, H(g) = the A = median capacity of component 1,
g

, annual probability of exceedance of a seismic ground

| acceleration of g, and s. . is the success or failure B log standard deviation of component 1,=
3

| probability (as determined by its occurrence in the

event tree path,of the j'" system in the accident se- 1

quence for the i integration interval. T , and=

j (1+.2316419 Y)
i The probability of failure or success of a system
I is the peak ground acceleration at the upperin the accident sequence is

q;hofintervali.en

failure:

S. . = -[(1-D.) II (1-C. . k)], (Eq.2) Equations 1 through 5 are incorporated into the
4 1 M' Integrated Seismic Analysis Program (ISAP). This

or is a generalized program written to facilitate the
success: evaluation of seismic accident sequences. ISAP has

g = 1 [(1 -D.) 11 (1-C. . g)}, (Eq. 3) been verified against existing seismic subprograms,
3 4' and complies with the analysis procedure outlined in

NUREG/CR-4431 (Reference 13). As an example,
| where D. is the probability of system failure due to consider an event tree that consists of two systems S1

| random dnd demand failures as determined in Sec- and S2. (S1 or S2 may also represent a structure.)
'

tion 193, and C. . ighe seismic failure probability,
reptgented by tNk cutset failure probability of An analysis of the supporting fault tree for sys-

th
| the j system for th i interval. tems Si and S2 provides the following cutsets:

The cutset failure probability is given by: Svstem S1
AB

C. . k = Il F. . k,1, (Eq.4) C
y, y,

System S2

where F. .$r'e probability of the k'' cutset of the jis the l'" component's seismically igD
duced fa'd
system for an acceleration at g where A, B, C and D are basic events in the fault.

trees. The random or demand failure probability
The component's scismically induced failure for each system has been given as:

probability (from Reference 12)is:
D =0'

5 4
F;,;,y) 7 [1330274429 T -1.821255978 T + and D = 03

1.781477937 T -0356563782T + 031938153T) Applying Equations 1 through 4, the probability

of an accident sequege where S1 fails and S2 sue-2
1 _ y ceeds (S1*S2) of the intervalis given by:

M P(S1 S2); = [H(g;)-H(gg3)]- (Hazard)

where: [1 - (1-0.2) (1-F; Fi,B) ( i,C * ( I' "" }
[ E +1 [(103) (1.F. )) (System S2)i

loc ( A j j
*y=-

B
1 This provides4he probability of the accident se-

quence for the i interval. The calculation is re-
ggy pk ground acceleration at upper end of peated for each of the n integration intervals, and the=

i internal, sum of the intervals gives the probability of the

Amendment 22 19.4-9
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p accident sequence. is a successful scram or alternate insertion of the
( control rods. Because of the possibility of physical

After the accident sequences were quantified, damage to the core as a result of the earthquake,
the important accident sequences were identified and there is a small probability (approximately 0.002)
grouped into seismic release categories for input to that the control rods cannot be inserted. If control
containment event trees and the containment trans- rods are successfully inserted, the event tree analysis
port analysis. is continued on another event tree (Figure 1913-2)

representingloss of offsite power with successful
19.43.4.1 Event Tree Analysis scram.

Seismic event trees were constructed for the If emergency power and service water are
seismic event. They include the systems needed to available, but the control rods cannot be inserted, the
achieve safe shutdown. These event trees are in- analysis is continued on an event tree representing
cluded in Appendix 191. A preliminary screening that combination of conditions (Figure 1913 3). For
analysis indicated that the dominant accident se- that set of conditions,it is necessary for the operator
quences resulting from the carthquake would be se- to inhibit automatic depressurization of the reactor
quences resulting from loss of offsite power, and that and initiate standbyliquid control. For cases where
other accident sequences would be relathcly insignif- the operator initiates standby liquid control, but
icant. The reason for this is that the fragility of cannot inhibit depressurization, the analysis is
ceramic insulators in the switchyard is much lower continued on another ATWS event tree (Figure
than the fragility of other components and structures. 191 3-4).

Referring to Figure 19I.3-1, the first event The major sequences leading directly to core
examined following the earthquake is structural damage are those sequences invohing loss of offsite
integrity. If the reactor building fails, all safety and emergency A.C. power. These sequences con-
equipment inside the building is assumed to fail tribute 1.80E-7 per year to the total core damage fre-

O resulting in a core-damaging event. Based on the quency of 2.50E-7 per year.

( strength and relatively high fragility of the reactor j
'

' building, the frequency for this event is very low. Sequences resulting from loss of containment
For the case where their is no structural failure, the heat removal (labeled *II" in the Sequence Class
next element of concern is whether or not offsite column of the event trees) represent a total i

ipower is lost. Because of the low fragility of ceramic frequency of 4.8E-6 per year. These sequences do
insulators, there is a relatively high probability that not result directly in core damage since there are
offsite power will be lost (approximately 0.05 over further actions that can be taken to prevent core
the range of earthquakes). For the cases where damage resulting from loss of containment heat
there is no structure failure and offsite power is not removal. These sequences are transferred to and j
lost, the frequency of core-damaging accident se- analyzed in the containment event trees presented '

quences is negligible. and discussed in Appendix 19J. The total core
damage frequency resulting from loss of containment

When offsite power is lost because of the seis- heat removal is 3.2E-9 per year.
mic event, the most important subsequent concern is
whether or not emergency power and service water Quantification of the accident sequences in the con-
are available, since the loss of either presents a seri- tainment event trees was performed by combining
ous challenge to the plant. Given a loss of offsite the results of the internal event fault tree analysis
power, the probability of loss of emergency power or and the seismic fault tree analysis integrated over the
service water is approximately 0.02 over the spec- range of the seismic hazard curve. Quantification
trum of earthquakes. The results of loss of offsite was performed using the Integrated Seismic Analysis
power followed by loss of emergency power or ser- Program (ISAP) computer program.
vice water are depicted and analyzed further on
Figure 1913-1. 19.4 3.4.2 Fault Tree Analysis

If emergency power or service water are not System fault trees developed in the events analy-p) lost, there are still potentially significant accident se- sis of Section 193 were used to provide the probabil-(V quences. The next concern is whether or not there ity of random or demand failure following the earth-
quake and through the time period needed to

l Amendment 22 194-10
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achieve shutdown. Seismic fault trees were devel- using the basic classes defined in Section 193 as
oped for important systems that contain components shown on Table 193-4, where Class I events are
having lower fragilities. These systems include transients with loss of core cooling, Class Il events
HPCF, RCIC, LPCF, RHR (suppression pool cool- are events with loss of containment cooling, Class ill
ing), senice water, electric power, and firewater. events are loss-of-coolant accidents (LOCA), and
The seismic fault trees are shown in Appendix 191. Class IV events are anticipated transients without
Since these fault trees are specifically for evaluation scram (ATWS).
of seismically-induced failures, only those compo-
nents vulnerable to seismic failure are included in The largest contribution to seismic core damage
the trees. Because of the assumption of complete frequency is from the Class I sequences. The total
dependence, i.e., when one component fails, all like seismic CDF for Class I is 235E-7 per year. The
components fail, all divisions fail at the same time Class II total seismic CDF is 4.81E.9 per year.
and multi-divisional analysis is not necessary. Also There is no Class III seismic CDF because of the rel-
because of this assumption, no common-cause failure atively high seismic fragility of the piping and other
analysis was needed. rea-tor pressure boundary components. The total

Class IV seismic CDF is 734E-10 per year.
Human errors are not analyzed in the fault

trees, but are included in the event trees and are The top 15 Class I accident sequences
discussed in Appendix 191. contributing the most to core damage frequency are

shown on Table 19.4-3. Of these 15 sequences,13
For the HPCF, RCIC, and LPCF systems, the involve loss of offsite power. The two remaining

only essential components having possible vulnerabil- sequences (numbers 3 and 11 in order) involve
ity to the seismic event are the pumps (with motors), structure failure and result directly in core damage
piping, and some of the valves. The RHR and ser- without definition of specific equipment failures,
vice water components ofinterest are the pumps, since all housed equipment is assumed to fail.
piping, valves, and heat exchangers. For the fire
water system, in addition to the pumps, vahrs, and Of the 13 sequences not imching structure fail-
piping, the supply tank was included in the analysis. ure,10 involve failure of emergency power or service

water, and 6 involve failure to insert control rods.
In addition to the ceramic insulators, the pri- Only one sequence not invohing structure failure

mary components of interest in the electric power (number 8) does not involve either loss of emergency
system are the transformers, battery chargers, main power, service water, or failure to scram. That
diesel generator fuel tanks, and switchgear. Addi- sequence involves seismic loss of all high and low
tionalitems included in the electric power analysis pressure injection.
were the diesel generators, motor control centers,
batteries, battery racks, and cable trays. The total frequency for the 15 top Class I

accident sequences, is 233E-7 representing 93% of
19AJA3 Component Failure Probability Analysis the total CDF. Sequence number 15 represents

0.3% of the total CDF and is 1% of sequence
Randem and demand component failure proba- number 1.

bilities were developed and diumed in Section 193.
These values were not chnged for the seismic analy- 19AJA.5 Seismic Accident Subclasses
sis. Component seismic failure probabilities are
functions of the component fragility and the seismic To perform post-core melt analysis, it is neces-
event spectrum. Since the seismic evaluation was sary to subdivide the basic accident classes. For the
performed for each complete accident sequence and internal events analysis, the accident subclasses are
integrated over the entire seismic spectrum, discrete shown in Table 193-4 and discussed in Subsection
component seismic failure probabilities were not de- 193.2.2. In the seismic analysis, only Classes I, II,
veloped in the analysis. and IV have significant core damage frequency, and

the subclasses are modified somewhat from those
19AJAA Accident Sequence Analysis used in the internal esents analys.

OiAccident sequences were developed using the The seismic accident subclasses are shown m
event tree diawrA in Subsection 19.43.4.1 and Ap- Table 19.4-4. l

pendix 19I. The accident sequences were classified

Amendment 28 19.4-11
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/' 19.4.4 Fire Protection Probabilistic Risk event frequencies to appropriately modified ABWR
Assessment Level 1 fault and event tree models and reevaluating

them.
A fire risk screening analysis was performed to

assess the vulnerability of ABWR to fires within the The final bounding core damage frequency for
plant. Mutual agreement was reached earlier with each of the five scenarios was calculated to be less
the NRC that a fire screening approach was appro- than 1.0E-06. The sum of all five was calculated to
priate and that the Fire-Induced Vulnerability be 1.3E-06. These results reflect the inherently
Evaluation (FIVE) methodology developed by EPRI conservative nature of the FWE methodology itself,
provided a proper vehicle for performing this compounded by its additional conservative
analysis. The methodology is based on conservative application in evaluating fire impact at the disisional
assumptions using industrial and plant-specific fire area, control room complex, and turbine building
databases for evaluating fire event sequences while fire levels. Addressing ABWR fire risk at the fire
making maximum use of existing plant fire analysis compartment level, considering ignition sources, fire
and documentation. progression, and suppression in more detail will

reduce this value by at least an order of magnitude.
The FIVE methodology provides procedures for It is therefore estimated that the core damage

identifying fire compartments for evaluation frequency resulting from fire is less than 1E-07 per
purposes, defining fire ignition frequencies, and year.
performing quantitative screening analysis of fire
risk. The criterion for screening acceptability is that 19.4.5 ABWR Probabilistic Flooding
the risk of core damage from any postulated fire be Analysis
less than 1.0E-06 per year. Any fire scenarios not
meeting this criterion require more detailed The results of the ABWR Probabilistic Flooding
consideration. Analysis show that the turbine, control, and reactor

buildings are the only structures that required
Fist bounding fire scenarios and corresponding evaluations for potential flooding. The other

fire ignition frequencies were developed on the basis buildings do not contain any equipment that could be
of the FIVE methodology. The first three of these used for safe shutdown or potential floodmg would
considered the impact of fires which incapacitate not result in a plant transient.
each of the three safety divisions (separated by
three-hour fire barriers, and each encompassing Floodmg in the turbine building could result in a
several fire areas) and thus the ECCS equipment turbine trip due to loss of circulating water or
which is dependent on each for successful feedwater. Automatic pump trips and valve closure
performance. Any fire in a divisional area was on high water level should terminate the flooding but
assumed to result in the immediate and complete if these were to fail, a watertight door would stop
loss of function of the division. The fourth scenario water from entering the control building and
considered the impact of a fire in the control room nonwatertight doors at grade level should allow flood
with the conservative assumption that the only ECCS water t. exit the building. The core damage
funcions available are those that can be controlled frequency (CDF) for turbine building floodmg is less
and operated from the remote shutdown panel, and than 1.0E-9/ year for a plant with low ultimate heat
the RCIC system, which can be manually operated sink (UHS) and approximately 3E-9/ year for a plant
outside the control room. The fifth scenario with high UHS.
exammed the consequences of a firc 5 the turbine
building, based on the assumption that resulting loss The worst case flood in the control building is a
of offsite power bounds the possible outcomes of this break in the reactor service water system (RSW)
initiator. Considering these composite bounding which is an unhmited source. Floor drains and other
scenarios is an added conservatism to the already openings in the floor would direct all flood water to
conservative FIVE methodology. the first floor where the reactor component cooling

water (RCCW) rooms are located. The RCCW
Fire ignition frequencies were developed for rooms contain sump pumps. Water level sensors in

each of the above scenarios by directly applying the the RCCW rooms should actuate alarms in the
prescriptive steps documented in the FIVE control room and send signals to trip the RSW
methodology. Bounding core damage frequency pumps and close isolation vahts in the RSW system.
estimates were developed by applying these initiating If these sensors were to fail, watertight doors on each

Amendment M 19.4-11.1
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room should limit flood damage to only one of the which were considered precursors to loss of decay
three RCCW divisions. The CDF for control beat removal capability showed that ABWR design |

building floodmg is less than 2.0E-9/ year. features could mitigate the effects of all these events.

Reactor building flooding could occur either The results of the ABWR shutdown risk analysis
inside or outside secondary containment. In either demonstrated that the core damage frequency
case, the flooding sources are finite with the (CDF) for all shutdown events is less than
suppression pool and condensate storage tank being 1.0E-7/ year. The main features that contribute to
the largest sources. Inside secondary containment this low CDF are:

| floodmg cannot cause damage to equipment in more

i than one of the three safety divisions because of 1. Three physically and electrically independent
watertight doors on each safety division room. As residual heat removal (RHR) and support'

| was the case in the control building, floor drains and systems.

| other openings will direct all flood water to sump
l pumps on the first floor. The available volume of 2. Multiple makeup sources for inventory control
i rooms on the first floor can contain all potential (e.g., suppression pool, condensate storage tank,
! flood sources. Outside secondary containment, floor AC independent water addition system).

drains direct all flood water to sump pumps on floor
B1F (third floor). If the sump pump fail or canno' 3. Two independent off-site sources of electric
keep up with the flooding rate, an overfill line in the power and four on-site sources (three emergency
sumps direct water to the corridor of the first floor diesel generators and a combination turbine
where it can be contained as discussed above. The generator).
CDF for reactor building flooding is less than
3.0E-9/ year. 4. Reactor protection system (RPS) and standby

liquid control system (for boron addition) and
The total CDF for internal flooding is interlocks to prevent accidental reactivity

6.0E-9/ year for low UHS and 8.0E-9/ year for a high excursions.
UHS.

19.4.6 ABWR Shutdown Risk

| The ABWR design has been evaluated for risks
! associated with shutdown conditions (i.e., Models 3,
! 4 and 5). The evaluation included the following

shutdown risk categories-

1. Decay heat removal

2. Inventory control

3. Containment integrity

4. Loss of electricalpower,

1

5. Reactidty control

The evaluation also included risk reduction
|
' features of the ABWR due to instrumentation,

flooding and fire protection, use of freeze seals, and
procedure guidelines. ABWR features that are not
part of current BWR designs were evaluated to
determine if any new vulnerabilities would be
introduced. In addition, an evaluation of

approximately 200 events at operating BWR plants

Amendment 28 19.4-11.2
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i \ Table 19.41
i

; Seismic Hazard Curve - Table of Values
1

: Peak Horizontal Frequency of Exceeding
J Ground Acceleration M Per Year
4

1.00 x 10,3
4 .

; 0.125
j 0.250 1.86 x 10

5.03 x 10[5i 0375
3

| 0.500 1.56 x 10
1 0.625 7.02 x 10,

3.11 x 10,
j 0.750
4 0.875 1.56 x 10,

i 1.000 5.15 x 10''
#

i 1.125 53S x 10
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Table 19.4-2 |

Seismic Fragility Summary

Capacity * Combined
E_certalatyStructure / Components failurv Mod._s .{gl n

Reactor bldg shear walls Shear 2.8 0.45

Containment Shear 43 0.44

RPV Pedestal Flexural 7.9 0.44

Control Building Herural 2.0 0.50

Turbine Building Hexural 1.0 0.50

Reactor pressure vessel Skirt anchor bolts 53 033
Shroud support Buckling 1.9 036
CRD guide tubes Buckling 1.7 036
CRD housings Plastic yielding 3.9 0.46

Fuel Assemblies Channel burt hng 1.2 035 |
Off-site power Ceramic insulators 03 0.55
Cable trays Support 2.0 0.60
Batteries and battery racks Anchorage /LOF 3.0 0.45
Battery chargers /Imerters LOF 13 0.45
Electric equipment (chatter)

function required during event Relay chattering 0.8 0.50
function required after event Relay chattering 2.0 050

Panelboards/ Instrumentation panels Functional / Structural 3.0 0.45
Switchgear/ Motor control centers Functional / Structural 25 0.45
Transformers Functional / Structural 1.5 0.45
Diesel generators & support systems Support 2.5 0.45
Tu.bine-driven pumps Anchorage 2.0 0.45
Motor-driven pumps Anchorage / Impeller defle 1.6 OA5
Heat nchangers/Small tanks Anchorage 2.0 0A5
Air-operated vahes Stem binding / Airline 3.0 0.60
Motor-operated valves Operator distortion 3.0 0.60
Safety relief, manual & check vahrs Internal damage 3.0 0.60
Hydraulic control units LOF 2.0 0.50
Accumulators Support 2.0 0.45
Large flat-bottom storage tanks Anchorage 0.9 0.45
HVAC ducting Support 2.0 0.60
Air handling units Blade rubbing 2.0 0.50
Piping Support 3.0 0.60
Buried welded steelpiping Buckling / Support 2.0 0.40

Notes-
a. Capacities are in tern.s of median ground acceleration.
b. Combined uncertainties are composite logarithmic standard deviations of uncertainty and randomness

components.

O
I 19.4 14Amendment
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U SEQ. EVElfl3
NO- St lor FW I.Ft. C C4 FA PC FCTR UR Ulf X Y FA WI IlX FRE011ENCY g

1 X X X X 7.9RE-8 $
-

X 5.02E 8
2 X X

,

4.71E 8- .

3 X

X X 1.612 8
4 X X

X l.13E 8
5 X X X

X 6.93E 9
6 X X

7 X X X X X 4.63E 9 I

X X X 4.32E 9
g X

3.% E 9 t

9 X X X

X X 234E-9
to X X

X 1.99E 9
11 X

X X 1.82E 9 |
12 X X

13 X X X X X X 9 53E 10

X X X 8.45E 10
14 X X

15 X X X X X 7.48E-10

* See event trees for definition of events
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Table 19.4-4 Seismic Accident Subclasses

Accident
Clas, Description

IA Transients followed by failure of high pressure core
cooling and failure to depressurize the reactor.

IB-1 Not used in seismic analysis.

IB-2 Station blackout events with RCIC available for core
cooling for approximately eight hours.

IB-3 Not used in seismic analysis.

IC ATWS events without boron injection coupled with loss of
core cooling. Vessel failure at low pressure.

| ID Transients followed by loss of high pressure core
cooling, successful depressurization, and loss oflow
pressure core cooling.

IE ATWS events without boron injection coupled with loss of
core cooling. Vessel failure at high pressure.

II Transient, LOCA, and ATWS (with boron injection) events
with successful core cooling but with possible failure of .

containment. I

l

IILA Insignificant in seismic analysis.

IIID Insignificant in seismic analysis.

IV ATWS event without boron injection but with core cooling
available.

IV-1 ATWS with one injection pump.

IV-2,3,5 ATWS with multiple injection pumps.

l

|

|
|

|
!

'

O
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19.5 SOURCE TERM SENSITIVTIY in the elapsed time (from 18.1 to 7.1 hours) to the
STUDIES onset of fission product leakage from the drywell.

Additionally, the magnitude of the Csl release
In order to imestigate the effect of key assump- traction at 72 hours increased from 8.7% to 12.5%. '

tions made in the PRA several sensitivity studies
|were undertaken. The results of these sensitivity 19.5.2 Effect of Overpressure Relief Rup- i

studies are presented in this secdon. ture Disk on Hssion Product Release
i

19.5.1 Core Melt Progression and Hydro- A wetwell airspace overpressure relief rupture
gen Generation disk is described in detailin Subsection 6.25. Such a

rupture disk has potential benefits for reducing the
Analysis was performed using MAAP to dete- fission product release and its associated dose. This :

!mine the effects of additional hydrogen generation subsection ernmines the magnitude of these potential

| due to oxidation of zirconium (Subsection 19E.2.6.1). benefits. !

The core melt progression used in MAAP as- The rupture disk is designed to open when the !

sumes that corium blockages in the channels are pressure in the wetwell airspace reaches 90 psig {
formed as the channels melt. This prevents steam (0.72 MPa). This assumes that any releases caused
from flowing past the fuelin the later stages of the by overpressurization of the containment willbe
core melt progression. This starves the upper region scrubbed by the suppression pool. A series of
of steam and thus limits the metal water reaction. MAAP cases were run in order to determine the
Further, MAAP assumes that no metal water reac- timing and magnitude of fission product release asso- i

tion can occur once the corium reaches the entectic ciated with the various accidents (Subsection ;

temperature of the fuel. For these reasons MAAP 17 ? ?). It was found that all of the sequences with ;
'

predicts less metal water reaction, and consequently the rupture disk can be accurately represented by
less hydrogen generation than do other models. two bins (for discussion of bins see Subsection :

19E.2.2). The difference between the two is the ;

In order to investigate the response of the opening time of rupture lisk. !

ABWR to an increase in the amount of hydrogen ;

igenerated three sensitivity studies were performed; Three types of loss of containment integrity were
one with vessel failure at low pressure, and two with assumed to be unaffected by the presence of the rup-
vessel failure at high pressure. In all three studies ture disk. j

MAAP was run with both the blockage and entecdc !

cutoff models disabled. (1) Cases with suppression pool drainage following a
'

i seismic event resuh in loss of containment integ- '

For the low pressure melt sequence, the rate of rity at low pressure (see Subsection 19E.2.4.5).
zirconium oxidation increased from 6.3% of the
active cladding to 15.8% The increase in the metal (2) For cases with leakage through the movable pen- |

'

water reacdon caused the time of vessel failure to trations, the leakage through the penetrations
| decrease from 1.8 hours to 1.1 hours, and caused the occurs before the rupture disk opens. Further, in

time of rupture disk opening to decrease from 20.0 these cases the drywell head may be weakened by
hours to 16.7 hours. The change in the magnitude of high temperatures, resulting in drywell head fail-
fission product release was negligible. ure before the rupture disk opens (see Subsec-

tion 19E.2.2.2(c) for a more detailed descripdon). |
In both high pressure melt sequences, the

fraction of active zirconium oxidized increased from (3) The third type of sequence for which the rupturer

i 5.1% to 35.9% The increased hydrogen generation disk was assumed to have small impact on the re-
reduced the time to rupture disk opening from 25.0 lease is early containment structural failure.'

to 20.0 hours for the high pressure case with passive These failures are hypothesized to occur at the
flooder actuation and LPCI spray. The change in time of vessel failure for sequences in which the
fission product release for the case was negligible. vessel fails at high pressure. Since the mode of

containment failure is not known no credit was

( For the less likely case with passive flooder taken for the rupture disk (Subsection 19D.5.63 ,
activation only, this resulted in an 11 hour decrease

! Amendment 26 19.5-1
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describes early containment failure and Subsec-
tion 19E.2.4.4 discusses the associated release).

Subsection 19E.2.8.1.4 examines the benefits and
risks associated with the inclusion of the containment
overpressure protection system in the design. The
analysis indicates a tremendous reduction in the
fraction of volatile fission products released from the
containment. Typically, the Cs1 release fraction
drops from on the order of 1% to a release fraction
of IE.-7. On the other hand, there is a slight
decrease in the time of release. However, the effect
of the lower fission product release dominates the
net impact. This leads to a substantial decrease in
rist.

19.5.3 Alternate Definition of Containment
Failure

In this PRA, containment failure has been inter-
preted to mean failure of the containment function.
For calculational convenience, this has been taken to
mean doses greater than 25 Rem at 1/2 mile. It has
been shown that the ABWR can meet tire goal of 0.1
conditional containment failure probability (CCFP)
using this definition (Subsection 19.6.8.3).

O
The NRC staff has proposed an alternate defini-

tion of containment failure, one independent of i
I

source term:

* Containment failure occurs when integrity as
a pressure boundary can no longer be con-
trolled.

This definition recognizes the containment
function by permitting normal leakage, as well as
acknowledging credit for suppression pool scrubbing
in conjunction with a "last resort" controlled release
path, while properly accounting for postulated gross
structural failure.

Based on this pressure integrity defmition, a new
conditional containment failure probability, desig-
nated CCFP-P1, can be found. Eumining the data
in Table 19.3-6, the CCFP-PI is 0.005. Therefore,
the ABWR meets the containment performance goal
regardless of the definition of containment failure.

O
~
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19.6 MEASUREMENT AGAINST
( GOALS

This section summarizes the goals established in
the ABWR Licensing Review Bases (Reference 1)
which relate to the prevention or mitigation of severe
accidents. In each case the means by which the goal
is satisfied is briefly identified, with references to
other parts of this chapter which provide additional Suppression pool bypass was also identified as
details. being potentially risk significant. If the vacuum

breakers or inerting lines fail open the steam and
U.6.1 Goals fission products will not be retained in the

suppression pool. Therefore, significant early
The goals summarized in Table 19.6-1 were iden- releases may be possible. The probability of these

tified in the Licensing Review Bases. These goals sequences is 7E-11.
are addressed in Subsections 19.6.2 to 19.6.9.

The total frequency is about 4E-10, almost three .

decades below the core damage frequency, so it is
concluded that this goal is satisfied.

U.6.2 Prevention of Core Damage D.6.4 Hydrogen From 100% of Active |
Zirconium t

|From the internal events analysis (Subsection
19D.5.12.2), the core damage frequency is i.6E-7 per A separate effects calculation (Subsec-
year. For external events, conservative, bounding tion 19E.23.2) indicates that the containment can
analyses were performed which conclude that the withstand the static pressure of about 75 psig that
total core damage frequency is less than the goal of would be generated were this maximum hydrogen
1.0E-5 and the goalis satisfied. production to occur. This is suktantiany below the

Service level C Limit of 97 psig for the en ainment.
D.6.3 Prevention of Early Containment
Failure For Dominant Accident Sequences D.6.5 Reliable Heat Removal ts. . xlucei

| Probability of Containment Failure
! Two modes of early containment failure were

| identified. Containment heat removal capacity is addressed
in detailin Subsection 193.13.1(b),in which success | |

'

There was judged to be a small chance of drywell criteria are developed to show the s3uems necessary
failure for sequences in which the core melts with the to prevent overpressurizing the containment. There
reactor vessel at high pressure. These are the are three general means of removing heat from the
sequences with EH (for *carly" containment failure containment: normal heat removal through the main
and *high' release) as the last two characters in the condenser, reactor water cleanup system and re-

| sequence dedgnators. Since depressurization is very . sidual heat removal system.
| reliable and since failure is unlikely even if

'

depressunzation fails, the frequency of these failures The heat removal path to the main condenser
is calculated to be about 3E-10. can be used when the main steam lines are open (or

reopened).

The reactor water cleanup system can remove
decay heat which S generated four hours after scram
if the reactor vesse. is at high pressure.

I

I 19.6-1Amendment
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The residual beat removal (RHR) system is de- The reliability of RHR and its supporting systems
is assessed in the fault trees of Section 19.D.6.

scribed in Subsection 5.4.7. For the worst case event
with scram, overpressurization of the containment
can be prevented by any one of three RHR disisional
subsystems (loops A, B and C). These subsystems
are located in different quadrants of the plant and
are protected from common mode failures by disi-
sional separation criteria. Each of these subsystems

Finally, as noted in Subsection 19.6.3, there is aare automatically initisted by 2-out-of-4 logic for
substantial amount of time available during which

cach initiating parameter (Iow reactor water level or
the above heat removal systems might be repaired if

high drywell pressurej. Each of the four input they had initially failed. This time effectively
signals to the 2-out-of.4 logic is provided by separate
Class 1E instrument divisions. The heat cranger is increases the reliability of these systems.

always in the cooling flow path, so that containment The calculated frequency of containment
cooling to the ultimate heat sink starts as soon as structural failure resulting from loss of heat removalRHR iajection flow begins. Under normal for internal events is 1.1E-9 per reactor year
operating conditions there is one Reactor Building

(Subsection 19.D.5.12). Only 0.1% result in coreCooling Water (RCW) pump, one Service Water
damage due to the high degree of diversity and

pump and one RCW beat exchanger in operation in
each of the three loops. Thus each loop provides redundancy in the core cooling systems.

approximately one half of the total cooling capacity Thus, very reliable heat removal is providedwhich is sufficient to support the RHR cooling
function. When required, the other half of the which makes the probability of containment failure

cooling capability can be added by starting the very small and the goalis satisfied.

standby RCW and Senice Water pumps and opening
one block valve. This cooling occurs for all modes of 19.6.6 Pmention of Hydrogen

RHR operation. Any one of the following four RHR Deflagration and Detonation

operating modes will satisfactorily prevent The inerting system is described in Subsection
overpressurizing the containment for the dommant

6.2.5. The primary containment vesselis inerted with
sequences: 1) the core cooling mode,2) the suppres-
sion pool cooling mode,3) the shutdown cooling nitrogen gas to below 4% oxygen by volume. This

mode, or 4) the centainment spray mode. provides some margin against instrumentation errors
or an [ unexplained] increase in oxygen concentration.

Key components of the supporting RCW and Any increase in actual oxygen concentration is highly

senice water sptems (one half of each loop's pumps improbable since measures are taken to eliminate

and heat exchangers as noted above) are in any source of oxygen in the containment. This in-

operation during normal plant operation. At least
cludes substituting nitrogen for air in all pneumatic

each month, the other half of the pumps and heat ex- systems and seals, and maintaining the containment

changers are started and the previously running at a slightly positive pressure during reactor power

senice and sea water equipment is placed in a operation to prevent in-leakage of air (ox3 pen). The

standby mode. This design and operating philosophy
containment oxygen concentration is expected (and

resuhs in high reliability since, for example, if power has been observed in operating plants) to slowly de-

is lost and later regained, the equipment in half of crease during prolonged power operation as nitrogen

each loop can be thought of as having been tested makeup is periodically added to compensate for the

within the last few minutes or few hours; the other slight leakage from the containment at positive pres-

half can be thought of as having been tested within sure. 'nerefore, the margin against entering a po-

the past week (Summer operation) or month tentially flammable regime is normally more than

(Winter operation). The RHR and supporting 1%.

systems are also used to maintain low suppression
pool ternperatures during normal operation.
Depending on the ultimate heat sink temperature,
this could occur with frequencies ranging from about

once per day to once per week.

19 4-2
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(' The ABWR follows standard industry inerting
t, design, establishing a nitrogen storage and delivery

system sufficient to inert the containment in less than'"

four hours. In addition, deinerting (to at least 187c
oxygen) is possible within four hours.

In the ABWR, the drywell cooler flow rate is stry
high such that the residence time (drywell volume
divided by the inerting or deinerting flow rate) is on
the order of a few minutes. Therefore, good mixing
is assured. In addition to conserving nitrogen, this
good mixing assures that * pockets * of uninerted at-
mosphere are swrpt away and the containment is

|

|

r~

|

|
l

|

|

~s

''%
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'/^ truly inert. Pocketirg in the wetwell is much less of a Subsection 19.6.6. For purposes of measuring

'( concern since it is a relatively open space. against this goal the probability of containment
failure resulting from hydrogen deflagration and"

In conclusion, the inerted containment atmo- detonation is also taken as zero. !
'

sphere provides passive protection against hydrogen
|deflagration and detonation. This protection is not Suppression pool bypass which results from

vulnerable to loss of power and is available during all certain random equipment failures before or during I4

accident sequences. Therefore, the goalis satisfied. the accident (as opposed to bypass which results
because of increasing temperature or pressure) are

19.6.7 Offsite Dose /Large Release examined in Subsection 19E.233. For internal
events, this evaluation showed that the conditional

As shown in Figure 19E3-1 and Table 19E3-7, probability of full bypass is less than 0.0001 and that
the probability of a 25 rem whole b the contribution of this bypass is less than 10% of the

| mile from tly reactor is less than 10'gdy dose at 1/2per year, less total plant risk. The potential for suppression pool
than the 10 goal. This goalis satisfied. No attempt bypass was also considered from the standpoint of

I was made to define the term *large release * but the external events and no significant additional
25 rem dose is considered to be "much less than mechanisms were identified. Since 0.0001 is much
large", so the large release goal is satisfied. less than the 0.1 goal, this potential containment<

failure mechanism is not considered further for the
19.6.8 Containment Conditional Failure purposes of measurement against this goal.
Probability

High pressure / temperature combinations within
A conditional containment failure probability of the containment under certain conditions can cause

| | 0.002 was determined as outlined below: containment failure. These potential failures are
treated in Subsection 19.63.2.

19.63.1 Potential Mechanisms of Containment
f Failure 19.63.2 Definition of' Containment Failurr"
\w

There are several potential mechanisms which Containment failure is defined here in a manner
could cause significant fission product release and which provides an indication of failure of the
thus might be considered to be * containment failure *: containment function: Containment failure is

; considered to have occurred for any sequence which
gives an offsite dose at 1/2 mile of 25 rem or more.

(1) Energetic steam explosions In general, this occurs as a result of increased
pressure and/or temperature as noted below.

(2) Hydrogen deflagration / detonation
Increased leakage from the containment could

(3) Suppression poolbypass occur through penetrations as a result of increasing
pressure and temperature. Analysis in Appendix 19F

(4) High pressure / temperature combinations indicates that this could occur if the containment
pressure exceeds 52 psig and temperature exceeds |

Energetic explosions are reviewed in Subsection 500 F. j

19E.23.1 and it is concluded that there is no poten- |

tial for steam explosions of sufficient magnitude to Drywell head failure is most likely to occur as a )
overpressurize the containment. Without such result of reduced drywell head load carrying
overpressurization, there ir no potential for capability at increased temperatures as noted in
significant fission product release. Therefore, for Appendix 19F. Failure pressure is estimated at 100
purposes of measuring against the goal, the probabil- psig at an upper drywell temperature of 500 F.
ity of containment failure resulting from steam ex- !

plosions is taken as zero. 19.633 hicasurrment Against the Goal.

Hydrogen deflagration / detonation is precludedp) by inerting the containment as discussed in(v

Amendment 28 19 4-3
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From the offsite dose probability plot for (Figure
19E3-1), the probability of exceeding 25 rem at 1/2
mile is 3E-10. Dividing by the core damage
frequency (1.6E-7) gives a conditional containment
failure probability of 0.002. This is less than the goal
of 0.1 and the goalis satisfied.

Measurement against an alternate definition of
containment failure based on maintenance of
containment integrity is discussed in Subsection
19.5 3.

19.6.9 Safety Goal Policy Statement

As noted in Table 19E.3-7, the calculated ind-
ividual risk is 1.4E-13 and the societal risk is 8.4E-13.
These values are about 6 decades below the
numerical goals and the goals are satisfied.

19.6.10

Deleted

19.6.11 Conclusion

As noted in the discussions in Subsections 19.6.1
through 19.6.9, the Licensing Review Bases goals are
satisfied.

19.6.12 References

1. Thomas E. Murley (NRC) letter to Ricardo
Artigas (GE), August 7,1987, AdescedBoiling
Water Reactor Licensing Review Bases.

O
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TABLE 19.6-1
.;

Summary of Goals in Licensing Review Bases
!

Licensing Subsection |

Review Bases Which Goalis
Para. No. Addressed Summarv Statement of Goal i

i
7.5.1 19.6.2 Prevention of Core Damage -_ Mean cgre damage frequency from |

internal and enernal events less than 10 per reactor year. '

|

7.5.2 Mitigation of Core Damage !

7.5.2a 19.6 3 Measures to reduce the probability of early containment failure for :

dominant accident sequences. |
t

7.5.2b 19.6.4 Measures to accommodate hydrogen generated from the reaction of I

100% of the zirconium in the active fuel clad |
!
'

7.5.2c 19.6.5 Highly reliable heat removal systems to reduce the probability of
containment failure by loss of heat removal.

| 7.5.2d 19.6.6 Reliable means to prevent hydrogen deflagration and detonation. !

!

7.53 Offsite Consequences
i
I

7.53(1) 19.6.7 Mean frequency of offsite doses in excess of 25 rem beyond one-half !

mile radius (tgpical United States site boundary) from the reactor i
less than 10 per reactor year, considering both internal and '

emernal events. !

i

7.53(2) 19.6.8 Containment design is to assure that the containment conditional |

failure probability is less than 0.1 when weighted over credible core
damage sequences.

8.10 Safety Goal Policy Statement - Comply with eventual requirements.
Since the eventual requirements are not known, the current policyis
addressed here. The current galisyis:

19.6.9 risk to average individualin the vicinity of the plant less than
0.1% of sum of prompt fatality risk from other accidents.

19.6.9. risk to population within 10 miles of the plant less than 0.1% of
sum of cancer fatality risk from other causes.

19.6.7 in addition, although not stated in the Licensing Review Bases, |
GE intends to satisfy the goal (Federal Register, page 2p7) . |
of overall mean frequency oflarge release less than 10 per j
reactor year. This goal is addressed along with the above ;

- Paragraph 7.53(1) goal relating to offsite doses.

Amendment 22 19.6-5

I
i

j
!

..c. , - . . . . . , . , . - .. -



,
- - ._ _ ._ - _ _ _

j
1

d 8

I

A

23A6100AR
.I

i Standard Plant arv.A

i
!

: |
: 1

: SECTION 19.7 |

4 :
-

1

! CONTENTS |
,

I '

I

} Section Title Eage
J
$

! 19.7.1 ABWR De(ien and Oneratinc Funerience 19.7-1 ,

I ;
.

! 19.7.2 Enriv PR A Studies 19.7-1 ,

, ,

.

j 19.7.3 PRA Studiec Durine the Certification Effort 19.7-2

i

i 19.7.4 Conduct of the PRA Evaluation 19.7-5

{ .

{ 19.7.5 Evaluation of Potential Desien innrovements 19.7-5

i
I |

I
i

; -i

i

. ;

I
.,

f I
a

|
* '

1
!

i

I
1

i
N
i

!

:

,

,

|
1

,

I
;
.

4

-

I k 19.7-ii*

<

$
i

YAmendmein
!

4

- , . . . . . - - - ,-- - r , , , - - - , a-



__-_-_

,

ABWR = =^s
"*Standard Plant

/mT
,

U 19.7 PRA AS A DESIGN TOOL 0) Core Cooling Systems

A core cooling system optimization study was
in addition to its use as a measurement tool to

assess the degree to which PRA related goals were satis.
Performed. This study enabled the core cooling
and heat removal functions to be combined and thefied as summarized in Section 19.6, the PRA was used
total number of ECCS divisions to be reduced

to substantially influence the design. During the course from 4 to 3, resulting in significant cost savings.
of the review of this PRA, the NRC requested that the
way in which o;erating experience was factored into the A RCIC reliability study was performed. This

.

design and the ways in which the PRA influenced the study enabled the elimination of one high pressure
design be described. His description is provided here. core cooling system by upgrading the RCIC sys-

tem reliability.19.7.1 ABWR Design and Operating
Experience A BWR risk comparison study was performed.

This compared the core damage frequency for
The design of the ABWR covered a period of BWR/4,5, and,6 plants with the ABWR and

about 12 years, from 1978 to 1990. He world wide identified the importance of modifying the ADS
experience of several companies includmg ABB-Atom, logic to initiate on low water level. This change
Hitachi, Toshiba, ANM and GE was used to establish improved the ABWR safety significantly for tran-
the original design. He K6/K7 project which followed sient event sequerces.
that effort embraced in more detail the experience of
TEPCO, General Electric, Hitachi and Toshiba. During (2) Reactivity Control
the design process. methods were employed to ensure
that operating expenence was factored into the design. Studies of ABWR scram system reliability and
Rese are summarized in Subsection 1.83, particularly scram system unavailability with dtemate rod in-
Table 1.8-22. sertion enabled the incorporation of a less expen-

sive ATWS mitigation system in place of an al-
/ In addition to the general design process noted ternate system proposed for an earher design.
\ above, three specific design improvements compared to ,8 ,* 8'

earlier designs were introduced which provide benefits
Is~

from a PRA perspective:

* * " " '
(1) The plant is designed for a safe shutdown

canhquake (SSE) of 03g. Most operating BWRs An ABWR instrument reduction study and relia-
have an SSE of 0.2g or less. Rus, the ability t bihty assessment enabled the elimination of 60%
withstand canhquakes is improved. Very large of the sensor instrumentation in the reactor safety

,

margins are expected at low setsnue sites. systems without impacting plant safety. Other
studies performed have identified significant cost

(2) The elimination of recirculation piping has reductions in the ABWR multiplexing systems
substantually reduced the potential for LOCAs, and other instrumentation systetas.
particulary largeI.OCAs.

(4) ControlRod DriveImprovements
(3) The use of three separated ECCS dm. . .sions,

provides the benefits shown in the internal events he early ABWR ATWS design was based on uti-
analysis. In addition, this separation reduces lizing the capabilities of the new fine motion con-
ABWR vu'mabilny m fires and floods. trol rod drives (FMCRD) to meet the intent of

USNRC ATWS Rule 10CFR50.62 for improve-
19.7.2 Early PRA Studies ment of hydraulic scram reliability. Adoption of

the FMCRDs provided improved scram reliability
PRAs were used extensively in the early design ef- by elimination of the scram discharge volume,

fort for makmg design decisions. This has resulted in which is a potential common mode failure point
millions of dollars of cost savings without compromis- for current BWRs using the locking piston-type
ing the plant safety. Several key studies are summa- CRDs. The scram reliability goals were met
rized here. without use of the Alternate Rod Insertion (ARI)

/7 valves specified in 10CFR50.62. However, sub-
( sequent PRA studies showed that adoption of the

ARI valves in the design would provide a further

%g 2B 193 1
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substantial reduction in the probability of ATW5. The core damage frequency from internal events
Since the cost of adding the ARI valves to the de- was determined to be about one event per million

sign at that time was minor, it was decided that reactor years of operation. A1: hough this result |
'

! their incorporation into the design was appropri- was very favorable, the core damage frequency was
dominated by stanon blackout A simple,"ac-in-ate.
dependent water addition system" was added to the

,

ne FMCRD brake mechanism is provided to design. The cost impact is quite small since only

prevent a rod ejection in the event of a break of a few small lines and manually operated valves are

the scram insert line. As a resuh of PRA studies, added. A combustion turbine generator, required ;

the design was changed from the centrifugal-type by the Electric Power Research Institute Advanced

brake used in the early design to the current elec- 1.ight Water Reactor Requirements Program was
tro-mechanical-type break. He PRA studies indi- also added to the design. These features virtually

cated that the brake design had to be fully testable eliminate station blackout as a contributor to core
on an annual basis to meet the goals for rod ejec- damage, decreasing the frequency by an order of

tion frequency. It was determined that the electro- magnitude.

mechanical brake design was easier to test, and
would not have any impact on the plant outage in other evaluations, it was determined that if

molten core material were present in the lowercritical path,
drywell, it would ablate the reactor vessel pedestal

(6) RIPTrip Study in the region of the wetwe!Vdrywell vents, allow-
ing suppression pool water to enter the lower

The reliability of RIP power supply was evalu- drywell This would quench the corium and ter-
ated. The probability of simultaneous trip of all minate core-concrete interaction, non-condensable

RIPS was caleclated. The objective of this study gas generation and drywell atmosphere heatup; all
was to assure that the probability of an all RIP favorable effects which lessen the potential to fail

trip event is low enough to classify such an event the containment function. However, it did not,

as an accident. The study resulted in a 4-bus con- seem prudent to take favorable credit for a rather
>

figuration for the RIP power supply. In addition, uncertain process. Earlier conceptual studies had

motor generator sets were adopted to prevent an all identified the concept of a * passive drywell,

RIP tnp event from occurnng following a loss of flooder" which could be relied on with much
AC power. greater certainty to produce the desired favorable

effects. Since this was a low cost system (several

19.7.3 PRA Studies During the pipes and thenna11y activated valves) it was added

Certification Effort to the ABWR design.

The drywell head was found to be the most proba-
As part of the ABWR certification effon, the PRA ble failure location should the containment be

was further used to improve the design. This effort was
Pressurized to a point well above the design pres.first reported in the 1991 Probabilistic Safety sure. If such an unlikely failure were to occur,

Assessment and Management Conference. An AC-in.
fission products could be released without the ben-

dependent water addition system and a combustion tur. efit of suppression pool scrubbing. Fission prod-
bine generator were added to reduce the probability of uct retention in BWR suppression pools has been
core damage. A lower drywell flooder and a contain. found to be very beneficial in reducing the amount
ment over pressure protection system were added to mit. of fission products released from the containment.
igate the effects of core damage in the unlikely event Even before specific numerical calculations had
that such damage should occur. The studies which lead

been performed, the potential benefits of a device
to these and other improvements are summanzed here. that would relieve contamment pressure through1

the suppression pool were apparent. Therefore, a
(1) Initial Probabilistic Risk Assessment containment ovry- relief feature was added

to the design to accomplish this function.
The initial PRA effort for ABWR Certification
indicated that the ABWR had abundant means of Examination of dominant severe accident se-

'

preventing severe accidents and mitigating their quences indicated several areas in which the
consequences and that the goals (Section 19.6) Emergency Procedure Guidelines could be im-
could be satisfied. However, key insights gained

proved for the ABWR. Prevention of accidents
from this effort led to the selection of additional can be improved in seismic initiated loss of offsite
features as desenbed in the following paragraphs.

power events by instructmg the operator to manu-

19.7 2
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ally operate heat removal system valves if trans- He CTG is designed to supply standby
former loss has made power operation of those power to the three turbine building (non-
valves impossible. Accident mitigation can be Class IE) 6.9 kV buses which carry the
improved for the ABWR accident sequences in plant investment protection loads. The |

which corium has penetrated the reactor vessel by CTG automatically starts on detection of a
,

filling the drywell with water to the level of the 30% voltage drop on the 6.9kV bus. The }
bottom of the reactor vessel, rather than to the top 6.9kV bus is tripped and the CTG ,

of the active fuel as done for earlier BWRs. sequentially assumes the loads.

(2) Feature Descriptions and Resulting Benefits CTU failure wiB not affect safe shutdown of
the plant. The unit is not required for safety i

As a result of the studies summarized above, four but is prmided to assist in mitigating the |

new features were added to the design to enhance consequences of a station blackout event.
the plant's performance under severe accident con- However, the plant can cope with a station
ditions. He added features are described in the fol- blackout without the CTG.

-|lowing paragraphs.
The CTG can supply power to nuclear

(a) AC-IkkwdstWaterAddition safety-related equipment if there is complete
failure of the emergency diesel generators

Two fire protection system pumps are pro- - and all offsite power. Under this condition,
vided on the ABWR: one pumpis powered the CTG can provide emergency backup
by ac power, the other is driven directly by a power through manually-actuated Class-1E
diesel engine. A fire truck can provide a breakers in the same manner as the offsite
backup water source. One of the fire protec- power sources. This provides a diverse
tion standpipes is cross-connected to the source of onsite AC power.

! RHR injection line to the reactor vessel
| through normally closed, manually operated (c) IAwer DryweH Flooder
| valves. From this line, fire protection water

can be directed to the reactor vessel after the The lower drywell flooder allows water from
reactor vessel has been depressunzed. Fue the suppression pool to enter the lower dry-
protection water can also be directed to the well during sesere accidents where core melt-

|
drywell spray header to reduce upper drywell ing and subsequent vessel failure occur.
pressure and temperature. Should drywell Several pipes run from the vertical pedestal
head failure occur (an extremely unlikely vents into the lower drywell. Each pipe

i

event, especially given the containment contains a fusible plug valve connected by a
'

overpressure protection feature discussed be- flange to the end of the pipe that extends
low), use of drywell spray also reduces the -into the lower drywell. In the unlikely
release of volatile fission products from the event that mohen corium flows to the lower
containment. drywell floor and is not covered with water,

the lower drywell atmosphere will rapidly
(b) Combustion Turbine Generator heatup. The fusible plug valves open when

the drywell atmosphere (and subsequently
A combustion turbine generator (CTG) the fusible plug valve) temperature reaches
starts automatically. It is automatically 260 C. The fusible plug valve is mounted
loaded with selected investment protection in the vertical position, with the fusible
loads. Safety-grade loads can be added man- metal facing downward, to facilitate the
ually. His provides diverse power if none opemng of the valve when the fusible metal
of the three safety-grade diesel generators are melting temperature is reached. When the

,

| available. - fusible plug valves open, suppression pool
water will be supplied through pipes to the -

The CTG is a standby onsite nonsafety lower drywell to quench the corium, cover
power source to feed permanent nonsafety the corium, and remove corium decay heat.
loads during loss-of-offsite power events. It The result will be a reduced interaction be-
is not seismically qualified. The unit also tween corium and drywell floor concrete
provides an alternate AC power source in which in turn will reduce drywell tempera-
case of a station blackout event. ture and pressure from noncondensable gas

generation. There will be less chance of

i
.
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overpressurizing the containment and caus- tems. The lower drywell flooder is virtu-

ing radionuclide leakage to the annosphere. ally invulnerable to a seismically induced ,

The lower drywell flooder is a passive injec- failure (pipes and valves whose likely fail- |
!

tion system. No opemtor action is required. ure mode would probably introduce water to
the lower drywell). The overpressure pro-

(d) Containment Overpressure Protection System tection system is seismic Category 1, and a
seismically-induced failure is not lil21y to

if an accident occurs which increases con- prevent the relief function provided by the

tainment pressure to a point where con- rupture disks.

tainment integrity is threatened, the pres-
sure will be relieved to the atmosphere by a (3) Emergency Procedure Guideline Improvements

line connecting the wetwell to the plant
stack. Providing a relief path from the Emergency Procedure Guidelines (EPGs) were im-

wetwell vaporspace precludes an uncon- proved in several areas. Two examples are de-
trolled containment failure. Directing the scribed here.

flow to the stack provides a monitored, ele-
vated release. The relief line, designed for (a) Accident Prevention
150psig, contains two rupture disks, in
series, which open at a pressure above the in a high fraction of seismically initiated

design pressure but below the Service station blackout sequences, diesel genera-

Ievel C capability of the containment. If tors are available to supply power to
overpressure occurs, the rupture disks will pumps in the heat removal system but ,

open and pressure is relieved in a manner lower voltage power -y for operation
'

that forces escaping fission products to pass of MOVs may not be available because of

through the suppression pool. Relieving transformer failure. The transformer seis-

pressure from the wetwell, as opposed to mic capacity is less than that of the EDGs.

the drywell, takes advantage of the fission Howevcz, the necessary valves can be oper-

product scrubbing provided by the sup- ated manually and this capability will be re- ,

pression pool. After the containment Ires- flected in the detailed procedures to be de- i

sure has been reduced and normal contain- veloped frun the EPGs.
ment heat removal capability has been re-
gained, the operator can close two normally (b) Accident Mitigation
open air-operated valves in the relief path to
reestablish containment integrity. EPGs developed for earlier BWRs call for

Initiation of the pressure relief system is the operator to fill the contamment to the !

tout 11y passive. No power is required for level of the top of the active fuelif the re- I

initiation or operation of the pressure relief actor vessel water level cannot be deter-

function. mined or cannot be mamtained above the
top of the active fuel. For an ABWR plant

(e) Seismic Capability of Added Features which has undergone a sevete accident, this
strategy can be improved. Filling the con- ;

After the above added design features were tainment to a lower level than the TAF is i

further developed, additional PRA studies ypuriste for two reasons. First, noncon-
were performed focusmg on seismically ini- densible gases in the contamment are com-
tiated events. De combustion turbine gen- pressed to a lesser degree and containment |

crator is not seismically qualified so no pressure is reduced compared to the earlier
'

credit was taken for its operation in the strategy. Second, filling the containment
analysis. The other three features have rela- to a lower level avoids flooding the con-

tively high seismic capacities. Most of the tainment overpressure protection system

ac-independent water addition system is and the potential for subsequent damage to

seismic Category I and has three pumping system piping if the rupture disk setpoint
sources: ac-driven pump, direct diesel- presstue is reached Derefore, the operator

driven pump, and a fire truck. The balance is directed to fill the containment to the
of the system consists of pipes and manu- level of the bottom of the reactor vessel.
ally operated valves which have relatively In the very long term, for post accident re-

high seismic capacity compared to many covery and clean-up operations, it would

components in conventional safety sys- probably be necessary to increase contain-

19.7-4
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i ment water level to an elevation above the tainment pressurization even with successful con-

! top of the active fuel. tainment heat removal. To prevent this possibil-
ity, a protective barrier around the sumps was;

In the process of preparing the PRA, human ac- added to the design. His barrier prevents the in-

|
tions were summarized and sensitivity studies gression of molten debris into the containment

,

j were preformed. An overview of this process is sumps in the event of a severe accident while al-

; provided in Section 19.11. lowing water to enter the sumps during normal
; operation. Several of the key safety functions,

(4) FurtherImprovements previously guivamed manually, were automated.
,

.

Subsequent to the above described improvements, (5) SummaryI

} several other imprmements were identified and in- i

i wiuad into the design. Probabilistic Risk Assessment studies conducted
'

i for the Advanced Boiling Water Reactor during the j
! The pressure capability of the drywell head was certification effort provided valnable insights to ,

| mcreased to increase the containment pressure ca- plant performance under transient and accident

i pability. Basaltic concrete was added to the lower conditions. Although the studies indicated that
'

j drywell to reduce the potential for non condensible the established safety goals could be satisfied, an

; gas generation which could result if core damage ac-independent water addition system and a com- ;

bustion turbine generator were added to the design
i occurs.
i to substantially reduce the probability of a se-

4 As a result of the fire PRA studies (Appendix quence of events which leads to core damage. To
19M) the capability to control automatic depres- reduce the potential consequences of a enre damage'

surization valves from the remote shutdown panel event, should one occur, a passive means of flood- ,
<

!

was improved. ing the drywell with water and a passive contain-
ment over pressure relief system were added to the |

4

j Based on studies of the potential effects of failures design. EPGs stre also improved to further en- ;
'

in Safety System logic and Control, surveihnce hance the capability to prevent accidents from oc-
. testing of microprocessor-based controllers was curnng and to mitigate subsequent consequences.
,

j mereased in frequency to quarterly to improve the

| ability to detect failures which are not detected by De studies discussed above were MM by ex-

j the continuous self-test feature. amining the plant design and operanon from many
different perspectives and thus are judged to consti-'

! As a result of the intemal flood PRA studies, sev- tute a thorough search for design and paucedse

i eral improvements or additional design detail were " vulnerabilities." No prescriptive attempt was !

j developed to reduce the potential for intemal flood- made to define the term vulnerabilities in this con- |

] ing to pose a sigmficant threat. These additional text, it being judged the better approach to give

i features, which are shown in Table 19R.6 2 in- engmeers exih+iin many disciplines a wide

j clude the following condenser bay water level latitude in identifying potential weaknesses and

i sensors to termmate serious flooding in the tur- then denhnpith each issue as it was raised case

i bine building; control building floor water level by case.

j sensors to terminate major potential flooding
sources; a limitauon on the reacice service water 19.7.4 Conduct of the PRA |

<

{ (RSW) pipe length to the first RSW isolation Evaluations 1

j- valve to limit the yater volume which could be I
dratned into the control building following The PRA was conducted in adacc with the |
isolation of an RSW break, and additional floor Key Assumption and Groundrules developed under the i

j drains, sills and doors in the reactor building to Advanced Light Water Reactor Program. This docu-
prevent floods from having significantimpact. ment was developed with input from many individuals

exiuwsx1in PRA.'

Consideration of severe accident phenornena indi-
:
j cated the ability to cool the core debris in the PRA models consisted of fault trees and event

lower drywell could be comyivmised if a signifi- trees as described in the "PRA Procedures Guide"
j cant debris mass were to enter the containment NUREG/CR-2300. Detailed plant models included

) sumps. If thecoredebriswerenotquenched, con- plant systems and equipment and dependencies arisingi

. j unued core concrete interaction with its resultant from common cause failure, human error and support i

i non-condensible gas generation could lead to con- {
|
.

.
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system failure, thus enabling potential vulnerabilities
to be identified.

19.7.5 Evaluation of Potential Design
Improvements

PRA techniques were used in the evaluation of
whether there are additional potential design modifica-
tions which would be cost-beneficial to implement
(Appendix 19P) and in the technical support of the
evaluation of Severe Accident Mitigation Design
Alternatives (SAMDA) for compliance with the .

National Environmental Protection Act (NEPA).
Evaluations used tie PRA event trees as a guide for es-
umatmg conservative benefits from a variety of poten-
tial modificaDons.

,
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| 19.9 COL LICENSE 3. When practical, enter 6e CUW rmm an@r the |
s * "*^i"**"* "8 *** ** "'*****'Y '*P""

!INFORMATION
'

. .
19.9,2 Confirmation Of CUW

'

A review was conducted to detennme scuons Operation Beyond Design Bases
|which will be completed by the COL applicant.
|

can be used to remove decay heat under acci- .

Tbe section represents the results of that review. dent conditions by bypassing the regenerative heat ex- |
changer as noted in section 19.3. This causes the non-

'

19.9.1 Event Specific Procedure For regenuadve hem exchanger to remove adim, nal heat. i
I Unisolated CUW Line Break However, this could lead to exceedmg the design tem- |

,

'

perature limits of the CUW nonregenerative heat ex- |
'

An unisolated reactor water cleanup system (CUW) changer and some portions of the piping of the CUWi

| line break, although very unlikely to occur (Subsection and the reactor building cooling water (RCW) systems. j
19E.2.3.3), could lead to reactor building flooding and ,

eventual depletion of ECCS water sources if the break When the design of the CUW and RCW systems i

'

could not be isolated. Auempting to control RPV water (including piping and support structures)is completed, I
'

level m, the normal range could lead to a continuous the COL applicant must confirm that if the CUW is op-
coolant outflow through the break since the CUW suc- erating in the heat removal mode, the following areas I

tion nozzle and the RPV drain line connection to the will remain functional while operating outside their de- !

suction line are below the normal RPV water level. sign basis temperature values- |

,

Since this is a very specific event, it was judged 1. De CUW nonregenerative heat exchanger. .

tnappropriate to complicate the symptom-based i

Emergency Procedure Guidelines (EPGs) with actions t 2. De CUW piping downstream of the regenerative l
mitigate the event. An event-specific procedure will be hem exchanga.

i

developed by the COL applicant using the following ;

I S"""" 3. ne RCW piping downstream of the nonregenera-/
* * * * * * E'

| 1. If a CUW break or leak occurs (as indicated by
room sump levels, high flow, temperature 4. He feedwater piping downstream of CUW injec-
mdication, radiation level) and successful autoinatic tion ~
or manualisolation does not occur (as i. dien&d by ;

Ilack of closed indication on at least one of the two 5. Piping suppons for the above piping.
CUW isolation valves or lack of zero flow mdica-
tion), the following actions should be taken. 19.9.3 Event Specific Procedures For

Severe hernal Ming
2. Scram and depressurize the RPV if these actions

have not occurred automatically. Attempt to close Internal Dooding is addressed m Appendix 19R.
the CUW isolation valves from the main control The site selection process will take into account the
room. Close the RPV drain line globe valve from

worst case predicted flood. Then grade level and flood
the main control room. Control RPV water level control methods (e.g., site gradmg) will be determmed
in accordance with the EPGs if at least one of the based on this predicted flood levet De grade level floor
CUW isolation valves is closed. The level should will be 0.3 meters above this predicted flood level.
be controlled between the top of the active fuel and Therefore, external flooding should not be a major
15 inches above the top of the active fuelif drain concern for the ABWR. To further reduce the
line closure is not successful. (The RPV drain line
connects to the CUW suction line at this eleva- suscepubility of external floods, plant and site specific

Procedures will be developed by the COL applicant for
tion). If drain line closure was successful, control severe extemal Dooing using the foHowing guidelines:

I water level between the top of the fuel and 5 feet
above the top of the fuet (The CUW suction line

1. Check the closed the watertight door between the
is about 6 feet above the top of the fuel). Use the tubine andMce buildings;
temperature compensated fuel zone and wide range
water Icvel indication and pumps which can be 2. Sandbag the extemal doors to the following-
throttled (CRD, RHR, condensate pumps).

C
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a. Reactor building. 19.9.7 Procedures And Training For |

b. Control building, Use Of AC-Independent Water
c. Senice building. Addition System
d. Pump house at the ultimate heat sink,
c. Diesel generator fuel oil transfer pits, and Specific, detailed procedures will be developed by
f. Radwaste building; the COL applicant for use of the AC-independent water

iaddition system (including use of the fire truck) to pro-
3. Plug the diesel generator room floor drains to pre- vide vessel injection and drywell spray. Training will

vent backflow; be included in the COL applicant's crew training
Progan.

4. Shut the plant down; and

19.9.8 Actions To Avoid Common
5. Use power from the diesel generators or CIO if Cause Failures In The Essential

offsite power islost. Multiplexing System (EMUX)
Any underground passages between buildings To reduce the potential for significant EMUX i

would not be affected because they are required to be wa- common cause failures,(see Subs:ction 19N.4.12),the ;

tertight. COW 1ieill & M11piptions-

19.9.4 Confirmation Of Seismic
1. To eliminate remote multiplexing unit (RhW) }Capacities Beyond The Plant Design miscalibration as a credible source of EMUX

Bases common cause failure, admimstrative procedures
will be established to perform cross-channel check-

ne seismic analysis assumed seismic capacities ing of RMU outputs at the main control room
,

for some equipment for which information was not safety system logic and control instrumentation, as
available. It is expected that these capacities can be a final check point of RMU calibration work.
achieved, but confirmation must be deferred to the COL
applicant when sufficient design detail is available. De 2. To prevent any unidentified EMUX faults / failure
actions specified in Section 19H.5 will be taken by the modes (e.g., an undetected software fault) from
COL applicant. propagating to other EhRJX disisions, the plant

operating procedures will include the appropriate
19.9.5 Plant Walkdowns detailed procedures necessary to assure that the

ABWR plant operations are maimained in compli-
A plant walkdown to seek seismic vulnerabilities ance with the governing Technical Specifications

will be conducted by the COL applicant in accordance during the periods of disisional EMUX failure.
with EPRI NP-6041 as noted in Section 19H.5. nis will assure that such umdentified faults are ef-

fectively eliminated as a credible source of EMUX
Sirrtlar walkdowns will be conducted by the COL common cause failure. These procedures will also

applicant for internal fire and flooding events. include the appmpnate symptom-based operator ac-
,

tions to assure that adequate core cooling is main-
19.9.6 Confirmation Of Loss Of AC tained in the hypothetical event of an entire
Power Event EMUX system failure.

ne COL applicant will confirm the frequency es- 19.9.9 Actions To Mitigate Station
timate for the loss of AC power event (Subsection Blackout Events
19D.3.1.2.4). nis review will address site-specific pa-
rameters (as indicated in the staffs licensing review ba- It was necessary to make several assumptions in
sis document), such as specific causes (e.g., a severe the assessment of plant performance under station
storrn) of the loss of power, and their impact on a blackout conditions as noted in Subsection 19E.2.1.2.
timelyrecoveryof ACpower. The following actions will be taken by the COL appli-

cant to confirm these assumptions-

1. Confirm that the minimum condensate storage
tank volume is 570 cubic meters.

O
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( 2. Develop battery loading profiles to define appro- Plants Agamst The Egects OfPostulated Pipe
\ pnate load shedding during station blackout to en- Rupture.

sure that RCIC can be operated for at least
! 8 hours. It is expected that compliance with COL b. The floor drain sizing must be able to drain the
i license infarmation item 8.3.4.16 will satisfy this highest flow rate in that area without allowing

reed. flood buildup to reach installed equipment (i.e.,
less than one foot) and also prevent accumula-

.
3. Perform analyses to confirm that RCIC room tion in one area flowing to another area con-

| temperature will not exceed equipment design tem- taining equipment from a different train or disi-
! perature without room cooling for at least S hours. sion.

4 Perform analyses to confirm that control room c. The size and number of floor drains should ad-
temperature will not exceed equipment design tem- dress the probability of some drains becoming
perature for at least 8 hours without room cooling. clogged with debris.

5. Develop procedures for the emergency replenish- 4 Procedar-s for maintenance of watertight integrity
ment of gas supply for safety-related, pneumati- of buildings and rooms especially during shutdown
cally operated components. A discussion of the conditions.

| types of actions which could be taken is in
Subsection 19E.2.1.2.2.2(2)(b). 5. Procedure to ensare that if flooding occurs in an

ECCS divisionalroom that the watertight door to
19.9.10 Actions To Reduce Risk Of the affected room will not be opened until water-
Internal Flooding tight integrity of the remaining ECCS rooms is

assured.

In the unlikely event of significant flooding from
mternal somces (addressed in Appendix 19R) such as the 6. Complete a site specific analysis for potential
ultimate heat sink, suppression pool, condensate storage flood sources and required t titigation features

[ tank, or fire water system, actions will be completed by

( the COL applicant to ensure that the following can be 19.9.11 Actions To Avoid Loss Of
performed to mitigate flooding in the turbine, control, Decay Heat Removal And Minimize'

and reactor buildings: Shutdown Risk

1. Training on isolation of potential flooding To reduce the potential for losing shutdown decay '

sources, heat removal capability (addressed in Appendix 19Q),
procedures will be prepared by the COL applicant for the

2. Maintenance of pump trip and valve isolation ca- following-
pability of potential unlimited flood sources
should be controlled to assure that flood mitigation 1. Recovery of failed operatmg RHR system.
capability exists at all times. If pump trip and
valve isolation capability is unavailable, proce- 2. Rapid implementation of standby RHR systems if
dures to monitor applicable piping lines for leak- the initially operating RHR system cannot be re-
age must be implemented and replacement / repair of stored.
failed components must be completed as soon as
possible or other mitigative features must be im- 3. Ensuring that instrumentation associated with the
plemented. following functions is kept available if the system

is not in maintenance:
3. Sizing of floor drains must be adequate to accom-

modate all potential flood rates. In sizing the floor - RPV isolation valves
drains, the following considerations must be ad- - ADS
dressed. - HPCF

- LPFL
a. The maximum volume and flow rate of poten- - RPV water level, pressure, and icu4 mime

tial flood sources on each floor must be calcu- - RHR system alarms
lated based on ANSF/ANS 58.2, Design Basis - EDG
For Protection Of Light Water Nuclear Power - Refueling interlocks

(.
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- Flood detection and valve / pump tnp circuits The procedure shoald be developed along the following

lines- |

4. Use of ahemate means of decay heat removal using
non-safety grade equipment such as reactor water 1. Station operation personnel and provide communi-
cleanup, fuel pool cooling, or the main condenser. cation at areas for manual operation of the RCIC

suction valves (CST suction and suppression pool
5. Use of alternate means for inventory control using suction), RCIC turbine trip and throttle valve,

non-safety grade equipment such as ac-independent RCIC turbine steam adminsion valve, outboard
water addition, CRD pump, and main feedwater and steam isolation valve, RPV injection valve, turbine
m a h te speed control panel, and the Remote Shutdown

System.
6. Recovery from loss of offsite power.

2. If the RCIC steam isolation vakes are closed, open
7. Boiling as a means of occay heat removal in Mode these valves from their MCCs. If necessary, dis-

5 with the RPV head removed including available connect power to the outtoard steam line isolation
make-up sources. valve and open it using the valve's manual

handwheet
8. Conducting suppression pool maintenance, espe-

cially as it relates to reduced availability of ECCS 3. Disconnect or de-energtze all contml signals to and
suction sources. from the turbine.

9. Fire /Dood w:uches during periods of degraded safety 4 Close the turbine trip and throule valve.
division physicalintegrity.

5. Disconnect power to the motor-operated suction
10. Ensuring that at least one division of safety equip. valve (CST or suppression pool, as required), steam

ment is not in maintenance and its physical barri- admission valve, and manually open these valves
ers are intact if the other two divisions are in main- using their handwheels.
tenance or are potentially subject to a common fire
or flood. 6. Use a portable speed sensing instrument to monitor

turbine speed.
I 1. Fire fighting during shutdowri.

7. Manually manipulate the trip and thronle valve and
12. Use cf remote shutdown panel while the plant is manually open the RPV injection valve using their

shutdown. handwhe;1s. Maximize injection flow by manipu-
lating the trip and throttle valve and operate the tur-

To reduce other risks during shutdown. pmcedures bine below the overspeed trip value. If the turbine
will be prepared by the COL applicant for the follow- trips on overspeed, reset the trip and throttle valve,
ing- and manipulate this valve to operate the turbine.

1. Firefighting with part of the fire protection system 8. Monitor RPV water level at the Remote Shutdown
in maintenance. System. Maintain RPV water level between Level

3 (low level) and Level 8 (high level).
2. Outage planmng using guidance from NUMARC-

91-016, 19.9.13 ECCS Test And Surveillance
Intervals

3. Use of freeze seals and RIP and CRD replacement.

7he test and surveillance intervals assumed in the
19.9.12 Procedures For Operation Of PRA are documented in Tables 19D.6-1 through 19D.6-
RCIC From Outside The Control Room 11. ne COL applicant will develop a plan and imple-

ment procedures for identifying significant departures
in the PRA fire analysis (Subsection 19M.6.2) from these assumptions.

credit is taken for operation of RCIC from outside the
control room. De COL applicant will develop proce- 19.9.14 Accident Management
dures and conduct traimng for such RCIC operation.

As noted in Section 19.11, the human actions for
which credit has been taken in this PRA have been

Amendmern 2E 19.9-4
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l compiled (Section 19D.7) and checked against the emer-

) gency procedure gmdelines. Some of these are judged to
be sufficiently important to warrant separate COL action i

4

4 items in this section (see Subsections 19.9.1, 19.93, j
1I 19.9.11). All of the human actions identified should be

| reviewed by the COL applicant so that detailed proce-
dures can be developed and the appropnate training con-

! itrwi

.

Directions and guidance for operation of the con-

j tainment overpressure system (COPS) shutoff valves

j should be developed. Appropriate care should be taken
in the development of these pmcedures to ensure that the ;

a

i recovery of containment heat removal or containment |

j sprays do not induce late containment structural failure. r

If a suppression pool water level of at least one meter;
above the top of the top honzontal connecting vent can4

l be maintained following COPS operation, the COL
applicant may wish to consider leaving the shutoff

|) valves open until after recovery of Containment Heat
1 Removal since the fission product release will be

i dominated by the initial noble gas release. In addition,

] the pmcedure for closure of the shutoff valves should

i include steps for the re-introduction of nitrogen into the

j containment. -In developing accident mitigation
; strategies, the COL applicant may wish to examine the
; potential benefits of drywell spray operation if the

containment fails in the drywell. Source termi

j calculations, such as the one in 19E.2.2.8 indicate the

i release to the nrnwehMe may be substantially decreased

j by ininarmg dryell sprays after fission product release
begins.<

4

f{
For human actions which are taken that rely on in-

strumentation which may be operating outside of the
j qualification range, the expected performance of the
; instrumentation should be determired and additional
j gnetarre provided to the operator if needed.
i

i Accident management strategies should consider

j the potential for recriticality during the recovery.
Recriticality could occur either as a result of baron dilu-?

| tion in an ATWS event or as a result of control blade re-

i locanon during the recovery of a badly damaged core. A
possible strategy could be a caution for the operators j

j and/or technical support staff to monitor the power level |

j (perhaps indtrectly via the rate of containment pressur- )
J ization) and emer ATWS prmwiwes as r-y. |
1

19.9.15 Manual Operating of MOVs
,

) As noted in Subsection 193.3 (3)(a), manual
operation of MOVs can be used to improve the |

;
availability of decay heat removal. The COL applicant<

j will implement p nos for such an operation.

1
4

-

1
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19.10 DESIGN AND RELIA- as an integral part of the RCW/RSW fault tree for each
didsi n. Rehabhy of the RCW/RSW gstem m each'

BILITY ASSUMPTIONS AND division was calculated to be 0.9997 m, successfully

INSIGHTS RELATED TO supporting the ECCS injection function (single train

SYSTEMS OUTSIDE OF ABWR success) and 0.991 in successfully supporting the heat
removal function (two train success criterion).

DESIGN CERTIFICATION
An RSW isolation valve at the discharge of each

De systems for which credit was taken which are pump and in the common header line on the discharge
outside of the ABWR design certification are those por- from both pumps are assumed to automatically close on
tions of the reactor service water (RSW) system outside a high water level (0.8 meter) in the control building
of the control building including the safety related ulti- RSW/RCW rooms. In addition, anti-siphon valves are
mate heat sink (URS), the power cycle heat sink, parts located in the system to ensure that RSW flow will stop i
of the offsite power system, and the fire truck which when the RSW pumps are tripped and the isolation l

supplies the ac independent water addition system. valves remain open. The reliability assumptions for
**

19.10.1 Reactor Service Water (RSW)
System and Safety Related Ultimate 19.10.2 Reactor Service Water (RSW)
Heat Sink (UHS) Assumptions System and Safety Related Ultimate

Heat Sink (UHS) Insights
| De configurations of the RSW system and UHS The design features and capabilities of the RSW
l as defined by ABWR system drawings and design per- System and UHS contribute to the reliability of decay
! formance specifications provided the bases for PRA fault heat removal and ECCS injection. If a transient is ini-

tree modeling and evaluation. He total heat removal tiated by an internal event or a seismic event while the
capacity of these configurations is sufficient to remove plant is at power, loss of heat removal is one potential
heat loads associated with emergency shutdown and threat which must be considered.
post-LOCA core and containment cooling.

While the plant is shutdown and the containment
! he design features and capacities of the RSW sys- is open, .hutdown cooling and/or fuel pool cooling pro-,

k tem are such that any one division can provide sufficient vides decay heat removal. Insights from the shutdown
cooling capacity toremove decay heat provided that two risk study in Appendix 19Q indicate that there are mul-

! RSW pumps, two reactor building cooling water tiple means of removing decay heat during shutdown.
(RCW) pumps. and three RCW heat exchangers in that Even if all decay heat removal systems fail, the core can
division are in operation. In addition, one RCW and be kept covered by injecting water into the reactor vessel
one RSW pump, and two RCW heat exchangers provide using any of several systems and allowing the water in
sufficient cooling capacity to support the core cooling the RPV to boil. Appendix 19Q provides guidelines on
(injection) function for ECCS equipment in a division. what systems may be maintained during shutdown while
Rese assumptions were made in both internal event and still maintaining an acceptably low risk due to loss of

,

seismic analyses. Developing a plan and implementing the opa:ratmg decay heat removal system. ;
!procedures for validating these capabilities are COL in-

terface items. The configuration and capabilities of the RSW
System and UHS also contribute to the reliability of

nose portions of the RSW System that are emergency core cooling system performance by remov-
outside of the control building are not in the ABWR ing heat from the Reactor Building Cooling Water
scope and are described as interface requirements. (RCW) System as described in the preceding section.
Outside the control building, the pun'ps, strainers,
valves, instruments, and controls are located in the UHS In the event of an RSW line leak in the control
pump house. Piping connects those portions of the building RSW/RCW room, floor water level detectors
RSW system in the UHS pump house and the control alert the operator, trip the RSW pumps and close the
building. Rough not part of the certified design, these isolation valves in the affected division. Insights from
components are modeled in the level 1 PRA based on the flooding probabilistic risk assessment indicate that
RSW system drawings and specifications. Modeling is - either the pump trip or isolation valve closure features
presented in Figure 19D.6-14 and component reliability (either automatically or due to operator action) must be

,

| assumptions are documented in Table 19D.6-6. These successful in twiuating the flood in order to reduce the
out of scope portions of the RSW system were modeled risk from control building flonding. For pump tripping

Amendmern 28 19.104
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alone to result in termination of the flood, anti-siphon 19.10.7 Fire Truck Assumption
valve (s) should be included in the RSW system design.

De fire truck provides a backup water source for the ac-
ne design of the RSW pump house must ensure independent water addition system. As noted in

that no more than one division of RSW will be affected Subsection 19.3.1.5.2 an overall reliability for fire wa-
by a break in a RSW line. ter injectian was taken as 0.9 for transients. This relia-

bility is controlled by operator error rather than equip-
19.10.3 Power Cycle Heat Sink ment availability. It is judged that the following reha-

Assumptions bility targets (availability on demand),if satisfied will
support the injection function assumed in the PRA-

These assumptions are noted in Table 19D.4-2. They
relate to the ability to recover the heat sink given that it fire tniet 0.9

diesel driven fire water pump: 0.9
has been lost.

19.10.4 Power Cycle Heat Sink These values should be achieved if the actions noted in
the PRA input to reliability assurance (Appendix 19K)Insights are included in the reliability assurance program.

He circulating water pumps are tripped in the event of a 19.10.8 Fire Truck Ins. hts.

ig
turbine building flood. This trip is expected to be suffi.
ciently reliable to assure a negligibly small addition to The ac-independent water addition system was
the inadvenent plant trip frequency. Beyond this obser- added to the original ABWR design to provide a diverse
vation, no special attention to the power cycle heat sink and seismically rugged means of adding water to the
is needed from a PRA perspective.

reactor vessel and spraying the drywell. Because ofits

19.10.5 Off-Site Power Assumptions importance, it is included in the PRA input to the
reliability assurance program (Appendix 19K), and its
use should be included in the applicants training

These assumptions are noted in Subsection program. The later is included as an action item in
19D.3.1.2.4 A value of 0.1 loss of offsite power

Section 19.9.
events per year was assumed. representing a 90% conr'.
dence value. Credit is also taken for offsite power re-
covery and diesel generator recovery, based on operatmg
experience. Most of these assumptions are more reflec-
tive of the offsite power grid than equipment at the
plant. However, Subsection 8.2.3, paragraph (4) is an
interface i%suuent to analyze the site specific incom-
ing power line configuration relative to the PRA as- f'sumption. Switchyard equipment inspections are in-
cluded in the PRA input to the reliability assurance pro-
gram (Appendix 19K).

19.10.6 Off-Site Power Insights

De ABWR has three separate safety-grade divi-
sions of ECCS including one division with an RCIC
which does not require ac-power. He ABWR also has a
combustion turbine generator that can supply AC power
to the ECC systems in the event of a loss of offsite
power and failure of all three diesel generators. Finally,
the ac-independent water addition system can be used to
maintain core cooling. Therefore, the results of the
internal event and seismic event evaluations are not
particularly sensitive to assumptions about off-site
power

O\
19.10-2
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( 19.11 HUMAN ACTION
'~' OVERVIEW

Several functions, previously performed manually,
were automated to reduce the dependence on human
actions. In addition, other studies were performed to
provide an improved understanding of human actions in
the PRA.

Sensitivity studies of the core damage frequency
resulting from the level 1 analysis were conducted
(Section 19D.7). From this study, four human actions
after accident initiation were found to be the most
imponant. They are actions taken to provide water
injection to the reactor vessel if the several automatic
injection features fail to accomplish this function.

In addition, the PRA was reviewed to compile a
list of human actions which were assumed in other parts
of the analysis (Section 19D.7). From this list and the
above mentioned sensitivity studies, actions were
identified which should be given consideration as being
'' CRITICAL TASKS" as defined by the human factors
evaluation Design Acceptance Criteria, as noted in
Section 18E.2. These human factors are listed and
discussed in Section 19D.7.

(G) The human actions lists were also resiewed to,

L/ ensure consistency with the ABWR emergency
procedure guidelines (Appendix 18A). This resiew is
documented in Appendix 18F. Some of the actions are
not appropriate for inclusion in the syn :: n based
emergency procedure guidelines. "Ihese ar. beluded in
the COL applicant action item list in Section 19.9
* COL License Information."

|
!

f' %

$v\
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i 19.12 PRA INPUT TO THE
i ' RELIABILITY ASSURANCE

PROGRAM'

1

; The major results of the PRA were reviewed to "]
,

! determine the reliability and maintenance actions that ;

should be considered by the COL applicant throughout'

j the life of the plant. His review is documented in |

,
Appendix 19K. ;

1 I
| The Level 1 analysis results were reviewed by

examming two importance measures ("FusseII-Vesely" ;.

{ and " Risk Achievement Worth"). Individual systems ;

and components were identified as being most important j|
(Table 19K3-1).

: |

!
| The balance of the PRA was reviewed (Sections
? 19K 4 through 19K.10) to determine other important
! features not addressed in the I.evel 1 analysis.
1

j De most important features thus identified were
finally reviewed to determine appropnate maintenance'

! and surveillance actions (Section 19K.11).

j

i

l

i |

:

, ,

1 i

i |
!

!

i.
N

:

b
4

s

i
i "

4

.

d
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!' 19.13 SUMMARY OF INSIGHTS even though it could be argued that satisfying the j
goals of Section 19.6 was sufficient. Improvements ;

GAINED FROM THE PRA were made in many areas, including for example the
automation of several accident prevention functions, !

*Ihe PRA was conducted with several objectives the addition of a combustion turbine generator to ;

in mind: improve power supply divenity, the addition of an ac !

independent water addition system to improve accident j
(1) To ensure that the PRA-related goals in the prevention and mitigation, and the addition of two

ABWR Licensing Review Bases established in passive accident mitigation features (the lower drywet ;

1987 were caridied. flooder and the containment overpressure protectic r. ;
'

system) which substantially address uncenaintirs
(2) To review and improve the design capability for associated with severe accident progressir n. ,

potential weaknesses or relative vulnerabilities, Procedural improvements were also identified. Ms ny t

not withstanding the achievement of the other examples are cited in Section 19.7 to illustnte |

! Licensing Review Bases goals- the manner in which PRA techniques were used |
| throughout the design process to improve the design. [
| (3) To identify the most important aspects of the
| design and its operation so that particular 19.13.3 The Most Important Aspects

attention can be placed on these aspects during of the Design
cenifcanon, detailed design and plant operation.

,

The ABWR design and its operation was
(4) To provide additional basic studies which were reswed to detenmne the feannes and opata acdons ;

not anticipated when the Licensing Review Bases which are most important from a PRA perspecuve.
,

was ectahlicheA-- Applying additional focus in these aspects can provide
coddence that ABWR opadon wG k as accident

(5) To provide uncertainty / sensitivity studies of key resistant as chneedmi by the PRA.
resuhs.

The potential for human error was reviewed ,

| The objectives were achieved as noted in the following extensively (Section 19.11) to ensure that
i

subsections. CRITICAL TASKS" were identified for the human i

factas Mgn Ampsce Criteria and to ensure that ]19.13.1 LicensinE Review Bases human acuons are covered by the emergency ;

Goals procedures guidelines or other, more specific
'

These goals were established to ensure that an
appwpase balance between accident prevention and The PRA results were reviewed to determine
accident mitigation is achieved by ABWR. 'lhe goals which surveillance and maintenance activities are most
(Table 19.6-1 provides a summary) focus on mportant with respect to assuring that PRA
prevention (core damage frequency less than 10-5 er assumptions will be valid throughout plant lifep
year), mitigation (avoiding containment failure from (Section 19.12).
several potential threats) and offsite consequences (as
measured by offsite doses, consequences, conditional 19.13.4 Additional Studies
containment failure probability, and the Safety Goal i

Policy Statement). Several additional studies which were not |
'

anticipated in the original Licensmg Review Bases
Measurement agamst these goals and the features were conducted to funher review the robusmess of the

which are important in achieving the goals are ABWR design. ,

discussed in detail in Section 19.6. The goals are j
satisfied, indicating a very robust design with an The potential for internal fires to lead to core !

excellent balance between accident prevention and damage is studied in Appendix 19M. The basic i

mitigation feannes. ABWR features of cemreing the three safety divisions
into individual fire zones ond the ability to control key

19.13.2 The Search for Vulnerabili- rystems from outside the control room are the major
ties reasons that very low core damage frequencies are ;

'

calenkteA
As noted in detail in Section 19.7, the PRA

process was used extensively to improve the design,s

Amendmets S 19 13-1
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Internal flooding is investigated in detail from Uncenainties associated with severe accident pro-
both a deterministic and probabilistic perspective in gression were examined in detail through the use of
Appendix 19R. Divisional and building separation containment event trees supplemented by decomposi-
along with other key flooding mitigation features are tion event trees. The latter were used to study the po-
identified which lead to the conclusion that there is a tentail for different outcomes of various severe accident

i

| very small threat posed by intemal flooding. General events. The results show that the ABWR design is
guidelines for addressing the potential for severe very robust. Analysis of phenomena such as direct

i external flooding are provided in Section 19.9. containment heating were performed which indicate

| that the probability of occurrence with significant

| A seismic analysis (Appendix 19I) was conducted magnitude to fail the containment is very small. The

| to assess the potential for seismic events beyond the design is not sensitive to assumptions affecting debris

| design basis to lead to core damage. It was determined coolability due to its high strength and lower dryell/
' that there is high confidence in a low failure pedestal design. "Ihe studies also demonstrated that the

probability, even at ground accelerations approxi- features of the ABWR design substantially reduced the
mately two times the plant seismic design basis. Key uncertainty associated with many severe accident
components and their seismic capacities are identified phenomena. In many areas, these studies were
so that the COL applicant can review the design conducted in greater depth than studies with similar
capability against those assumed in this margins objectives reported in NUREG-1150 and its supponing
analysis, documents. In addition, the basis for the judgments

made is described in detail.
An assessment of the potential for core damage

to result from ABWR operations while shutdown is 19.13.6 Systems and Effects Not
documented in Appendix 19Q. Potential precursor Modeled in the PRA
events are reviewed for their applicability to ABWR
and several ABWR features are noted which reduce the 19.13.6.1 Equipment Aging
risk from activities conducted while shutdown. A
decay heat removal reliability study is conducted to Aging or other deterioration of cables, pipes,
provide input to the COL applicant as to which walls and structures is not directly addressed in the
complements of decay heat removal and water addition analysis or in the RAP. It is expected that routine
systems could be kept available while shutdown o maintenance and inspection of equipment for in service
reduce the risk of core damage resulting from the loss inspection requirements and plant walkdowns will
of an operating RHR system. identify deterioration of cables, pipes, walls and

suppon structures to the extent that such deterioration
19.13.5 Uncertainty and Sensitivity would reduce the safety of the plant. It is assumed that
Studies detection of any deterioration of this equipment will

lead to prompt corrective action to return the
Following quantification of the level 1 PRA, a equipment to its as-designed condition.

data uncertainty study was performed (Section
19D.10). The level I results show a mean core 19.13.6.2 Plant Control System and
damage frequency of about 1.5E-7 events per year. Control Room
Thus the effect of data tmcenamty is relatively minor.
The most important contribution to the uncenainty is The plant control system and control room are not
that RCIC maintenance activity. This activity is directly modeled in the PRA, although the RPS and
addressed in the PRA input to reliability assurance other risk significant systems are modeled. The
(Appendix 19K). control system impact on safety will be pnmarily

through the potential to cause transients as initiating
A companson of the level 1 quantified results to events. The ABWR control system is expected to be

those for Grand Gulf was also developed to document more reliable than control systems of operating
the major reasons for reducuons in the frequency of the BWRs, because of additional redundancy and frequent

various accident classes (Section 19D.11). The self-checking of control circuits and components.
sensitivity of the results to equipment outage times Therefore,it should not be a significant contributor to
and surveillance intervals was also considered (Section plant transients.

19D.9). The contribution of human errors was
compared to the contribution from an operatmg plant The control room is being designed with human
and found to be substantially lower. factors considerations, so the ability of operators to

take proper corrective action in abnormal situations
will be greater than that in operating plants. The

Amendmem '2B 19.13-2
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analyses have considered conservative values for !
operator actions, so the enhanced control room design i

is not expected to negatively impact plant safety and
- does not have to be explicitly modeled in the PRA.

; 19.13.6.3 Equipment Lubrication Systems !

| |
i,

' Equipment lubrication by active subsystems, i
fincluding tube oil pumps, has been reviewed with

regard to the possibility that several different loops or
divisions of safety related equipment could be
simultaneously disabled by a single failure. The lube
oil pumps within a given division of a safety related
system, such as in the RHR system, are powered by
the same electrical division that powers the pumps.

| Thus, loss of one electrical division would only
disable one division of the RHR system or another' ,

multi-division system. It is' judged that detailed |
modeling of lubrication systems is not necessary, as !
long as the failure rate for a given equipment item -|
includes the failure of its lubricating system. |

|
!

,

I

i

t

!
|

!

!

l !

i

|

|
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19D.3 INPUT DATA (4) Whether or not an automatic -cram signal is
| generated.
'

19D.3.1 Initiating Event Frequencies
These four conditions are encompassed by the four

Initiating events and expected frequencies used in transient initiating events used in this analysis:
the ABWR PRA are presented in Table 19D3-1.
These values incorporate the design requirements (1) Non-isolation event;
prescribed in the Advanced Light Water Require-
ments Document (Reference 1) of a maximum of - (2) Isolation / loss of feedwater event;
one anticipated transient per year which results in re-
actor scram. From the time of the scoping analyses (3) Inadvertent (stuck) open relief vah c; and '

documented in WASH-1400 (Reference 2), four )
types ofinitiating events of dominant significance (4) Loss of offsite power. 1

; have consistently been identified: 1) shutdowns; 2)
,

! transients (scrams); 3) losses of offsite power; and 4) 19D3.1.2.1 Non.lsolation Events |

loss of coolant accidents (LOCAs). These are the
. |

| primary initiating events investigated in this analysis. All events that do not result in an isolation of the I

| reactor due to closure of MSIVs or failure of all tur- i
! 19D3.1.1 Manual Shutdowns bine bypass valves are included in this group. A tur- |

| bine trip with bypass is selected to represent the |
| Planned and unplanned manual shutdowns are plant response for this group due to its relative sever- 1

I
! controlled activities which present very mild chal- ity and frequency.

lenges to the plant and seldom place demands on any
standby safety equipment. These events are included 19D3.1.2.2 Isolation / Loss of Feedwater Event
in the analysis because of their frequency and since j

they do represent changes in operating states which All events that result in closure of the MSIVs j
could result in the initiation of accident sequences. except LOCAs and losses of offsite power are in- i

On the basis of information provided in a 1985 analy- cluded in this group, as are turbine trip and load re-
sis of operating plant data (Reference 3), a value of jection transients with assumed failure of all turbine

|
one event per year wasjudged appropriate to present bypass valves. In addition, since the challenge to k

| an average of all annual scheduled and unscheduled ECCS for loss of feedwater events is very similar to )
l controlled shutdowns in a mature ABWR plant. that for MSIV closure events, these events are also e

included in this group. |
19D3.1.2 Transients . I

19D3.1.23 Inadvertent (Stuck) Open Relief Valve
The transient initiating events included in this (IORV)

analysis encompass all types of unplanned scrams
that have been encountered at operating BWRs. This event begins with one or more relief valves
The factors in the initiating event that would signifi- opening and remaining open while the reactor is
cantly affect the ensuing sequence of events are the . under otherwise normal operating conditions. It is
following- the only initiating event considered where there is no

immediate automatic scram signal.
(1) Whether or not the reactor has been isolated

due to MSIV closures or failures of turbine 19D3.1.2.4 Loss of Offsite Power
bypass valves;

The loss of offsite power event is defined as a com-
(2) Whether or not feedwater has been lost; plete loss of power from the grid. It requires the

startup and use of emergency diesel generators to
(3) Whether or not offsite power has been lost; provide power to plant systems until external power

and to the plant is recovered. Offsite power loss could be

g due either to grid failure or failure of plant connec -

' Amendment 22 19D 3-t -
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tions to the grid. 19D3-1 are the same data used in the GESSAR 11
PRA (Reference 5) and are based upon the Reactor

The expected loss of offsite power frequency and Safety Study (Reference 2). Expected frequencies
outage time distribution were derived from data pre- for the three break size categories are a matter of
sented in Reference 4. The total frequency of 0.1 considerable uncertainty. The GESSAR values for
per year for this event represents the upper 90 the medium and large break categories correspond
percent confidence bound. The data, documenting closely to the WASH-1400 values. Because of the
57 loss of offsite power events, are based upon different definitions for the small break LOCA,
7323 site years of operation. however, the GESSAR value for the small break

category is much smaller than the WASH-1400
The remainder of the 1.0 transients per year value.

ABWR design goal (0.9/ year) was prorated between For the ABWR analysis, breaks or leaks that are
the remaining initiators (Non-Isolation, Isolation, so small that they do not result in reactor trip on
and lORV) on the basis of information in Reference high drywell pressure are not considered as LOCAs.
3. Data chosen were the averages presented for the By this definition, the expected frequency of small
eighth year of BWR operation. These values were LOCAs is much smaller than the WASH-1400 value,
selected as being representative of a typical mature
BWR since they are the average of data for the After reviewing available information in other
eighth year of operation of twenty plants, include 97 PRAs, it was judged appropriate to use the GESSAR
scrams, and are typical of other mid-life years. values in ABWR event tree evaluations.

19D3.13 less of Coolant Accidents 19D3.13.2 LOCAs External to Containment

Three types of coolant t.ccidents (LOCAs) were The LOCAs external to containment were studied
considered for the ABWR: LOCAs within con- and the results are discussed in Subsection 19E.233.
tainment; LOCAs external to containment; and The risk associated with external LOCAs is
LOCAs in low pressure piping systems interfacing calculated to be a very small fraction of the total risk
with high pressure piping systems connected to the of severe ac-idents evaluated in the PRA.

| reactor pressure vessel (RPV) - - also known as Therefore, the external LOCAs are not analyzed
interfacing LOCAs. separately as initiating events for the PRA.

19D3.13.1 LOCAs Within Containment 19D3.133 LOCAs in Interfacing Systems

As in a number of previous PRAs, the ABWR Piping and components in the interfacing systems
evaluation considers three sizes of inside contain- are designed for pressures which are much lower
ment LOCAs (small, medium, and large) which are than the normal RPV pressure. However, certain
established on the basis of reactor core cooling equipment failures or operator errors can subject
success criteria. The small break LOCA category these pipes to Ibc normal RPV pressure and cause a
represents break sizes characterized by very slow or potential for LOCA in the interfacing system. To
no vessel depressurization and small gradual prevent such LOCAs, piping in interfacing systems
inventory loss similar to a transient. The medium for accepted practical regions has been redesigned
break category differs from the small in that reactor on an ultimate rupture strength basis to withstand
coolant inventory is lost at a substantially greater normal RPV pressure. Therefore, these systems are
rate such that RCIC has insufficient capacity to not expected to rupture and the interfacing system

| maintain water level. For the medium break LOCAs, which are discussed in Subsection 19B.2.15,
category, the initial depressurization rate is are not a concern for the ABWR plant. So
sufficiently slow to require manual safety relief valve interfacing LOCAs are not analyzed separately as
actuation (either ADS or non-ADS) for rapid initiating events in the PRA.
depressurization. The large break LOCA is of
sufficient size to provide rapid depressurization 19D3.1.4 Other Potential Initiators
without the use of safety relief valves.

| Several other potential initiating ever.ts were
'

LOCA initiation frequencies corresponding to evaluated for inclusion in the PRA. These events,
ABWR success criteria and presented in Table and the reasons for not including them in the

Amendment h 19D 3-2
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D | baseline PRA calculation, are discussed below. (3) Reactor vessels are subjected to periodic in-

( spections,in accordance with Section XI of the
' 19D.3.1.4.1 Reactor Pressure Vessel Failure ASME Code. This inspection is generally

more intensive than that for non-nuclear
Disruptive failure of the RPV is an event that vessels, and consists of an ultrasonic inspection

; can be considered as being nearly incredible. There of weld joints before the vessel goes into
'

is no basis for estimating any specifie probability or service and every 10 years Ihereafter,
expected frequency of occurrence of such an eveng supplemented by surface inspections (visual,

4
Upper 99% confidence limits in order of 10 to 10' liquid penetrant test and magnetic particle
per year have been postulated but without firm test).
statistical basis, since there has never been a disrup-
tive failure of a reactor pressure vessel. (4) In resent years, significant amount of research

has been conducted in the area of pressure
A survey of existing literature, data and reactor vessel integrity, and the factors relating to ma-

pressure vessel expert opinion yields the following terial specifications which play a key role in
,

pertinent points: material embrittlement have been identified'

and well understood. The RPV material
(1) Section 8 of Appendix XI of the Reactor Safety specifications and the RPV irradiation levels

Study (Reference 6) cites the conclusion of for the ABWR produce nil ductility
WASH-1318 (Reference 9), that the upper limit temperature shifts that make the potential for
(99% confidence) probability of a disruptive nil ductility failures negligible.
RPV failure event in any one nuclear reactor
duripg any service year falls within the range of (5) Recent GE work on the ABWR design evalu-

410' to 10 and the mean value of this ated large RPV bottom head breaks.
probability would be expected to even smaller. Structural evaluations showed that loads on

i This conclusion was based on 725,000 equipment and structures were insufficient to
| p vessel-years of service in U.S. fossil-fueled power cause loss of structuralintegrity. These results

(") plants without a disruptive failure. The authors show that the severe accident response fori

of WASH-1318 further concluded that'...the RPV failures would be no worse than for a
estimated failure probability (for nuclear reactor large break LOCA severe accident.

| vessels) may be reduced by an additional factor
| o110 to 100 based on the detailed investigation of (6) Reactor vessels are designed with a higher

the influence and scheduling of the periodic degree of protection from pressure transients
inspections .* This conclusion was also noted in and temperature events than are non. nuclear
the Reactor Safety Study. vessels. This higher degree of protection is as-

sured by virtue of design measures, including
(2) The * leak before break" phenomenon is a key over-pressure relief devices and operational

than 10'3 ion which justifies a failure rate less control procedures.considera
per vessel year (Reference 10).

WASH-1318 further states that the " pressure (7) Reactor vessels are designed and constructed
vessel will have a considerable margin to failure in accordance with Section III of the ASME
by (a) brittle fracture, even with large postulated Code. These rules are more restrictive than
initial flaws and (b) that leak-before-break capa- the rules of Sections I and VIII, which are
bility is maintained even after a LOCA." This used for non-nuclear vessels.
means that long before a crack could propagate
to the point that a disruptive failure could occur (8) Reactor vessels are operated in accordance
the crack would propagate through the vessel with the limitations specified in NRC license
wall and be detected due to significant leakage. technical specifications and no such
The leak detection system would detect the exist- requirements are imposed on non. nuclear

i ence ofleaks and allow shutdown of the reactor vessels.
to avoid propagation of the crack and vessel fail-
ure. Based on the above considerations it is concluded

(a that, while it is not possible to quantify the probabil-
V ity of RPV failure with great precision, the failure

Amendment 28 19D.3-2.1



ABWR 23 - s
Standard Plant ma

probability of an RPV rupture for the ABWR plant exchangers. RCW and RSW system design
is so low that its explicit inclusion in this analysis capacities are such that one RCW train, one RSW
would not significantly impact the results. Further- train, and two of the three RSW/RCW heat
more, the RPV failure modes that are mechanisti- exchangers in operation are sufficient to successfully
cally plausible would produce consequences similar meet equipment and control room heat removal
to the higher probability LOCA events because of requirements.
the leak-before-break phenomenon.

It is conservatively assumed that loss of an HVAC
19D.3.1.1.2 Loss of Control Room HVAC division results in the loss of essential electrical

equipment room and diesel generator zone cooling,
The HVAC emergency cooling water (HECW) which leads to failure of the ECCS equipment of that

system delivers chilled water to the control building division. Accordingly, system fault trees modeling
essential electrical equipment room coolers, the the loss of the HVAC function in each division have
diesel generator zone coolers, and the main control been incorporated directly into the ABWR
room coolers during shutdown of the reactor, normal functional fault tree and sequence evaluations.
operating modes, and abnormal reactor conditions.
The HECW system consists of three mechanically The potential for failure of both control room
separated divisions, A, B and C. Each HECW HVAC divisions as an initiating event and the
division provides cooling to the control building expected consequences have also been investigated.
essential electrical equipment room and the diesel Frequency of control room HVAC failure was
generator zone in its division. Also, either division estimated by calculating the product of the operating
*B" or "C" can independently cool the main control HVAC division random failure frequency, assuming
room. Power is supplied to each division from 80 percent plant capacity factor, and the conditional
independent Class IE sources. probability that the standby division will fail to start

and run, given failure of the operating division. The
Division 'A' of HECW consists of one pump, one operator is certain to notice the loss of control room

refrigeration unit, instrumentation, and distribution HVAC and is expected to initiate a manual shut-
piping and valves to the cooling coils. Divisions "B" down, which then becomes the initiating event. The
and 'C" are similar except that two parallel pumps scenario which then follows can be conservatively
and refrigeration units are used. System approximated to that for the control room fire risk
configurations for each division are illustrated in screening analysis presented in the Appendix 19M
Figures 19D.3-1,2 and 3. Fire Protection Probabilistic Risk Assessment.

Conservatism is introduced by the fact that, following
The HECW system is capable of removing all HVAC failure, the operator has time to tale many

heat loads with four of the five units running and one recovery actions, and control systems continue to
of the four pump and refrigerator units from operate for a significant length of time, whereas in
divisions *B' and "C" in standby. At any given time case of a fire, control room functions can be lost in a
the dhision with two pumps and refrigeration units relatively short time.
in operation provides cooling to the main control
room. The design philosophy is that if one of the The sequence of events is illustrated in the event
refrigerators or pumps fails in this division, the tree of Figure 19D.3-4. The assumption is made that |
standby refrigerator will automatically start and the only ECCS equipment available to respond to
provide control room cooling while essential this transient event is that which can be controlled
electrical equipment room and diesel generator zone from the remote shutdown panel. This capability
cooling requirements will continue to be met by the includes operation of HPCFB, RHRA, RHRB, and

i
remaining refrigerator in the affected division. four SRVs for reactor depressurization. In addition, i

RCIC and the Fire Protection System are available I
Cooling water for the HECW refrigerators is to provide core cooling, since each is capable of

provided by the corresponding division of the remote operation independent of the control room,
Reactor Building Cooling Water (RCW) Systert and thus is unaffected by the HVAC failure.
which in turn rejects heat through the Reactor
Service Water (RSW) System to the ultimate beat No information is currently available regarding
sink. Each division of RCW and RSW consists of qualification temperature limits of essential
two parallel trains interfacing through three heat equipment in the control room, the rate of

Amendment 3 19D.3-2.2
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temperature increase in the control room following Power from ac buses is also supplied to reactor
HVAC loss, or the nature of and times available to internal pumps (RIPS), to control rod drive (CRD)
initiate other possible recovery actions. The time pumps, to feedwater, condensate and circulating
available for recovering HVAC is increased by water pumps, to service water and cooling water
continued operation of the feedwater pumps (Event pumps, to HVAC system pumps, to cleanup water
tree node O). Consequently, the probability of pumps, to drain pumps, to vacuum pumps, to battery
failing to recover HVAC or to initiate alternate chargers, to building fans, to gas compressors, and to
means of achieving adequate control room cooling many other electrical panels and components during .
was conservatively estimated to be 0.1. If feedwater plant operation. Loss of a single ac power bus could
is not available, no credit has been taken for recovery result in power loss to as many as three RIPS. This
of HVAC. would result in reactor power reduction to

approximately 90%, at which point power operation
On the above basis, core damage frequency could continue without scram.

resulting from the loss of control room HVAC
initiating event was calculated to be less than 1.0E-08 Loss of a single bus of ac power to any of the
per reactor-year. This result represents a other equipment noted above will result in local ;

conservative estimate within the context of the impact on the system but little,if any, impact on -)
assumptions and constraints presented, and a more plant operation. Systems impacted are designed with4

realistic analysis should produce an even lower CDF. redundancy in that major components, such as |
Therefore this potentialinitiator was dismissed from feedwater pumps and CRD pumps, are each I

further consideration. powered by different ac power divisions, load groups
|

and/or buses. For example, each of three feedwater |
<

19D3.1.43 Iess era Single AC or DC Bus pumps is on a separate 6.9kV bus, each of three I

circulating water pumps is on a separate 6.9kV bus, )
Loss of a single ac or de bus will not cause a each of four condensate pumps is on a separate i

reactor scram. Direct current power is used to 6.9kV bus, each of two CRD pumps is on a separate
supply channel sensors for each division of the 6.9kV bus. The five normal cooling water ,

reactor protection system. Scram signals are refrigerators are distributed among these separate !
2-out-of-4 channels of logic, with each of four de 6.9kV buses, each of three turbine building ser ice
dhisional power supplies providing power to one of water pumps is on a separate 6.9kV bus, and each of j
the four channels. Loss of one division of de power three turbine building cooling water pumps is on a '

will result in a trip in only 1-out-of-4 of the channels, separate 6.9kV bus. Similarly, reactor building
therefore the 2-out-of-4 criterion for scram would cooling water pumps IA and ID (loop A) are on one
not be met. Loss of a single de power division will 6.9kV bus, pumps 1B and 1E (loop B) are on a
not result in an RPS scram signal. Therefore, loss of different 6.9kV bus, and pumps IC and IF (loop C)
a single de bus is not analyzed as an initiator in the are on a third 6.9kV bus. The four HVAC emer- ;

PRA. gency cooling water (HECW) system refrigerators
'

associated with control room cooling are on two
Alternating current power is supplied to plant different 480V buses so that loss of one bus will not

equipment at and above 480 volts through three disable all control room cooling.
divisions. There are four divisions of 120 volt ac
power. Dhision 1 of 480 Volt ac powers the battery loss of a single component by loss of power will
charger for Division 4 of 120 Volt ac power, which not cause scram and usually will not result in power
obtains an uninterruptible power supply from the reduction. Loss of a single feedwater pump or
batteries. condensate pump may result in a temporary power

reduction, but full power can be achieved with the
Scram solenoid groups A and B are powered by remaining two pumps. In some cases (such as loss of

divisions 2 and 3, respectively, of 120 volt vital ac one circulating water pump on a hot day), a
power. Loss of division 2 or 3 of ac power will not reduction in power might result.
result in scram, since both the A and the B scram

Isolenoids must be deenergized to cause scram Standby equipment that requires ac power, such
insertion of control rods. Loss of power to one set of as pumps for the residual heat removal (RHR)

fm solenoids would result in a half scram signal but no system and the high pressure core flooder (HPCF)
control rod insertion. system,is not normally operating and would not

Amendmen 28 19D3-2.3
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react directly to a loss of ac power. Thus, loss of a not be high enough to cause scram. It is concluded
single bus of ac power to such equipment would not that a single RSW division failure would not result in
result in scram. drywell conditions leading to scram.

Other equipment supplied by ac or de power Some of the equipment cooled by the RCW
either has adequate redundancy to avoid scram or is system does not require cooling during normal
not related to scram signals. No single bus failure, ac operation. This includes the residual heat removal
or dc, will generate a scram signal or cause control (RHR) system, the reactor core isolation cooling
rods to scram. (RCIC) system, the emergency diesel generators, the

flammability control system (FCS), the high pressure
19D3.1.4.4 Loss of One Division of the Reactor core flooder (HPCF) system, and the standby gas
Senice Water System treatment system (SGTS). For these items the loss

of one division of RCW would not cause or require
Loss of a single division of the reactor service scram.

water (RSW) system would not cause scram.
None of the other equipment cooled by the RCW

The RSW system is divided into three divisions system has functional requirements such that loss of
which cool the three divisions of the reactor building one RCW division (or one RSW division) would
cooling water (RCW) system. The RCW system result in reactor scram. Such equipment includes the
cools a number of plant components. The RSW heating, ventilating and air conditioning (HVAC)
does not directly cool any components other than the system, the cleanup water (CUW) system, the fuel
RCW system. pool cooling (FPC) system, the containment air

monitoring (CAM) system, the high conductivity
Each of two RCW divisions cools five of the 10 waste (HCW) system, and the instrument air and

reactor internal pumps (RIPS). Loss of either of senice air systems. These systems operate during
these RCW divisions will cause its five RIPS to plant operation, but they have adequate redundancy
runback and trip from high RIP motor cooling water to assure that plant operation can continue without
temperature. The ABWR is not to be licensed to scram in event of loss of cooling from one RCW
operate with fewer than seven RIPS operating, so division.
loss of five pumps would require shutdown. Thus,
loss of one RSW dhision that prosides cooling to fhe Therefore, loss of a single RSW system dhision is
RIPS through the RCW dhision will lead to reactor not analyzed as an initiator in the PRA.
shutdown, but not to a scram. Manual reactor
shutdown has been analyzed (Subsection 19D3.1.1). 19D3.1.4.5 Reactor Vessel Water Level

Instrumentation Failure
The RCW system and the heating, venting and

air conditioning (HVAC) normal chilled water Failure of a single water levelinstrument or
system are used to coo' the drywell. Drywell cooling instrument channel would not cause scram.
is accomplished by three coolers which are in turn
cooled by two RSW and two RCW divisions. In the The reactor pressure vessel (RPV) water level
most severe loss of a single RSW dhision two of the instruments are provided with four independent and
drywell coolers would be uncooled. separate divisions, electrically and mechanically.

Water level signals are combined in 2-out-of-4 logic
A study was made of single failure of equipment for reactor scram, so a failure in or of a single

(loss of a division of both the RSW and RCW channel can only result in a half scram signal, with no
systems) during a loss of off-site power (LOOP). control rod insertion.
Drywell temperature increased from 57 to 75 C eight
hours after LOOP. For components in the drywell Partial loss of drywell cooling as result of a failure
the upper limit for long term exposure is 80 C, so of one of the three plant senice water systems could
there would be no component damage requiring or result in an increase of drywell temperature from 57
causing scram for loss of a single RSW division. to 75 C. This temperature increase would affect
There would also be ample time for operator action reading on all four water level instruments,because
to restore drywell cooling. The pressure increase of piping inside the drywell, but not so much that a
resulting from the calculated drywell heating would low water level trip would result.

Amendmen 2 19D.3-2.4 |
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Therefore, failure of a single water level . Loss of TCW system cooling would have no
| instrument is not analyzed as an initiator in the PRA. impact on any plant safety equipment. Such

equipment is cooled by the reactor building cooling
19D3.1.4.6 Turbine Building Closed Cooling Water
System

Totalloss of the turbine building closed cooling
water (TCW) system can result in scram. The TCW
system provides cooling for the generator stator
cooling water, and loss of this TCW cooling sill lead
to higher temperatures of the stator cooling water.
As the stator temperature increases it will first give a
high temperature alarm. The operator will act to
reduce reactor power and will try to reestablish
TCW system operation. If corrective action is not
prompt and effective, the stator temperature will
soon reach its high temperature trip and cause the
generator to trip. This load rejection event will

J
result in turbine trip and, at high power, the turbine |
trip will cause scram. Turbine trip is included in the j
basic initiating event frequency.

The TCW system has multiple pumps. If only
'

one of these pumps is lost, the standby pump will
start and there will not be transient temperature
increases sufficient to result in equipment trips or
scram. As noted in Subsection 19D3.1.43, loss of a <

single ac bus will result in loss of no more than one |
TCW pump. Because of this redundancy of active i
TCW system equipment, the probability that the i
entire system could be disabled is low. !

A review of BWR scram data shows that over a I

|
period of 150 plant years of commercial operation, :

I beginning in 1984, U.S. BWRs suffered 425 I

automatic scrams. None resulted from failures in the :,

( turbine cooling water system. This further !
| emphasizes the low probability of totalloss of the )
; ABWR TCW system. i

|

Total loss of TCW system cooling would impact
| cooling for other systems that are required for
| continued plant operation. This includes the

feedwater pump adjustable speed drives, condensate
pump drives, circulating water pump drives,
transformers, and the isolated phase bus duct. Such
cooling losses would require prompt operator actioni

j to either shut the plant down or restore TCW system
! operation. Otherwise, reactor scram could soon
| occur from high or low RPV water level, from
'

turbine trip caused by low vacuum, from electrical
system troubles, or from gradual loss of instrument
air pressure.
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l

|
,

- - - - ., .,e., , e r . - - . .. ,,,e-- ,-9 , , , . , gnn--



ABWR namas
Standard Plant wa

( water (RCW) system. Thus, loss of the TCW system compressor fails to start on demand so they can take
,

s would result in no reduction in plant safety. corrective action.
w

,

Even if a scram were to occur, the net effect if both compressors fail, pressure in the system i
.

would be a negligible increase in the frequency of will decay through air leakage and eventually cause a|
'

events already included in the PRA. Therefore, total low pressure alarm to signal need for operator |;

| loss of the TCW system is not analyzed as an corrective action. Operators can manually ccmnect
initiator in the PRA. the ser ice air system (which has two compressors) ;

to replace any failed instrument air compressors. If
19D3.1.4.7 Trip of Circulating Water Pumps leakage continues, eventually the scram valves will

open and scram will occur. Also, MSIVs would close
As part ofinternal flood protection in the turbine because oflow air pressure and give a scram signal,

building, instrumentation has been added to trip the If operators recognize that they will not be able to
circulating water pumps when a flood is detected in restore air pressure before scram, they may manually
this building. Reliable instrumentation built with shut the reactor down without scram.

| redundancy is provided to assure a high probability I

'

l of tripping the pumps on demand while assuring a In event of a loss of off-site power, the instrument
low frequency ofinadvertent trip of the pump. The air compressors are automatically switched to the

is instrumentation will fail to trip combustion turbine generator bus for power. They
probability that tp/ year, including common modepumps is 1.7x10 can be manually transferred to the diesel generator,

| failure. bus, if necessary.
!

An inadvertent trip of all circulating water pumps Nitrogen is used to open the safety / relief valves
could cause scram because of loss of vacuum in the (SRVs) of the automatic depressurization system

| main condenser. It isjstimated that the frequency of (ADS), so complete loss of air would not impact
! such trips is 1.8 x 10 / year, which is smaller than SRVs or the ADS.

O similar initiating events already included in the i

k) '

internal event PRA. It is therefore concluded that Because of the backup compressor and the large
"

no separate analysis is needed for including the accumulator, the loss of ABWR instrument air is
reactor trip initiated by the inadvertent trip of a expected to be a low probability event. Experience
circulating water pump. from operating BWRs shows that loss of instrument

air caused, from 1983 to 1987, fewer than 0.05 scrams
i 19D3.1A.8 Loss ofInstrument Air per plant year (*A Risk-Based Review ofInstrument

Air Systems at Nuclear Power Plants",
Total loss of instrument air for a prolonged NUREG/CR-5472). Average U.S. BWR scram

,
duration will result in reactor scram because air frequency during that period was greater than three

! pressure is required to keep scram vahres closed on scrams per year. Since 1987, efforts at scram i

l the control rod drives. Loss of pressure allows scram frequency reduction have significantly reduced scram
| valves to open, and rods will be driver. into the core frequency from all causes. Scram frequency for U.S.
j by hydraulic pressure. Instrument air pressure is BWRs in 1992 was below 13 scrams per year. For
j also required to keep MSIVs open, so loss of air the ABWR the frequency of scrams resulting from
! pressure would cause MSIV closure which would the loss of instrument air is expected to be very small
| also result in scram. (< 0.02 per year).

Instrument air is supplied by the lead air The loss of instrument air event is very similar to
compressor which operates as needed to maintain an isolation event (which is analyzed in the PRA with,

| pressure in a large accumulator. The lead an event frequency of 0.20 per year). Because of
; compressor is normally off, and it starts and takes up this, and since no other safety system needed for
i load when accumulator pressure drops. If the lead mitigation (such as ADS) is degraded significantly by

| compressor fails to start or to continue operation, loss of air, this event is judged to be already included
the second, standby compressor will start in the isolation event analysis. It is therefore

o automatically and operate to supply system needs.
The operators art alerted by alarm if the lead

Amendment 'M 19D.3-3
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concluded that no separate analysis is needed for
including in the PRA the reactor trip initiated by the

j loss of instrument air.

|
'

19D.3.2 Generic Component Data

Applicable component failure rate data accom-
pany each system fault tree presented in Section
19D.6. These data are primarily the values recom-

i mended for use by the General Electric Failure Rate
i Data Manual (Referenec 6). They have been col-

lected from a number of primary sourecs and have
been screened and modified appropriately for appli-
cation to the ABWR analyses. All of the values rep-

| resent mean values and have been used in the analy-
| ses as single-point best estimate values.

| 19D.3.3 Human Ermr Probabilities

Human error probabilities used in this analysis
are presented in the applicable component failure

| rate data tables which accompany each system fault
i tree presented in Section 19D.6. They were taken
| predominately from the GESSAR 11 PRA for which

they were collected from various other sources and
modified, as appsopriate, for the GESSAR applica-
tion. Most of these values were derived from the
Swain and Guttman handtak (Reference 7). More
recent studies suggest that these values may be
somewhat conservative.

19D.3.4 Maintenance and Test
Unavailabilities

Equipment maintenance or test unavailabilities

O
Amendment ." 19D.3-3.1
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used in the initial ABWR PRA submittal were taken 7. Handbook of Human Reliability Analysis With
from the GESSAR PRA and were based upon BWR Emphasis on Nuclear Powcr Plant Applications,

'

experience. - In subsequent discussions with NRC Final Report, NUREG/CR-1278, A.D. Swain
regarding applicability of the GESSAR values to and H.E. Guttmann, August,1983.
ABWR it was agreed that ABWR T&M unavail-
ities would be increased over those of GESSAR to 8. Data Summaries of Licensee Event Reports of
provide utility operational flexibility. Consequently, Diesel Generators at U.S. Commercial Nuc/ car |

T&M values for RCIC, HPCFB, HPCFC, RHRA, Power Plants, NUREG/CR-1362, March,1980, !

RHRB, and RHRC were each raised to two percent EG&G Idaho,Inc. j
in the PRA model as shown in Table 19D.3-2. The j
final calaulated CDF of 1.56E-07 reflects inclusion of 9. Analyses of Pressure Vessel Statistics From j

these values. Sensitivity of CDF to ECCS T&M Fossil-Fueled Fourt Plant Senice and Assessment
outage times is summerized in Section 19D.9. of Reactor Vessel Reliability in Nuclear Power 1

Plant Service, USAEC Regulatory Staff; May '!
19DJ 5 Recovery of Oft' site Power and 1974, WASH-1318. |

Diesel Generator Restoration j

10. Status ofBoiling Water ReactorStructuralIntegrity i

Table 19D.3-3 repreznts the conditional proba- Programs at the General Electric Company, E. |
bility of failing to recover offsite power and restcring - Kiss and T. L. Gerber, Nuclear Engineering and ;

one diesel generator as a function of time, given Design, Vol. 59, No.1, August 14,1979. |
LOOP and DG failure to start and run on demand. !

The offsite power recovery probabilities were devel- .

oped from data presented in Reference 4.. Diesel !
generator values were taken from Reference 8. ;

1
'
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t

i
1. Advanced Light Water Reactor Requirements Doc- i

ument, AppenditA: PRA Key Assumptions and j

Groundrules, August,1988 Draft, Page D4, Elec- |
tric Power Research Institute. !

2. Reactor Safety Study, An Assessment ofAccident
Risks in U.S. Commercial Nuclear Power Plants, |

WASH-1400, NUREG-75/014, October,1975,
United States Atomic Energy Commission.

3. Development of Transient Initiating Event Fre-
quenciesfor Use in Probabilistic Risk Assessment,
NUREG/CR-3862, May 1985, Idaho National
Engineering Laboratory. ;

4. Lo ses of Offsite Power at U.S. Nuclear Power j
Plants - All Years 'Ihrough 1984 NSAC-111, May |

1987, EPRI Nuclear Safety Analysis Center. I

5. Amendment No.11 to GESSAR II,238 Nuclear
Island, BWR/6 Standard Plant Probabilistic Risk
Assessment, Docket No. STN 50-447, December
3,1982, General Electric Company.

6. Failure Rate Data Manualfor GE BWR Compo-
nents, NEDE-22056, Rev. 2, January 17,1986,
Class III, General Electric Company.

Amendment 3 19D.3 4

('______________. - --- . . -. . . - - _ . _ , _ - - . , , , , . - , _ . -



- - - - - _ _ - _ - _ - _ - - __

ABWR usamas
Standard Plant nev 4

*

o) Table 19D.3-1(
V

Initiating Event Frequencies

Initiatine Event Frecuency Per Reactor Year

Manual Shutdown 1.0

Isolation / Loss of Feedwater 0.18

MSIV Closure 0.04
Loss of Condenser Vacuum 0.05 |
Press. Reg./B pass Vahes Closed 0.013

Loss of Feedwater 0.0S |

Non-Isolation Event (Trip with bypass) 0.62

Inadvertent (Stuck) Open Relief Valve 0.10

loss of Offsite Power 0.10

['T
D) Less than 30 Minutes 0.0579i

30 Minutes to 2 Hours 0.0246
2 to 8 Hours 0.0158
Greater than 8 Hours 0.0017

Small LOCA 0.0012

(Liquid Break <0.00545 ft )
(Steam Break <03 ft')

Medium LOCA 0.00067

2 ''

(Liquid Break 0.00545 ft to 03 ft')

Large LOCA 0.00021

(Liquid Break 03 ft.,or greater)
(Steam Break 03 ft' or greater)

-

ks)t

Amendment 2, 19D3-5
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Table 19D.3-2

ABWR MAINTENANCE AND TEST UNAVAILABILITIES

RCIC 0.02

liPCFB 0.02

IIPCFC 0.02

RIIRA 0.02 |

RIIRB 0.02

RiiRC 0.02

O

i

i
|

O
Amendment 19D.M

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



_ .- __- _ -__-___

ABWR ,w,3.. ,

Standard Plant nm a !

l

.
I

(J) Table 19D.3-3 ;
-

' RECOVERY OF ELECTRIC POWER i

i

Conditional Probability of Not Recovering Offsite Power or/and Not Restoring |
One Diesel Generator for ABWR

;

Failure to Recover Offsite Failure to Recover One Diesel
Time Power Before Time T Generator Before Time T !

T Interval Complementary Complementary

Wr} (Hours) Cumulative Conditional Cumulative Conditionalr

0.5 0-0.5 0.421 0.421 0 0

2.0 0.5-2.0 0.175 0.416 0.66 0.66

8.0 2.0-8.0 0.0175 0.100 0.23 035

)

~N Failure to Recover Either ;

'v) Offsite Power or One Diesels

Time Generator Before Time T i

T Interval Complementary i

{Jir) (Hours) Cumulative Conditional

03 0-0.5 0.421 0.421

2.0 0.5-2.0 0.116 0.276

8.0 2.0-8.0 0.0(M 0.034
1

|

|

|
1

/^'N
( )
k_/

Amendment 22 190.37
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p 19D.4 ACCIDENT EVENT TREES sequence. Each value is the product of the initiating |
( event frequency and the linked solution of Section

19D.-1.1 Acc.ident Event Tree Analysis 19D.6 fault trees and other estimated performance'

probabilities of the system functions identified in the
19D.4.1.1 Introduction sequence.

This subsection describes construction of event 19D.4.13 Safety functions and Success Criteria
trees used in the analysis to determine accident
sequence frequencies. These sequences lead to core Accident event trees developed in this analysis
damage, safe reactor shutdown, or to intermediate contain branches which address the primary safety
states v,hich require additional treatment in the functions of reactivity control, reactor pressure i

containment event trees of Section 19D.5 to establish control, core cooling, and containment heat removal.
final core states. Separate trees have been These four functions are considered in all event trees
developed, as shown in Figures 19D.4-1 through except the reactor shutdown event in which reactivity
19D.4-15, for each of the initiating events considered. control is, by definition, provided by event initiation.
Tabulations of failure probabilities and references
for system or functional requirements defined by Success criteria provide the bases for defining
event tree branches but not derived from Section minimum combinations of those functions required
19D.6 fault trees are presented in tabulations to bring the plant to a safe stable shutdown condi-
accompanying each tree. Accident event tree tion. The necessary combinations of minimum
sequences which lead to core damage or loss of heat system requirements were established on the basis of
removal are further treated in the containment event best estimate predictions. Success criteria are
trees of Section 19D.5 to determine frequencies of prmided in Subsection 193.13.1.
radioactive releases to the emironment.

19D.4.1.4 Branch Point Probabilities
19D.4.1.2 Accident Event Tree General Description

f Event tree branch point values were defined in

( For purposes of illustration, consider Figure most cases by the system fault trees documented in
19D.4-1, the event tree for the reactor shutdown Section 19D.6. In the remaining cases, values were
initisting event. The initiating event frequency is estimated on the basis of available operating plant
given as the first branch in the far left column of the performance data or engineeringjudgement. Tables
tree. The initiating event name and symbol are pro- 19D.4-1 and Tables 19D.4-3 through 19D.4-17, which
vided at the top of the column. The tree is devel- accompany specific accident event trees, provide
oped by identifying the system functions required, in bases for core cooling and heat removal branch point
the approximate chronological order of occurrence, values other than those derived by evaluating the
for successful reactor shutdown. Success and failure fault trees of Section 19D.6.
states of each system function are represented by
branches in the tree, where the upper branch repre. These trees, including support systems, and other
sents success and the lower branch failure. If a prior estimatec were linked with initiating event
system function leads directly to success or failure in frequencies as defined by each sequence, and each
the accident sequence, analysis of the remaining sequence equation solved directly to obtain
system functionsis unnecessary. Information given contribution to core damage frequency. These
at the top of the column for each system function sequence outcomes were then summed to obtain
consists of an abbreviated definition of success and total core damage frequency.
the symbol for conditional failure probability. The
final two columns labeled * CLASS * and ' PROB"
document the outcome of each accident sequence.
The first column contains the classification of each
sequence; either successful termination (OK), core
damage (Classes I and III), or a sequence which is
developed further in another accident tree or
transferred to the appropriate containment event

D) tree (such as Classes II and IV). The final column>

contains the yearly frequency of occurrence of each

Amendment 28 19D.4-1
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| 19D.4.1.5 Accident Sequence Classification operating conditions. Not all of the primary safety |

functions are required for this event. By definition,'

As stated previously, the consequence of each reactivity control is not a required function for ,

iaccident sequence may be either successful termina- mitigating this event. Neither is the reactor pressure
tion (i.e , the achievement of adequate core cooling control function required since there is no rapid ;

and containment heat removal) or core damage, pressure increase associated with this event. Event ;

Each sequence that results in core damage or tree input not derived from Section 19D.6 fault trees
inadequate containment heat removal is assigned to is documented in Table 19D.4-3.

I
an accident class for further consequence evaluation
in the containment event trees of Section 19D.5. The 19D.4.2.2 Non-Isolation (Turbine Trip) |
bases for sequence classification are discussed in
detailin that section. The event tree for a non-isolation trip is shown in

Figure 19D 4-2. Non isolation events include any
19D.4.1.6 ATWS and LOCA Sequence Treatment event in which the turbine is tripped and removed

from the steam loop, but the condenser and feedwa.
Sequences leading to either ATWS or LOCA ter remain available. Event tree input not derived

events are not processed to their final dispositions in from Section 19D.6 fault trees is documented in
the primary transient event trees, and consequently Table 19D.4-4.
are transferred to other event trees for further
development. For example,in the non-isolation 19D.4.2.3 Isolation / Loss of Feedwater
evew tree, Figure 19D.4-2, the bottom sequence
representing a failure to scram (ATWS) is routed to The event tree for isalation of loss of feedwater
the ATWS event tree, Figure 19D.4-15, for addi- events is shown in Figure 19D.4-3. Isolation events
tional treatment. In these sequences, the event tree are those events in which the reactor is isolated from
name (ATWS in this example)is indicated in the the power conversion system, resulting in loss of the
accident class column. feedwater and the condenser. Loss of feedwater

events are absorbed into this event category, as
19D.4.1.7 Accident Sequence Evaluation MSIV closure represents the bounding case for loss

of feedwater. Ahhough the feedwater and condenser ,

The frequency of each accident sequence is are initially lost, there is a probability that they will |
developed by initiating event in the event trees of be recovered. Event tree input not derived from |

Figures 19D.4-1 through 19D.4-15. Sequence Section 19D.6 fault trees is documented in Table I

outcomes are summed by assigned accident class and 19D.4-5. ,

these totals are then routed to the appropriate |
containment event trees for further analysis of 19D.4.2.4 Loss of Offsite Power and Station '

containment and related systems response. Table Blackout Esent Tree
| 19D.4-2 provides a summary of accident event tree

results by initiating event and accident class. Loss of offsite power event trees describes the
progression of events in which all sources of offsite

19D.4.2 Event Tree Descriptions electric power are lost. Station blackout event trees
describe events in which all station diesel generators

This subsection provides a description of each of and the combustion turbine generator,in addition to
the event trees developed and illustrated in Figures all sources of offsite electric power, are lost. Figure
19D.4-1 1brough 19D.4-15. Ench tree is 19D.4-4 provides the basis for subdividing the overall j
accompanied by a table which provides event tree loss of offsite power initiator between loss of offsite
branch point probablities and references ubere power only and station blackout scenarios and into
values were not derived from Section 19D.6 fault time intervals of interest. Sequence outcomes are 1

trees. transferred to other event trees as indicated for
additional processing. If offsite power is recovered

19D.4.2.1 Reactor Shutdown within one half hour, no core damage will have
occurred, andthe event is very

The event tree for reactor shutdown is presented in
Figure 19D.4-1. Reactor shutdown includes any
event in which the reactor is shut down under normal

Amendment 28 19D 4-2
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I

| O similar to a reactor shutdown event. Therefore, this 19D.4.2.9 Station Ittackout for Two to Eight ilours
i outcome is transferred to Figure 19D.4-1. Event tree
' input not derived from Section 19D.6 fault trees is The event tree for station blackout from two to

documented in Table 19D.4-6. eight hours is presented in Figure 19D.4-9. This
event tree includes any scenario for which neither

19D.4.2.5 Loss of OfTsite Power for 30 Minutes to external power nor station diesel or combustion
Two llours turbine generator power are available to the plant

for two to eight hours following the loss of offsite !
The event tree for loss of offsite power for 30 power. Initially RCIC is the only injection system |

'

minutes to two hours is presented in Figure 19D.4-3. available for core cooling. DC power for control will
This event includes any scenario for which no be available, since battery life is expected to be at
external power is available to the plant for two hours least eight hours without any AC power to the

| following its loss. Ewnt tree input not derived from battery chargers. In addition, the RCIC pump and

| Section 19D.6 fault trees is documented in Table turbine are expected to operate for at least eight
l 19D.4-7. hours without room coolers. Given successful RCIC

operation for eight hours, the remaining injectiou
19D.4.2.6 less of Offsite Power for Two to Eight systems become available upon the recovery of
flours power. Event tree input not derived from Section

19D.6 fault trees is documented in Table 19D.411.
The event tree for loss of offsite power from two to

eight hours is shown in Figure 19D.4-6. This event 19D.4.2.10 Station Blackout for More Than Eight
tree includes any scenario for which no external flours |
power is available to the plant for two to eight hours
following its loss. Event tree input not derived from The event tree for station blackout greater than
Section 19D.6 fault trees is documented in Table eight hours is shown in Figure 19D.4-10. This event
19D.4-8. tree includes any scenario for which neither external

power nor station diesel or combustion turbine
19D.4.2.7 Loss of Offsite Power for More Than generator power are available to the plant for moreg
Eight flours than eight hours. All sequences are conservatively

assumed to lead to core damage but are
The event tree for loss of offsite power for more discriminated by accident class since timing and

than eight hours is shown in Figure 19D.4-7. This consequences differ. Event tree input not derived
event tree includes any scenario for which no from Section 19D.6 fault trees is documented in
external power is available to the plant for more than Table 19D.412.

! eight hours. Event tree input not derived from
Section 19D.6 fault trees is documented in Table 19D.4.2.11 Inadiertent Open R.elief Valve (IORV)

| 19D.4-9. Event Tree

19D.4.2.8 Station Blackout for Irss Than Two The event tree for IORV is shown in Figure
llours 19D.4-11. This event includes those scenarios which

begin with one or more relief valves opening and
Figure 19D.4-8 presents the event tree for station remaining open while the reactor is under otherwise

|
blackout for less than two hours. This event tree normal operating conditions. Since a stuck open
includes any scenario for which neither external relief valve will eventually result in depressurization
power nor station diesel or combustion turbine of the reactor, the reactor pressure control function
generator power are available to the plant for two is not required. This initiating event is the only one

! hours following the loss of offsite power. For this considered where there is no immediate automatic
I situation, RCIC is the only injection system available scram signal. Eventually, an automatic scram signal

for core cooling. The heat removal function is not will be initiated by high drywell pressure should the
impaired, since its operation is not required prior operator have failed to initiate scram based on high
power to restoration. Event tree input not derived suppression pool temperature. Event tree input not
from Section 19D.6 fault trees is documented in derived from Section 19D.6 fault trees is documented

( } Table 19D.4-10. in Table 19D.4-13.
' b

Amendment 28 19D A3
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19D.4.2.12 Small Brrak LOCA Esent Tree

The small break LOCA event tree is shown in Fig-
ure 19D.412. A small LOCA as defined under the
success criteria of Section 193.1.2 is a liquid break of
area less than 0.005 square feet or a steam break of
area less than 03 square feet. Similar to an IORV
sequence, this event does not require the reactor
pressure control function for successful mitigation. !

Event tree input not derived from Section 19D.6
fault trees is documented in Table 19D.4-14.

19D.4.2.13 Medium 11reak LOCA Event Tree

The event tree for a medium break LOCA is
shown in Figure 19D.4-13. This accident is defined
as a liquid break between 0.005 and 03 square feet in
area. This sequence, also similar to an IORV, does
not require the reactor pressure control safety func-
tion. Event tree input not derived from Section
19D.6 fault trees is documented in Table 19D.4-15.

19D.4.2.14 Lar1;e Break LOCA Event Tree

The event tree for a large LOCA is shown in Fig-
ure 19D.4-14. A large LOCA is defined as a liquid
or steam break having an area greater than 03
square feet. The initiating event frequency for this
event includes transfers from those sequences in
other event trees where the SRVs do not open on
demand thus causing large water or steam breaks.
The event does not require the reactor pressure
control safety function. Event tree input not derived
from Section 19D.6 fault trees is documented in
Table 19D.4-16.

19D.4.2.15 ATWS Accident Sequence Esent Tree '

The event tree for ATWS is shown in Figure |

19D.4-15. The initiating event frequency for this tree |

is the sum of those sequences in other event trees in |
which the control rods are not inserted by either the |

RPS or the alternate rod insertion (ARI) system. j
Based upon the ATWS success criteria defined in j

Section 193.1.2 and in light of the low frequency of |
ATWS initiators, a single ATWS event tree for an |
isolation event is adequate to conservatively assess |
ATWS. Event tree input not derived from Section
19D.6 fault trees is documented in Table 19D.4-17.

O
Amendment 28 19D.4-4



_ _ . ._ - . _ .

ABWR u saoars
Standard Plant Rm A

Table 19D.4-1

BASES FOR CORE COOLING AND HEAT REMOVAL FUNCTION EVENT TREE ,

|
BRANCH INPUTS NOT DERIVED FROM APPENDIX 19D.6 FAULTTREES j

t
, ;

I

Sunbol Description Value

1. O Feedwater Unavailability Following a Transient 5.0E-02 f
(1 FW Pump + 1 Condensate Pump + 1 Cond. Transfer Pump) ;

I
It is estimated that 50% of the time feedwater pumps will j
trip on high water levet in the event of loss of !

feedwater, failure to manually recover at least one pump :
train is estimated to be 0.1. ;

i

| 2. V2 Failure to Recover 1 Condensate and 1 Cond. Transfer Pump 1.0E-01
|
1

Similar to the preceeding estimate, but at low pressure,
|

failure to manually recover at least one pump train is
estimated to be 0.1. For loss of offsite power events,
a diesel generator bus transfer is required and assumed.

| 3. W1 Normal Heat Removal (NHR) 1.0E-02 I

| The NHR failure probability of 1.0E-02 is taken from

| Secton D.1.5 of GESSAR and is a conservative application
'

due to the improved reliability expceted from the use of
motor-driven feedwater pumps.

| 4. W2 Reactor Water Cleanup System (RWCU) 1.0E-01

The RWCU system is capable of removing decay heat at high -
| RPV pressures if return water bypasses the regenerative

acat exchanger. Failure to manually activate this
alternate heat removal system is taken to be 0.1.

|

j

l

O
Amendment M 19D.4-5
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Table 19D.4-3 |
.

BRANCII POINT VALUES FOR REACTOR SIIUTDOWN EVENT TREE |

NOT DERIVED FROM SECTION 19D.6 FAULT TREES |

|

Sym bol Descrintion R e feren ce Value !

>

Tm Event Frequency Table 19D.3-1 1.0579

(1.0 + Transfer
'

from |
'

Fig.19D.4-4) ;
)

Q Failure to inject with feedwater Table 19D.41 5.0E-02 !
,

|

|
V2 Failure to inject with condensate Table 19D.4-1 1.0E-01 |

I

fW1 Failure to restore normal heat Table 19D.4-1 1.0E-02
removal !

!

W2 Failure to actuate RWCU Table 19D.4-1 1.0E-01 i

t
!

!

I
'

{
!

t
i

!

i

!

;

Amendment 28 19D.4-7 '
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Table 19 D.4-4 1

BRANCll POINT VALUES FOR NON-ISOLATION EVENT TREE

NOT DERIVED FROM SECTION 19D.6 FAULT TREES

S ym bol Descrintion R e fe re n ce Value

Tt Event Frequency Table 19D.3-1 0.62

|

PO Failure of SRVs to open GESSAR, 1.0E-06
Table D.I.2-1

PC Failure of SRVs to reclose GESSAR, 3.0E-03
Table D.1.2-1

Q Failure to inject with feedwater Tabic 19D.4-1 5.0E-02

V2 Failure to inject with condensate Table 19D.4-1 1.0E-01

W1 Failure to restore normal heat Table 19D.4-1 1.0E-02
removal ,

W2 Failure to actuate RWCU Table 19D.4-1 1.0E-01

!
! |
'

!

!
!

O;

Amendment 7.8 19D.44
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q Table 19D.4-5 j

BRANCll POINT VALUES FOR ISOLATION / LOSS OF FEEDWATER

EVENT TREE'

'

NOT DERIVED FROM SECTION 19D.6 FAULT TREES

|

h m bol Descrintion Reference Value

Tis Event Frequency Table 19D.3-1 0.18

PO Failure of SRVs to open GESSAR, 1.0E-06 '

Table D.I.2-1

PC Failure of SRVs to reclose GESSAR, 3.0E-03
Table D.I.2-1

UQ) Failure to inject with feedwater Table 19D.4-1 0.43

|

V Failure to inject with condensate Table 19D.4-1 1.0E-01
'

;
I

WI Failure to restcre normal heat Table 19D.4-1 1.0E-02,,_
removal

W2 Failure to actuate RWCU Table 19D.4-1 1.0E-01

Note

1. 40% of the initiating event frequency (Tis) represents loss of feedwater events. By defmition, Q =
1.0 for such events and thus:

Q = 0.4(l.0) + 0.6(0.05) = 0.43

s

(

NAmendment 19D.4 9
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Ta ble 19 D.4-6

IIRANCll POINT VALUES FOR LOSS OF OFFSITE POWER AND STATION

IILACKOUT EVENT TREE

NOT DERIVED FRO.51 SECTION 19D.6 FAULT TREES

i

Ss m bol Descrintion Reference YnInc

Te Event Frequency Tabic 19D.3-1 0.10

El Failure to recover offsite power Table 19D.3-2 0.421
within 30 minutes

EDG- Fashire of three diesel generators NEDE-22056. GE 4.00E-05
CTG and combustion turbine generator Failure Rate Man.

pol Failure of SRVs to open (scram) GESSAR, 1.0E-06
Table D.l.2-1

PO2 Failure of SRVs to open (no scram) GESSAR, 1.0E-04
Table D.1.2-1

E20 Failure to recover oilsite Table 19D.3-2 0.416
power within 2 hours *

E2D Failure to recover one diesel Table 19D.3-2 0.66
generator within 2 hours

E80 Failure to secover offsite power Table 19D.3-2 0.10
within eight hours

E8D Failure to recover one diesel Table 19D.3-2 0.35
generator within 8 hours

|

I

j

O
Amendment 78 19D.4-10
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Table 19D.4-7

BRANCll POINT VALUES FOR LOSS OF OFFSITE POWER EVENT TREE

(RECOVERY TIME 30 MINUTES TO 2 IIOURS)

NOT DERIVED FROM SECTION 19D.6 FAULT TREES

Sym bol Descriotion R e fe r e n c e Value

TE2 Event Frequency Figure 19D.4-4 2.46E-02

V2 Failure to inject with condensate Table 19D.4-1 1.0E-01

W1 Failure to restore normal heat TaNe 19D.4-1 1.0E-02
removal

W2 Failure to actuate RWCU TaNe 19D.4-1 1.0E-01

|
:

.|

|

)

!

i
I

:

I

!

!
!

|

,

l
:

; .

Amendment D- 19D 4.] 3
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Talite 19D.4-8 :
I

IIRANCII POINT VALUES FOR LOSS OF OFFSITE POWER EVENT TREE )
(RECOVERY TIME TWO TO EIGilT IIOURS)

! NOT DERIVED FROM SECTION 19D.6 FAULT TREES

S ym bol Descrintion Reference Value
|

TE8 Event Frequency Figure 19D.4-4 1.58E-02 '

I PC Failure of SRVs to reclose GESS AR, 3.0E-03 ;

| Table D.I.2-1 '

|

|
V2 Failure to inject with condensate Table 19D.4.1 1.0E-01

| WI Failure to restore normal heat Table 19D.4-1 1.0E-02
' removal

W2 Failure to actuate RWCU Table 19D.4-1 1.0E-01

r

i

l

i

!

|
|

O
|
| Amendment I 19D 412
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. Table 19D.4-9

BRANCII POINT VALUES FOR LOSS OF OFFSITE POWER EVENT TREE

(RECOVERY TIME GREATER Til AN EIGIIT IlOURS)

NOT DERIVED FROM SECTION 19D.6 FAULT TREES

Symbol Descrintion R e fe r e n c e Vnlue

TE0 Event Frequency Figure 19D.4-4 1.75E-03

*

PC Failure of SRVs to reclose GESSAR, 3.0E-03
Table D.1.2-1

V2 Failure to inject with condensate Table 19D.4-1 1.0E-01

\

f
(

- Amendmern 23 19D,413
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Table 19D.4-10

IIRANCII POINT VALUES FOR STATION IILACKOUT EVENT TREE

(RECOVERY TI.41E 30.1NUTES TO 2 IlOURS)\

NOT DERIVED FRO. ! SECTION 19D.6 FAULT TREEST
t

Symbol D e s c rin t io ri li e fe r e n c e Value

BE2 Es cnt Frequency Figure 19D 4-4 1.22E4k5

O

O
I

Amendment 28 19D.414

I
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Ta ble 19 D.4-i l
i ,

l

BRANCII POINT VALUES FOR STATION IILACKOUT EVENT TREE
:

(RECOVERY TIN 1E TWO TO EIGIIT llOURS)

NOT DERIVED FRON1 SECTION 19D.6 FAULT TREES -

,

i Symbol Description Reference Value

BES Event Frequency Figure 19D.4-4 4.46E-07

|

| PC Failure of SRVs to reclose G ESS AR,

| Table D.1.2-1 3.0E-03

I
'

,

I|

I
|

,
a

9

*

|

!

:

I

;

!

|

1

m

U;

Amendmern 'A#, 19D.4.]$
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Table 19D.4-12

BRANCil POINT VALUES FOR STATION BLACKOUT EVENT TREE

(RECOVERY TDIE GREATER TilAN EIGilT llOURS)
|

NOT DERIVED FROM SECTION 19D.6 FAULT TREES

l

% m bol Descrintion R e fe re n c e Value
|

| BE0 Event Frequency Figure 19DA-4 1.62E-08

PC Failure of SRVs to reclose GESSAR, 3.0E-03
Tabic D.I.2-1

|
i

O
;

l
|

|

|
t

i

e
!

Amdmm 2 19D.4-16 |
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! Table 19 D.4-13 I
| . ;

| BRANCII POINT-VALUES FOR INADVERTENTLY OPEN RELIEF VALVE !

EVENT TREE
i

| NOT DERIVED FROM SECTION 19D.6 FAULT TREES
i;

|
'

5;tm hol Descrintion Reference Value i

!
'

Tio Event Frequency Table 19D.3-1 1.0E-01 !
-

.

I t

Q Failure to inject with feedwater Table 19D.4-1 5.0E-02 [
!,

; V2 Failure to inject with condensate Table 19D.4-1 1.0E-01 !
!

W1 Failure to restore normal heat Table 19D.41 1.0E-02 !
removal; j

|

j
;

.

I
: !
;
,

!
:
a

$
a

i
;

i
:
,

e

.

i'
<

4

j ..

I- Amendmem 19D.417

c

_ ., <- . _ _ _ . . _ - . . . , . _ _ _ . _ . _ . . . _ - , _ . , _ _ . . _ . , . . ~ . _ . . _ , _ . . _ - . - . _ . . . . . _ _ _ . _ . _ . . ~ , . _ , . , . . . . _ _ . . _ . _ . . , . - . , _ _ . ,



ABWR m6ums
Standard Plant RFV A

Ta ble 19D.4-14

BRANCil POINT VALUES FOR SMALL llREAK LOCA EVENT TREE

NOT DERIVED FROM SECTION 19D.6 FAULT TREES

Simbol Descrintion Reference Value

S2 Event Frequency Table 19D.3-1 1.2E-03

V2 Failure to inject with condensaic Table 19D.41 1.0E-01

|W1 Failure to restore normal heat Table 19D.4-1 1.0E-02 ,

reinoval

W2 Failure to actuate RWCU Table 19D.4-1 1.0E-01

O

O
Amendment 2ft 19D.4.t B
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Table 19D.4 15

BRANbi POINT VALUES FOR MEDIUM IIREAK LOCA EVENT TREE

NOT DERIVED FROM SECTION 19D.6 FAULT TREES

S ym bol Descrintion R e fe r e n c e Value

51 Event Frequency Table 19D.3-1 6.7E-N

WI Failure to restore normal heat Table 19D.4-1 1.0E-02
removal

|

|

1

!

O
An d mes h 19D.4-19
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Table 19D.4-16

BRANCll POINT VALUES FOR LARGE IIREAK LOCA EVENT TREE

| NOT DERIVED FROM SECTION 19D.6 FAULT TREES |

,

Symbol Descrintion R e fe r e n c e Value

| SO Event Frequency Table 19D.3-1 2.lE44
t

! WI Failure to restore normal heat Table 19D.4-1 1.0E-02
removal

|
l

1

!

h

|

r

;

1

1

O|
1

tLmendment M 19D.4-20
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i

|
Table 19D.4-17 i

$
| BRANCH POINT VALUES FOR ATWS ACCIDENT SEQUENCE EVENT TREE i

!

q NOT DERIVED FROM SECTION 19D.6 FAULT TREES |
i !

|
!

i Symbol Descrintion R e fer e n ce Value .I
i !

ATWS Event Frequency Transfer from Fig. 1.0E-08 i
j 19D.4-2,-3.-4,-11 !

,
-12-13.-14 j

2

j LPL Ixvel and pressure control GESSAR. 1.0E-02
'

failure Table D.I.1 1
1

PC SRVs fail to close GESSAR, 1.0E-01.

Table D.I.2-1

; Q Feedwater unavailable Table 19D.4-1 5.0E4)2 |
1

1
i

i

e i

I
i
,

i
;

l

i

1

.

!

!
|

i

|

Amendment 28 19D.4-21
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19D.5 ABWR CONTAINMENT discussed in Section 19E.2. The numerous release !
EVENT TREES paths can be consolidated or binned into release

categories by grouping them based on the expected |

19D.5.1 Overview amount of fission product release to the ;
emironment.

'

!The accident sequence event trees described in
Section 19D.4 model the event progression for the j
various accident initiators, and provide the classi- i

fication and frequency of accident sequences. In ;

these event trees, the sequences which are termi-
nated safely without core damage are designated as ;

"OK*. The event sequences which are not success- .;
fully terminated could either directly lead to core !

damage or in some cases could lead to containment
,

structural failure which in turn could lead to core ;

damage. These event sequences are ' binned" into |

various accident classes depending upon the ex- The consolidated release categories and the asso- !
pected event progression, timing and mode of con- ciated frequencies are used as input to the conse- |

tainment structural failure and the amount of fission ' quence analysis discussed in Section 19E3. |
product release to the emironment. !

19D.5.2 Accident Classes
There are five basic classes (1 through V), and a

.

I

total of eleven classes including subclasses such as In Section 19D.4 accident event trees are devel-
IA,IB,IC, etc. A Class IA event, for example, is a oped for each of the initiators. The end states of
transient event with loss of high pressure water these accident event trees are * binned * (grouped) |
makeup systems followed by a failure to depressurize into five basic accident classes based on similarities !

O the reactor. in the subsequent core melt event progression and j

( the containment response. The key factors that in- |
Generally, the event progressions for each of fluence the definition of the accident classes are as ,

these classes of event are modeled in the contain- follows: [
'ment event trees (CET). The CETs model recovery

actions which could prevent core damage or arrest. (1) Type of initiating event (transient,' LOCA, I

core damage if already initiated. Where recovery ac- etc.). I

tions are unsuccessful, the CETs model core melt (2) Relative times of core melt and containment ;

leading to reactor essel rupture, containment struc- structural failure. !

tural failure and fission product release to the emi- (3) Whether suppression poolis bypassed. |

ronment. The CET models are based on core-melt |
progression analysis discussed in Section 19E.2. The The type of initiating event is significant because it i

mode and location of containment structural failure determines the speed of the event progression. For
i:inodeled based on a study of the containment ca- instance, when no core cooling is available, core meh |
pability discussed in Appendix 19F. occurs faster for the LOCA event than for the tran-

,

sient event because of the faster depletion of the '

There is one CET for each of the accident coolant inventory,. !
classes. The end states of CETs are either states !

with insignificant or no release (i.e. core damage pre. The relative times of core melt and conta'mment
vented or core melt arrested), or states with a release structural failure are important because if core melt
path to the emironment resulting from the structural occurs first, the time between core melt and contain-
failure of the containment. Associated with each re- ment failure is available for decay of radioactive ma-
lease path in each of the containment event trees,is terial released in the accident. This time is also
a frequency of occurrence and a magnitude of fission available for enabling the operator to recover failed
product release. The frequencies are calculated by water makeup systems in order to get water on top
the CETs, and the fission product releases are 'of the molten core or to regain suppression pool
evaluated using the fission product transport analysis

Amendment 22 19D.5-1
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cooling ifit had been lost. core cooling and ATWS events with successful boron
injection and successful core cooling but with failure

The significance of the containment bypass event of the containment heat removal system are similar
is that following core melt the fission products are to the event progression described for transient
released to the emironment without the beneficial events and these events are also considered Class 11
effects of passing through the suppression pool. events.

Five basic accident classes, I through V, have Class III: LOCAs with loss of core cooling are
been identified. A description of these five classes is Class III events. As in the case of Class I events,
provided below and is summarized in Table 19D.5-1. Class Ill events are also characterized by core melt

followed by containment failure. However, because
Class ! Most Class I events are transients with of the loss-of-coolant accident, core uncovery, core

failure of core cooling systems. In these cases, core melt and RPV failure occurs faster than for Class I
melt starts about one hour after event initiation and events.
the RPV fails about one hour later. Following RPV
failure, a mixture of molten core material and other Class IV: Class IV events are ATWS events
metals, called corium, leaves the RPV and comes in without boron injection but with core cooling
contact with the concrete on the drywell floor. The available. Under these conditions the reactor
corium-concrete interaction produces steam and continues to produce up to 20% power. The steam
non-condensable gases (such as hydrogen, CO and produced in the reactor is routed to the suppression
CO ) and the containment eventually fails by slow pool through the safety relief valves. If this situationy
over-pressurization. continues unmitigated, the containment is overpress-

urized leading to rupture disk opening or structural
Event progressions for ATWS events with failure failure. As discussed under Class Il events,

of core cooling systems are similar and are also structural failure could lead to loss of core cooling
considered as Class I events. function. This in turn could result in core melt. In

summary, Class IV core damage events are
Class 11 Most Class II events are transients with characterized by fast containment structural failure

successful core cooling, but with failure of the followed by core melt.
containment heat removal systems. The suppression
pool heats up and the containment pressure builds
up slowly until the containment overpressure
protection system (COPS) set point is reached in
about 24 hours. This period is available to th'e
operator to try to recover the failed systems. If the Following core melt, fission products are released to
COPS fails to actuate, structural failure of the con- the environment without radioactive decay due to
tainment could occur affecting the core cooling holdup within the containment.
function. Consideration of this possibility is included
in the containment event trees. Chss V: Class V events are events in which the

suppression poolis bypassed. There are two types of
Class V events. In the first, the poolis bypassed at
the beginning of the event. An example of this type
of event is a LOCA outside the containment. If the
break is not isolated and if core cooling is
unavailable, core melt will result, and the fission

Loss of core cooling leads to core melt and RPV products will be released directly to the atmosphere
| failure. Class II core damage sequences are thus without going through the suppression pool. The
characterized by containment structural failure second type of Class V event consists of accidents in
followed by core melt. At the time of core melt, the which the suppression pool is bypassed during the
containment is in a failed state and the fission course of the accident. An example of this is the
products are released to the atmosphere without the drywell rupture following core melt and RPV failure.
benefit of residence time in the containment.

19D.53 Accident Subclasses
Event progressions for LOCAs with successful

19D.S.3.1 Class ! Events

MAmendment 19D.5-2
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| The accident Class 1 is further dhided into four melt occurs faster than it does for other Class I' (A subclasses,IA through ID, as discussed below. A events.
\ summary of the differences is provided in Table'

19D.5-2.

IClass I A events are characterized by high RPV
pressure when the core melts. These are transient !

,

events followed by failure of high-pressure water Conservatively, ATWS events with successful ,

| makeup systems coupled with failure to depressurize boron injection but with loss of core cooling are also |
the reactor (ADS failure, for example). The included in this subclass. j

subsequent core melt event is called the high-pres- j

sure core melt. The core melt and RPV failure Class ID includes low-pressure core melt events.

| could result in election of molten cerium at high These are transients followed by loss of high
! pressure into the drywell, which could increase the pressure core cooling, successful reactor vessel

potential for drywell failure. On the other hand, depressurization, and loss of low pressure core
RPV failure would depressurize the reactor making cooling. Following core melt and RPV failure, the
the low-pressure systems available for flooding the molten core falls on the drywell floor. Unlike the
molten core. Class IA event, low-pressure systems are not readily

available to flood the molten core. I

Class IB events are broken into three categories.
I 19D.53.2 Class II Events

Class IB-1 events are station blackout events with
RCIC failure. Neither core cooling nor containment Past analyses have shown that, as long as the core ;

heat removalis available in the beginning and the is kept covered with water, the containment response |
core melt starts. However, on site power is recov- (especially the time required for containment |

iered in eight hours which increases the likelihood of structural failure) is relatively independent of the

{ a core melt arrest and recovery of containment heat type of initiating event. Therefore Class 11 events
removal system. If core melt is not arrested and have not been dhided into sub-classes.i s

\
; containment heat removalis not recovered then the
| containment structure fails on over pressure after 20 19D.533 Class III Events

hours. Core melt arrest is discussed in Subsection
19D.5.8. Theoretically, Class 111 events could be

sub-divided like the Class I event with four classes -
Class IB-2 events are a special class of Station A, B, C and D. However, Sub-Classes B and C

Blackout events. The RCIC is available for core which would represent LOCA coincident with |

cooling for about eight hours, after which it is loss-of-offsite power and LOCA coincident with j

assumed to be unavailable. ATWS are events with negligible frequencies of j

occurrence and negligible contribution to risk. !

| These are therefore grouped as part of Class llIA
' events. j

The suppression pool continues to heat up when
RCIC is in operation. This impacts the time of Class Ill A events are small or medium LOCAs

| containment structural failure and the time available with failure of high pressure coolant makeup systems
for decay of fission products released during the followed by failure to depressurize the reactor. The
accident. low pressure coolant systems may be available but

cannot inject water into the reactor because of the
Class IB-3 events are similar to Class IB-1 events high reactor pressure. Core melt occurs with the

except that on-site power is not recovered in eight reactor at high pressure. The core melt and
hours. This leads to core melt and increased likeli- subsequent RPV failure could result in ejection of
hood of containment structural failure. molten corium at high pressure into the drywell,

which could increase the potential for drywell failure.
Class IC events are ATWS events without boron On the other hand, RPV failure would depressurizeg

injection coupled with loss of core cooling. Core the reactor making the low-pressure systems avail-

|

Amendment 22 19D.53
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| able for flooding the mohen core. A large LOCA is where

i not a Class Illa event because the break depressur- P Probability of failure to recover=
7

izes the reactor.
*

Available repair timeT =

Class ll!D crents are LOCAs (small, medium or
large) followed by failure of both the high pressure MTTR = Mean time to repair
and low pressure coolant makeup systems. The
reactor vessel is depressurized by the large LOCA or A mean time to repair of 19 hours based on the
by the depressurization function for the small and WASH-1400 data, was assumed for the repair of
medium LOCA. Following core melt and RPV most system components as long as the core and the
failure, the molten core falls on the drywell floor. RPV are intact. .

| Unlike Class lilA events, low pressure coolant
j makeup systems are not readily available to flood the
; molten core.

19D33.4 Class IV Esents For events invoMng loss

|
of offsite power or station black out, the MTTR was

' Class IV events are low probability events char- based on recovery of on-site or off-site power.

| acterized by fast containment overpressurization
! (and failure) and it is judged that further sub-classifi. For systems involving (multiple) redundant

cation of this event is not necessary. divisions of equipment, there is a potential for
recovery of each of the failed divisions. For

! 19D333 Class V Eients instance, if all three RHR loops failed, there is a
! potential that any one of them can be recovered (P ).r
| Theoretically, there could be pool bypass events and the probability of failing to recover can be

associated with each of the four accident Classes I modeled as P x P x P . However, because of
g g g

through IV. However, past PRAs have shown that potential for common cause failure and limitations
frequencies of pool bypass events and their on the number of available operators etc,it was
contribution to plant risk are low, and it is judged that the probability of failure to recover the

| reasonable to group them all under one class without failed function would be taken as half the value
dividing them into subclasses. calculated for a single system (ie 03 x P ) and not P

g g
xP xP

g r19D.5A Equipment Recovery
in the accident fault and event trees, the

Recovery of the following systems or functions successful operation of the RHR was treated very
has been modeled in the containment event trees: conservatively. If the system failed to operate as

designed then the branch of the tree was designated
,

| Core Cooling as failure. However,in the ABWR the most
|

Containment Heat Removal common failures of the RHR result in degraded
On-site Power (includes diesel generators) performance or delayed initiation. For these cases,
Off-site Power no repairs of the system are required to allow

successful core cooling.
Equipment recovery is achieved through compo-

| nent repair. Typical repairs are fuse replacement, As an example, the presence of a LOCA signal is
| valve operator replacement, pump or motor replace- deemed a failure of supression pool cooling because
I ment, etc. this signal causes flow to be directed to the vessel.
| However, in the ABWR the valves are normally
| System recovery probabilities are calculated aligned such that the heat exchanger removes heat

using the exponential recovery formula: from the containment even when the RHR is in
LPFL mode. Therefore, containment heat removal

I P = Exponential (-T/MTTR) is successful.g

A similar failure mode used in the fault and

i Amendment 22 19D.5-4
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accident event trees was common mode failure of a . times the design pressure). A discussion of the

' ( flow trar smitter wiiich could result in the minimum ABWR containment capability is provided in Appen- | ;
.

flow bypass line remaining open. Were this to dix 19F. The ultimate pressure capability of the !
happen about 109i> of the RHR flow would bypass ABWR containment islimited by that of the drywell i

the heat exchanger. However, because the decay head. The drywell pressure capability depends upon
heat falls to a fraction of the RHR capacity before the temperature in the containment. At 500 F, the.i

a containment structural failure occurs, the degraded containment ultimate strength is evaluated to be
system is still capable of adequate containment heat 134 psig. | |
removal. !

19D.5.6 Containment Structural Failurr !
A third type of failure considered in the fault Modes And locations j

1

trees and accident trees was failure of the operator |
1 to initiate the system. Failure to initiate could occur In recent years, many PRAs have focused on the j

either due to human error or a failure of the issue of containment performance following a severe -!

suppression pool temperature alarm. However, accident. Of specialinterest are events with early i

because there is a very long time to containment loss of containment structural integrity or suppres-
'

structural failure the probability of recovering from sion pool bypass, and events invohing large releases
human error is very high. ' Furthermore, in the long' of radioacthity. In the case of non-inerted contain-

,

term, high drywell pressure will provide a diverse :!
signalindicating the need for containment heat
removal. |

|

In order to determine the effects of these types of j

,
conservatisms, the fault trees were reevaluated with !

the appropriate nodes deleted. It was found that a |
recovery factor of 0.5 was appropiate. L

When the remaining failure modes were I.

examined it was found that the vast majority involved ]
failures in the pump or valve rooms. If the pumps !

| did not run after core damage began then the j
| radiation levels would be less than 10 Rem /hr. i

Ahhough this value somewhat high, pump and valve |
rooms are still accesible. Therefore. the time" '

available for RHR recovery is the time to
'

containment structural failure. In order to represent
the affects of radiation in the pump room the failure
to recover heat removal was multiplied by 2.

The time available for repairing or recovering
'

cach system was determined by the time within
which the system had to be operating to prevent the'

occurrence of failure (core melt, containment
overpressure, etc.). The available repair times were
obtained based on the core melt progression analysis i

discussed in Section 19E.2. i

19D.5.5 Containment Capability
.

1

The ABWR containment design pressure is 45
psig. Past stress analyses performed for other PRAs
have shown that the containments are capable of

-
- withstanding much higher pressure (typically 2-3

Amendment 2P 19D.5-4.1
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ments, hydrogen generation and potential for subse- based on the uncertainty distributions for the head
quent hydrogen detonation are also of specialinter- ultimate stength and the COPS as described in
est. The ABWR containment is inerted. Subsection 19E.2.8.1.1. The sequences in which a

combmation of high temperature and pressure
|

l 19D34.1 Containment Structural Failure Modes results in a containment leakage, ?he leakage is

| assumed to occur in the large drywell penetrations

| In Appendix 19F it is concluded that when the (e.g. equipment hatch) with a failure probability to ;
d; containment is pressurized, the most likely mode of 1.0.

failure is the plastic yield of the drywell torispherical
dome. Containment rupture which impairs the 19D34.3 Failure Modes Explicitly Modeled in
ability of the containment to provide structural Containment Event Trees ,

support is not judged to be a credible mode of |

failure. The following containment failure modes are |
explicitly modeled in the CETs: '

Containment leakage at pressures below the
failure pressure is judged to be not, significant (i.e. (1) Containment Overoressurization
not sufficient to depressurize the containment). A
certain amount of leakage is considered acceptable Containment fails in the drywell when j

during plant operation since the risk associated with subjected to high pressure resulting from j

such leakage is judged to be acceptable. These' steam and non-condensable gases. !
acceptable limits are specified in the plant Technical |
Specifications. The amount of leakage increases as (2) Containment Leakace !'
the containment is pressurized, but is not judged to
be significant. (See Subsection 19E.2.3.4 for Containment seals (such as the drywell head
adsional discussion.) However,if the temperature scal) fail when subjected to a combination of ;

exceeds 500 F, there is a potential for degradation of high temperature and pressure (500"F and 52 !

seals in the large operable penetrations such as the psig). ;
drywell head, equipment hatches and personnel !

' airlocks. Even with this high temperature (3) Hich Temnerature Failure <

degradation of these seals, a conservative evaluation |
shows that leakage is expected to occur only when When subjected to a very,high temperature )
the containment pressure exceeds 52 psig (Appendix (c.g. greater than 700 F) the drywe11

,

19F). structural capacity is reduced due to reducuon i

of material strength. I
Conservatively, in this PRA, containment I

| structural integrity is judged to be breached if the (4) Containment Failure at the Time of RPV
| containment pressure exceeds 134 psig, or the Failure

containment pressure exceeds 52 psig and the
containment temperature exceeds 500 F. In Containment fails when the RPV fails due to
addition, under some conditions, exposure to very factors such as vapor suppression failure,
high temperatures could reduce the structural missile generation, etc.
capability of the containment {see Subsection
19D34.3(b)]. 19D34.4 Failures Modes Not Explicitly Modeled in

Containment Event Trees
19D34.2 Containment Failure Imcation &
Probabilities (1) Steam Explosion

Based on a review of results of tests performed in-vertsel and ex-vessel steam explosion
on scaled containment models,it is concluded in leading to containment failure are not credible
Appendix 19F that the most likely failure location is events as discussed in Subsection 19E.2.3.1
the drywell head. The ABWR containment event and Attachment 19EB. Therefore, they are
trees are developed such that the overpressurization not explicitly modeled in the CETs.
events result in either drywell failure or opening of
the COPS. The probability of drywell head failure is

Amendment I 19D.5-5
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(2) Hvdrocen Detonation
,

| The ABWR containment is inerted during
j plant operation and therefore, failure modes
1
i

r

i

i

!

f
t

,

i !

; I
t :
1 \

2

i
e

i
a

;

i
l
i

J

b >

j !

-,

| 9-
s

i |
1

i
s

i
;

i
;

,

4

4

i
:

3
I

|
i
!
s

k
4
i

3
i

l

i

i

4 !

i

Amendment 3 19DS 5.1

l
;

i



_ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

ABWR msms
Standard Plant w

relating to hydrogen burning and detonation piping which runs outside the containment. Rupture
have been ruled out as having a negligible of high pressure piping in any of the following
probabil.ity of occurrence. The risks associ- systems with a failure to isolate the break could
ated with the small fraction of time (<1%) of result in this type of LOCA:
ABWR plant operation when the contain-
ment is not inerted is negligible, since these (1) Main steam lines
are associated only with the plant startup or (2) Feedwater lines
shutdown process, and inerting can be (3) RCIC steam lines
restarted if an accident is initiated. There is a (4) RWCU system lines
potential for hydrogen combustion in the
reactor building, following the release of Another type of ex-containment LOCA is the in-
gases after the containment fails. Since the terfacing systems LOCA where a low pressure sys-
containment structural failure directly results tem piping connected to a high pressure system is ac-
in suppression pool bypass in the ABWR cidentally overpressurized resulting in the rupture of
CETs, special modeling of hydrogen the low pressure piping. This, coupled with a failure
combustion was considered not necessary. to isolate, results in the interfacing systems LOCA.

In ABWR, potential for interfacing LOCA has been
(3) RPV Ruoture essentially climinated by increasing the design

pressure oflow pressure piping connected to higher
RPV rupture, an initiating event which could pressure piping.
potentially cause a structural failure of the
ABWR containment, is judged to be a In each of the above cases,if the ex-containment
negligible contributor to risk. LOCA is not mitigated, core melt could result and

the radioactive material would be discharged to the
(4) Basemat PenetIAllcn environment directly through the break, bypassing

Basemat penetration following core melt is
not expected to result in the release of This type of suppression pool bypass path has
radioactive materials to the environment been studied as part of the suppression pool bypass
(Section 19E.2). study in Subsection 19E.233 and it was determined

that this is not a significant contributor to ABWR
19D.5.7 Suppression Pool Bypass plant risk. Therefore, this bypass path is not

modeled in the CETs.
19D.5.7.1 latroduction
10 19D.5.73 Failure ofIsolation Valves and Pipe

The magnitude of radioactive release to the ensi- Ruptures
ronment for the severe accidents in which the
suppression pool is bypassed is much higher than the There are other combinations of failure of
severe accidents in which the release occurs through isolation valves and rupture of pipes which could
the suppression pool Thus, suppression pool bypass lead to suppression pool bypass. But unlike the
paths are of specialinterest in BWR PRAs. This ex-containment LOCA discussed above, these are by
subsection discusses the various types of suppression themsches not accident initiators but proside a path
pool bypass paths and describes how they are treated for bypassing the suppression pool for severe acci-
in the ABWR PRA. Some of these bypass paths are dents which are initiated through other initiators.
explicitly modeled in the CETs. Others have been An example of this type of suppression poolb3 pass
studied separately in Subsection 19E.233 and found path is the one resulting from the rupture of RCIC
to be negligible contributors to ABWR plant risk. A piping, failure of RCIC discharge vahe and operator
summary of the various suppression pool bypass inability to isolate the break.
mechanisms and how they are treated in the ABWR
PRA is provided in Table 19D.5-3. This type of bypass paths is analyzed in detail in

Subsection 19E.233 and it was determined that this
19D.5.7.2 Ex-Costal== cat IDCA is not a significant contributor to ABWR plant risk.

Therefore, this bypass path is not modeled in the
A LOCA can occur in the high pressure system CETs.

Amendment N 19D5-6
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19D.S.7.4 Failure of Dr3well Vacuum Brraker sufficient water. The success criteria for arresting
core melt is described in this subsection. The

If the containment dr)well vacuum breaker is in a malytical basis for the success criteria is developed
failed state during a core melt event that leads to in Subsection 19E.2.1.43.
RPV failure, the suppression pool is bypassed. This
bypass path has been studied as part of the suppres- There are two ways to arrest core melt: 1) during
sion pool bypass study in Subsection 19E.233 and it the early stages of an accident core melt can be
was determined that could be a significant contribu- arrested prior to RPV failure,2) if the RPV has
for to ABWR plant risk. Therefore, this bypass path been breached, core melt can be arrested prior to
is modeled in the CETs. loss of structuralintegrity of the containment.

19D.5.7.5 Containment Structural Failure in each case, a means of getting water to the
corium and a means of removing heat from the con-

The most likely structural failure of the tainment are required.
containment occurs in the drywell. This failure mode
bypasses the suppression pool and is modeled in the The core melt arrest success criteria is summa-
CETs. As discussed in Subsection 19D.5.63, two rized in Table 19D5-4.
additional containment failure modes are modeled in
the CETs. These also result in suppression pool 19D.5.fl.2 Core Melt Arrest Prior to RPV Failure
bypass.

For arresting core melt within the RPV, one of
19D.S.7.6 Uncoscry of Horizontal Vents the core cooling systems must be recovered within

about an hour of the core melt initiation.
If after the RPV failure, the horizontal vents are

uncovered due to low water level in the suppression if the reactor is at high pressure, operation of one
pool, the pool will be bypassed. Calculations show of the high pressure systems (HPCF B or C, RCIC,
that for all events other than ATWS, initial suppres- feedwater system) must be restored.
sion pool inventory is sufficient to compensate for
the evaporation loss for over 24 hours without uncov- If the reactor is at low pressure,in addition to the
ering the horizontal vents. It is assumed that high pressure system, operation of one of the low
suppression pool make up will be initiated within 24 pressure systems (LPFL, condensate injection) may
hours (by using fire trucks if necessary) for each of be recovered. Alternately, arrangement could be
these accidents. Therefore this type of suppression made to get the diesel driven fire water into the

| pool bypass is not explicitly modeled in the CETs. reactor.

19D.S.7.7 Low Probability Bypass Events CRD water supply is assumed to be not sufficient
to arrest core melt.

Some events such as RPV rupture, and in. vessel
steam explosion, with extremely low probability of For removing the heat from the containment, one
occurrence have the potential for causing suppres- of the RHR loops must be available.
sion pool bypass. These are not specifically treated
in the CETs because past PRAs have shown negligi-
ble contribution to risk attributable to these events.
For references which provide additional details see 19 0.5.16.3 Core Melt Arrest Prior to Loss of
Table 19D.5-3. Containment Structural Integrity

19D.5.8 Core Melt Arrest Success Following RPV failure, the molten core drops on
Criteria the drywell floor. Core melt can be arrested by op-

erating one of the two HPCF or any one of the low
19D.5.8.1 Introduction pressure systems (LPFL or condensate injection to

the reactor vessel or diesel driven fire water system).
After core melt has been initiated, the process

can still be arrested if the core debris is cooled with

Amendment 2E 19D.5-7
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[T CRD water supply is assumed to be not sufficient for COPS is indicated by *RD open'in the LCS node of

( ) arresting core melt. the CETs.
m

If none of the low pressure systems can be
recovered in time to quench the corium on the lower
drywell floor, the corium continues to heat up the
lower drywell area. This melts the fuse at the ends
of pipes in the passive flooder system resuhing in the
transfer of the suppression pool water to the lower
drywell area. This passive flooder system is
described in Subsection 9.5.12. The suppression
pool water quenches the molten corium and the core
melt process is arrested. This process is modeled in
the CETs by the node P, representing " passive
mitigation". It should be noted that even after
passive flooder operation, the suppression pool water
level stays high enough to cover the horizontal vents.

After the core melt is arrested,it is still necessary
to remove heat from the containment. Containment
heat can be removed by operation of one of the
RHR systems. If the core melt is arrested but the
RHR is not available, radioactivity is eventually
released to the emironment. |

19D.5.9 Containment Release Categories
CT |

i, / The amount of radioactive release to the environ-
ment depends upon a number of factors such as the
timing of containment failure and the location of i

containment failure. Ideally, there is a specific
radioactive release associated with each outcome of i

the containment event trees. However, evaluating |
the source terms for each event tree output is very |
time consuming. Therefore, the releases with similar j
characteristics are grouped (" binned") together to
define release categories.

Detailed discussion of the binning process is
provided in Subsection 19D.12.5.

19 D.5.10 Containment Overpressure
Protection

Subsection 6.2.5 describes a mitigation system
called the overpressure protection subsystem of the
atmospheric control system. This system protects
the containment structural integrity and provides for
controlled fission product release. If the containment
exceeds its service level C limit, a rupture disk opens
providing containment pressure relief. Since the
system originates in the werwell airspace, any fission(o product release will be scrubbed. The operation ofV)
Amendment 2B 19D.5-8
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N were developed. A summary of how each of the
- accident chsses is treated in the CETs is provided ink 19D.5.11 Description of Containment Table 19D.5-7. ,

Event Trees
19D.5.11.2 CET for Class IA Es ent

19D.5.11.1 Introduction
CET for Class IA event is shown in Figures

A description of the CETs is provided in this 19D.5-4 and -5. Class IA events are transients
sectian. followed by failure of high-pressure water makeup

systems coupled with failure to depressurize the
! There is one CET for each of the accident reactor.
| classes. The CETs model recovery actions and con-

tainment failure modes. The end states of CETs are The first CET node, OP, checks if the operator
either states with insignificant or no release (i.e. core depressurized the reactor. In this particular case this !
damage prevented or core melt arrested), or states action has been included in the ADS fault tree (and !

with a release path to the emironment resulting from therefore the accident event trees) and hence this,

! the structural failure of the containment. As node has been assigned a failure probability value of !

discussed in Subsection 19D.5.9 the end states are 1.0 (i.e. the reactor is not depressurized).
assigned a release category under the column titled

; CET Bin / Transfer. Some of the end states in the The second CET node, CHR, checks if contain-
! CETs require further CET development before ment heat removal was available at the time of the

release categories can be assigned. In such cases, accident. If RHR is available, the accident sequence
under this column CET Bin / Transfer, the CET continues as discussed below. If RHR is unavailable,

,

| figure number,in which this sequence is developed the event is tracked in a separate CET, IA.1 in ,

'

in detail, is identified. IA.1, IB-1.1, etc. are examples Figure 19D.5-5.
of CET transfers. Each CET row is identified by a
row number for purpose of identification in the text. The next CET node, ARV, checks if the core melt

(O Each CET consists of two figures. The first figure is arrested within the reactor pressure vessel,
'consists of the tree structure and the second figure through recovery of one of the high pressure core|

'

consists of description of the accident sequence for cooling systems. If the core melt is arrested, the !

cach CET row. outcome will have negligible fission product release I

and is classified as LCHP IVNN (Row #2). A
Eleven accident classes were developed in the detailed description of the release categories is

| accident event trees. However, two of the accident provided in Subsection 19E.2.2. If core melt is not
classes (IC and IV) had negligibly low occurrence arrested within the RPV, the core melt process
frequencies and CETs were not developed for those continues leading eventually to RPV failure. The
accident classes. Class IC event frequencies were next node, Cl, checks if the containment fails when
added to the class IA frequencies Class IV events, the RPV fails as a direct and immediate consequence
like Class II events, are characterized by containment of vessel failure, if the containment fails,it is
structural failure which might, in turn, cause failure conservatively assumed to fail at the drywell and high

i of core cooling. The mechanisms for core cooling fission product releases are expected (see Row #7).
l failure are discussed in Subsection 19D.5.11.3. No
i credit is taken for the firewater system to prevent |
I core damage in this class because the stability of the j

reactor during an ATWS at low power has not been
'

examined. The fission product release associated The next node HTF checks if
with this event has been binned with SBRCPFDH, as the containment failed due to high temperature
this bin resulted in the most severe consequences. resulting from the presence of uncooled corium in
Some accident classes, on the other hand, were the upper drywell. The next CET node, ARC,
analyzed in more than one CET. For example, class checks if the core melt process is arrested prior to I

IA is analyzed in two event trees, IA and 1A.1. Class reaching the pressure at which the containment
_ V sequences were treated in the suppression pool structure fails - which happens in about 20 hours If

bypass study in Subsection 19E.2.3.3 and no CETs the core melt is arrested, no significant fission

I
i

| Amendment 22 19D.$.10
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product release is expected. However, to account for ,

'
leakage through the containment, this release has
been classified as LCHPFSNN ielease (Row #3). If
the core melt process is not arrested by the time the
containment ultimate pressure is reached, the
sequence is developed in CET IA.1 in Fig. !

ure 19D.5.11-5. The next node, P, checks for passive ;

mitigation which occurs when the passive flooder
system initiates and the suppression pool water
quenches the molten core on the drywell floor. The j

inext node, RCH, examines if the containment heat
i

O

9
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j removal is recovered in time to prennt containment heat exchanger. It is extermly unlikely that more

) structural failure. The last node containment sent, than one division of core cooling would be lost as aI
g

VT, allows containment structural failure to be pre- result. There is a remote possibility for plugs whichv

vented by opening the vent. However,in this analysis were very energetically elevated to fall on the control
no credit is taken for containment venting. Thus this room, possibly causing temporary loss of core

|
node has been assigned a failure probability of 1.0 cooling, until cooling could reestablished from the

j for all CETs. remote shutdown panel.

l
19D.S.113 CET for Class 11 Esent High temperatures in the suppression pool would

result in increased suction temperature for core
The CET for Class 11 Event is significantly cooling pumps. However, pump performance should

different from those for the Class I events. not be impaired because the pumps are designed for
water temperatures as high as 360 F. Further,

The first node, RCH, examines the probability of condensate storage tank water and fire tank water
recovery of the RHR prior to containment structural temperatures would not be affected.
failure. If the RHR system is successfully recovered,
containment structural failure is averted. The High drywell temperatures were considered for
second node VT models the containment vent. their potential effects on SRV performance,

; Since a vent is not used in the base analysis, this electrical equipment and water level instrumentation.

| node is assigned a failure probability of 1.0. SRV performance should not be degraded because
| Therefore,if the RHR is not recovered at node the expected temperature / time history is less severe

RCH, containment pressure increases, resulting than the LOCA condition for which the SRVs will be
eventually in structural failure. qualified. There is no electrical equipment in the

drywell which is required to operate to establish or
The node CC models the probability that core maintain core cooling. Effects on water level

cooling will be impacted following structural failure instrument accuracy should be small since the
p of the containment. The quatification of this node is reference and variable legs experience the same

{ described he w. elevation drop in the drywell.t
,

For cases in whiO the core is successfully cooled, After reviewing these potential causes of core
but the containment is not, the containment will cooling loss resulting from high temperature
pressurize. The containment boundary will conditions / containment failure,it was judged that
eventually be breached, but if core cooling is the probability of core cooling loss ranged between
maintained, the offsite consequences of the breach 0.01 and 0.001. A value of 0.01 was used in the
will be negligible. If the containment boundary analyses for loss of conventional core cooling. Since
failure causes core cooling failure, the consequences the firewater addition system is much less vulnerable,
would be more severe. Therefore, this potential was it was assumed available 90% of the time, even if I

reviewed. Several general areas were reviewed; 1) conventional cooling was lost. |
drywell head failure,2) high temperatures in the
suppression pool, and 3) high drywell temperatures. 19D.5.11.4 CET for Other Classes
Each is briefly discussed in the following paragraghs.

The structure of other CETs is generally similar I

Drywell head failure would pressurize the to the class IA CET. The trees reflect the accident j
relatively small volume between the head and progression as analyzed in Section 19E.2. The CET |
concrete shield plugs. This could levitate some of node values are calculated based on a number of |
the plugs which would then fall, potentially causing factors, such as the recovery probability or fault tree
equipment damage. There is no potential for plugs evaluation, which in turn depend upon the accident
falling between the reactor vessel and drywell wall - sequence progression. |
the annular space is too small. The vessel vent '

could be damaged, but the consequences would be
no worse than a small LOCA. Although unlikely,
plugs could fall through the vertical equipment hatch I

[_.s and damage electrical equipment and/or an RHR
'

\w
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19 D.5.12 Discussion of Results in addition to the 94% of accident sequences
which do not result in core damage, in another 11%

19DS.12.1 Introduction (Release Node N frequency of 1.6E-7 per reactor-
year) the core melt is arrested either in the RPV or

The results of the containment event tree in the containment, without ever breaching the
analyses are discussed in this subsection. To containment structuralintegrity. This means that in

recapitulate, the accident sequence event trees virtually all of the accident sequences, either
described in Section 19D.4 identified nine accident radioactive material remains in the reactor vessel or
classes. The total accident sequence frequency was is contained within the containment boundaries and

j calculated to be 13E-6 per reactor-year. The CETs not released to the environment (except through
were used to identify the radioactive release normal containment leakage). This is attributable to

categories and calculate the associated frequencies equipment and power recovery prior to containment
for use in the consequence analysis described in failure and to * passive mitigation,'' i.e., flooding of
Section 19E3. In addition the CETs helped answer the molten core from the suppressiou pool water

the following questions- when passive flooder system actuates.
.

a) What fraction of these accident sequences re-
sulted in core damage? Considering only those accident sequences in

which core melt starts, (i.e., exclude certain class 11

b) In what fraction of these cases was core melt
events where core melt was not initiated), then the

arrested? core melt arrest constitutes approximately 86% of all I
such sequences. The frequency of core damage with

c) What fraction of these accident sequences significant fission product release, which includes all

resulted in COPS actuation? categories except NCL and OK, is 2.2E-8 per reactor
year.

d) What fraction of these accident sequences re-
sulted in containment failure? The containment design incorporates a

j containment overpressure protection system which is
'

| c) Are the core damage and containment-re- designed to ensure that any sequence which is not

lated goals met? arrested in the containment will have low
The answers to these questions follow: consequences. This system consists of a line

originating in the wetwell which exhausts to the plant
19D5.12.2 Corr Damage frequency stack. If the containment pressure rises to a level

where containment integrity could be challenged, a
The total internal event core damage frequency rupture disk opens relieving the containment

(CDF) calculated from the sum of all releases except pressure. If there is no suppression pool bypass, the
i

! OK on Table 19D.5-8 is 1.6E-7 per reactor-year. containment does not reach the rupture disk setpoint

Thus -12% of the total accident sequence frequency for about 24 hours. This ensures a late release with

(13E-6 per reactor-year) results in core damage. In low magnitude. The frequency of these events is
other words,8S% of the accident sequences do not 2.1E-8, or 13% of all core damage events. The

result in core damage. frequency of all other events is only 9.SE-10. Thus,
the upper bound for releases with the potential to be

Classes I, III and IV result in core damage. early or have high magnitude is 0.6%.

However, only 1E-6 of all class Il events (i.e., the
frequency of STC #52 in Figure 19DJ-3 divided by 19DJ.12.4 Probability of Containment Structural

the frequency of all Class II) results in core damage. Failure due to Loss ofIleat Removal
This low CDF value is attributable to the recovery of
failed systems (or AC power), the ability of the One of the goals of the ABWR design is to assure

ABWR RHR pumps to pump saturated water that highly reliable heat removal systems be provided

without cavitating and the ability of core cooling to reduce the probability of containment failure by

systems to continue to inject water to the reactor loss of heat removal

| following operation of the COPS system.
The frequency of containment structural failure

19DJ.123 Core Melt Arrest resulting

19D.5-11.13Amendment
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% from a loss of containment heat removal systems is magnitude of the releases. Column P(i) of Table i

evaluated to be 1.1E-9 per reactor-year. Core 19E.3-6 gives the probabilities associated with each !

damage occurs in only 0.1% of these events. This of the consequence bins with frequency above IE-10.'

low number demonstrates that the goalis met for the- These values are simply the result of summing all of

ABWR design. The ABWR features and other the sequences in a given consequence bin.

factors that contribute to this low value are:
STC#53 in Figure 19D.5-3 was binned with Case

(1) Three divisions of heat removal systems. 9, the worst of the consequence bins. This is a very
conservative assumption since the frequency

(2) Ability to re-establish the main condenser as associated with this sequence is the initiating event

a heat sink in certain accidents. frequency for ATWS events.The assumption is made
only because there is a negligible tJfect on the

(3) Ability to remove heat using RWCU heat ex- consequence analysis. lf this assumption impacts the

changer. risk, a containment event tree should be developed
,

for ATWS events.'

(4) Long times before containment pressure
reaches a value which could threaten contain- 19D 5.13 Sensitivity of Containment
ment integrity, which enables recovery of Performance Analysis to RHR Recovery
power and failed heat removal systems. Assumptions

i

(5) Presence of the containment overpressure It was noted that late RHR recovery is considered

protection system. prior to pool bypass in the CET Hence, the effects
of pool bypass on the probability of RHR recovery

(6) Ability of the core cooling systems to are not explicitly considered in the model,
continue to maintain the core cooling ;

'

function following structural failure of the The probabilities of late RHR (non-) recovery

f containment. under various conditions are summarized in Table

('
19D.5-6. These probabilities assess whether RHR is |

19D.5.12.5 Frequencies for Radioactive Release recovered prior to operation of COPS or
Categories overpressure structural failure of the containment. |

The probability of RHR recovery will vary for |
The important release characteristics for each of different accident subclasses, for sequences with the !

the severe accident sequences are summarized in core damage progression terminated in-vessel, and ;

Figure 19D.5-3. The first branch of the tree identifies for sequences with active injection to the lower |

| the initiating event for each sequence. This drywell after RPV failure because of differences in |

| information is used to specify the first four letters of the availability of AC power, sequence timing and
the severe accident sequences used for the other factors.
deterministic analyses performed in Section 19E.2.2.
Later branches identify the potentialimpact of other 19D.5.13.1 Minimum RHR Recovery Probability
important issues such as flooder operation and mode with Pool Bypass
of fission product release. Table 19D.5-7 identifies
the deterministic accident sequence associated with MAAP analysis indicates that the time available
each of the end states in Figure 19D.5-3 with a for late recovery of RHR prior to COPS actuation
frequency of at least IE-11. Note that all sequences would be 5 hours for sequences with pool bypass.
with an intact containment and no rupture disk Using the method described in Subsection 19D.5.4 1

opening are assigned to class NCL (Normal the probability of failure to recover at least one |
Containment Leakage). Sequences with a frequency division of RHR is 0.4.
ofless than IE-11 are neglected.

This non-recovery probability is considered a
The deterministic sequences are then binned bounding value which will be applied for sequences

according to the characteristics of the fission product in all accident classes under all conditions for a
release. Table 19E.3-6 indicates combination of the conservative estimate of the impact of pool bypassp

( deterministic sequences into release bins.This and RHR recovery on COPS operation and
combination was done by considering the timing and containment structural failure. Note that late RHRI u

Amendment 18 19D.5-12
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| recovery is only an issue for those accident classes structural failure for these sequences is summarized

! with RHR unavailable at core damage initiation. below.

Accident classes IA_0 and IIIA_0 have RHR
available and need not be considered. Furthermore, Frequency of sequences without in-vessel core
the impact of pool bypass on RHR recovery is not an damage arrest or sprays (and without early
issue for accident class 11 since these sequences are containment failure or drywell overtemperature
transients v.here steam discharge occurs directly to failure) may be calculated from the CETs by

.

the suppression pool. multiplying the accident class frequency times the

| branch point probabilities for all branches up to and
The corrected probability of RHR non-recovery including HTF for the pathway following *NO DW

can be approximated from the previously calculated INJECT". Most of the classes have negligible impact
probability (which neglected the effect of pool on the risk (i.e. the frequency of sequence pathway is
bypass) by adding an additional term to account for less than IE-11). Only class IB1 and ID must be
sequences which would otherwise have had considered further. The impact of pool bypass for
successful recovery. The probability of these these events is then estimated by replacing the
sequences is rnultiplied by the probability of bypass original RHR non-recovery probabilities with the
and the probability of recovery for sequences with values taken from Table 19D.5-8. The results are

,

| pool bypass. The modified RHR non-recovery shown in Tabic 19D3-9.

| probabilities are shown on Table 19D.5-8 for
comparison with the existing values. 19D3.13.4 Conclusions

| 19D3.13.2 Impact on Sequences with In-vessel Core The release category frequencies were modified to
| Damage Mitigation account for the impact of suppression pool bypass on

the time available for recovery of containment heat
| For transient sequences with core melt arrest removal. The overall frequency of COPS operation is

in-vessel steam discharges which occur will be 2.1E-8 and that for late drywell head structural
directed into the suppression pool and the existence failure is 5.3E-10. The impact of pool bypass on the

,

of a pool bypass pathway (open vacuum breaker) late RHR recovery probability is to increase the
! does not impact containment heatup and the time frequency of COPS operation by 4.8E-12 (an

available to recover RHR. Only for LOCA increase of 0.02%) and of drywell head failure by
sequences terminated in-vessel in accident classes 7.7E.14 (an increase of .02%). Thus, consideration of
lilA_1 and IIID would pool bypass potentially pool bypass in the calculation of RHR recovery has
impact containment pressurization rates and the no impact on risk.
RHR recovery probability. However, the probability
of class Illa _I sequences with core melt arrest
in-vesselis negligible.

The probability of class IIID sequences with core
melt arrest in-vessel is 1.89E-10. The impact of
adjusting the RHR recovery probability for thisj

sequence is given in Table 19D3-9.
I

19D3.133 Sequences with RPV Failure

An inspection of the CETs shows that almost all
of the RPV failure sequences have drywell sprays
available. For these sequences pool bypass will not
effect containment pressurization since the steam
will be quenched by the spray. Therefore, only
sequences with no drywell spray availability need to

! be considered further. The impact of pool bypass on
the probability of COPS operation and containment j

O
Amendment D 19D.5-12.1
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Table 19D.5-1 i

:

. DESCRIPTION OF ACCIDENT EVENT CLASSES
Relative !
. Time j
of Core j

Contain- Melt and . -j
Core ment Heat Containment j

Boron Cooling Removal Structural Accident !

Event Iniected? - AvailaNe? AvailaNe? Failure Class
,

;

Transient Not Applicable No Yes Core Melts I

(N/A) First |

Transient N/A No No. Core Melts ' I
.

First !

I
Transient ' N/A Yes . Yes Successful Plant OK e

Mitigation

Transient .N/A Yes No. Containment 11
'

Fails First ;

!

LOCA N/A No Yes Core Melts III :
First

LOCA N/A No No Core Melts III
| First j

r

LOCA N/A Yes Yes Successful Plant OK i

Mitigation
,

!

LOCA N/A Yes No Containment II |
Fails First .

ATWS Yes No Yes Core Melts I
First

!

ATWS Yes No No Core Melts I-
First t

i ATWS Yes Yes Yes Successful Plant OK f
!

j Mitigation

ATWS Yes Yes No- . Containment II
Fails First '

ATWS No No Yes ' Core Melts I
First

ATWS No No No Core Melts I
First

| s

|'
l' Amendment 22 19D.5-13 ~

1
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Table 19D.5-1 (Continued)

DESCRIPTION OF ACCIDENT EVENT CLASSES

Relative
Time
of Core

Contain- Melt and
Core ment Heat Containment

Boron Cooling Removal Structural Accident

Fvent Iniected? Available? Available? Failure Class

ATWS No Yes Yes Containment IV
Fails First

ATWS No Yes No Containment IV
Fails First

Containment N/A No Yes Containment V
Bypass or (i.e. suppression

No pool) is bypassed.
Therefore, no sup-
pression pool
scrubbing of radio-
active releases.
Relative time of core
melt and containment -

failure immaterial.

Containe at N/A Yes Yes Successful Plant OK

Bypass or mitigation.
No

O
19DS-14Amendment 22
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Table 19D.5-2 l
DESCRIPTION OF ACCIDENT EVENT I SUB-CLASSES

I i

Core |
Boron Reactor Cooling Accident

,

| Event Iniected? Pressure AvailaNe? . Gass Comments

!
All transients except Not High No IA Because of high reactor pressure, !

certain station black- Applicable there is a potential for containment ;

out (SBO) events (N/A) structural failure shortly after core j
melt. |

'I
;

)

Station blackout N/A High No IB-1 No core cooling or containment heat |

events removal at the beginning because of !

absence of on-site and off-site power j
and RCIC failure. However, on-site 'i
power recovered in eight hours in- |
creasing the likelihood of recovery of !

| core cooling and containment heat !

removal system. !'

!

i

Station black- N/A High RCIC IB-2 Sequence with core decay heat ;

out events Available reduced due to RCIC operation. ;

for the Also suppression poolheats up !

first eight prior to core melt shortening the !
- hours time to containment structural !

failure. i
i

!

| Station black- N/A High No IB-3 No core cooling or containment heat
.'| out events removal.

!

ATWS Yes High No IC
or or :

!No low
'

,

t|

All transients N/A low No ID ;

i
,

!

Amendment M 19D.5-15

|
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Table 19D.5-3

TREATMENT OF SUPPRESSION POOL
BYPASS MECHANISMS IN THE PRA

Reference

Section/
Sunnression Pool Bvnass Mechanism How Treated in the PRA Subscetion

1. Ex-Containment LOCA Containment bypass 19E.233
study

- High Pressure Systems

- Interfacing Systems LOCA

2. Failure ofIsolation Valves, Containment bypass 19E.233
Pipe Rupture study

3. Normal Containment Leaks Modeled in CETs 19E.2.43
(containment temperature
<500 F or pressure <52 psig)

4. Containment Leaks Modeled in CETs
(due to high containment
temperature (>500 F) and
high pressure (52 psig))

5. Containment structural failure due Modeled in CETs
to overpressure (>100 psig)

6. High Temperature Failure of Modeled in CETs
the containment (>700 F)

7. Uncovery of Horizontal Not expected to occur in the 19D.5.7.4
Vent first 24 hours and therefore

not modeled in CETs

8. Iow Probability Events Not modeled in CETs

- RPV Rupture

- In-Vessel St m.a Explosion 19E.2.13.1
|

| - Ex-Vessel Steam Explosion 19E.2.13.1
|

| - Basemat Penetration 19E.2.13.6
Following Core Melt

9. Vacuum breaker leakage Modeled in CETs
of failure

O
I
( Amendment 25 19D.5-16

|
|
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Table 19D.5-4 ;
!

\

! SUCCESS CRITERIA FOR CORE MELT ARREST i

I i
l REACTOR AT REACTOR AT

CASE HIGH PRESSURE 1.OW PRESSURE |
|

| Core Cooline Core Cooline f
' l of 2 HPCF i

| or |

| 1 of 2 HPCF 1 of 3 LPFL '

I or or
CORE MELT RCIC Condensate Injection 1

ARRESTIN or or |

RPV FW Fire System Water :

Injection !
. . ' Containment Heat Removal

'

Containment Heat Remon] . I

l of 3 RHR . I

1 of 3 RHR
,

| "

!

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

,

Core Cooline -
1 of 2 HPCF

or .i

1 of 3 LPFL !'

or !

Condensateinjection
RPV FAILS
BUT CORE or i

!MELT
; ARRESTED Not Applicable Fire System Water !
| PRIOR TO Injection ,

FISSION ;

PRODUCT RELEASE or |
t

:

Passive Flooder System |
| ;

,

Containment Heat Removal

|
1 of 3 RHR l

i ;

~

Amendment 2 19D.5-17 .
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Table 19D.5-5 ;

i
I
; >

I *

I

i ,

|
1

!

'

;
-

.

.

I

!

4

i
: i

j (This Table deleted)
i
i

: o
!

|
1

1

k

.

I

i

i
1

!
!

1

!

O
Amendment 22 19D.5-18
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1

Table 19D.5-6

4

J
1

i

i
j

i

f

1

,

i

i

(This Table deleted)

|

.

'!

J I

1

.

.,

9
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Table 19D.5-7

Summary of How Each Accident Class is Treated in the CETs

Accident Containment Figure

h Event Trees Number Remarks

IA IA 19D.5-4 Two CETs

IA.1 19D.5-5

IB-1 IB-1 19D.5-6 Two CETs

IB-1.1 19D.5-7

IB-2 IB-2 19D.5-8

IB-3 IB-3 19D.5-9 Two CETs

IB-3.1 19D.5-10

IC --- --- Low frequency event, included
as part of IA CET

ID ID 19D.5-11

II II 19D.5-12

IIIA Illa 19D.5-13 Two CETs

111A.1 19D.5-14

IIID lllD 19D.5-15

IV --- - Low frequency event, assumed
that containment structural
failure leads to core melt
1% of the time.

V - --- Treated outside of CETs. See
Subseetion 19E.2.3.3

i

O
Amendment 22 19DS-20
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Table 19D 5 8

FREQUENCIES FOR RADIOACI'IVE RELEASE CATEGORIES

(Per reactor year)
ZhU

^"'*"' -e
Class: IA 1A.1 IB-1 151.1 IB-2 IB-3 15 3.1 ID 11 fila IIIA.1 tilD Total -

g
::2

!
~

Release CateBerles
~

1.9E-08 1.lE-10 1.7E-08 6.0E-10 3.6E-12 6.2E-08 43E-09 43E11 1.2E-08 1.6E-MNCL 4.2E-08 4.2E 10

LCHPlVDN 1.1E-12 1.1E-13 1.2E-12

| LCHPFSDL 4.0E 12 1.lE-12 1.9E-13 4.1E 13 5.7E-12 .

!'

LCHPPSDN 4.0E-13 1.lE 13 3.8E-15 4.lE-14 5.6E-13

LCHPPFPH 4.0E 10 4.1E-12 1.lE-12 3.8E-14 4.lE-Il 4.2E-13 4.5E-10

LCHPODEH 4.0E-11 4.1E-13 1.lE-13 3.8E-15 4.1E-12 4.2E-14 4.5E-fl

IILPlVDN '6.2E-09 6.2E-09

IILPFSDL 1.9E-10 3.lE-11 6.8E-10 6.8E-10

IILPPFDH 1.9E-11 6.4E-13 1.4E-11 33E-11

IILPOOPH 0.0E + 00 0.0E + 00 0.0E + 00 0.0E + 00

IILPODEH 0.0E + 00 0.0E + 00 0.0E + 00 0 OE + 00

SBRCIVD0 8.9E-10 8.9E-10

SBRCFSDH 1.0E-11 1.0E-11

SBRC00PH 0.0E + 00 0.0E + 00

SBRCPFDH 2.7E 11 2.7E-Il

LBL. VDN 1.2E-09 1.2E-09

IELCFSDL. 13E-10 13E-10
LB1IPFDM 2.6E-12 2.6E-12

i LBLC00PH 0.0E + 00 0.0E + 00

LBLCUDDH 0.0E + 00 0.0E + 00

:

LHRC00DH 2.5E-10 2.5E-10

3
0 OK 2.5E-06 2.5E-06 0

$ $
" TWal 43E-08 43E-10 1.9E-08 1.lE 10 1.8E418 6.4E-10 3.8E-12 6.9E-08 2.5E-06 4.4E-09 4.4E 11 13E-08 2.7E-06 >g

u,

E
. _ _ _ _ . _ _ - - _ _ _ _ _ - - _ - . _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _. . - _ _ . _ _ - . _ _ _ _ . , .
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1
<

i STRUCTURAL
l FAILURE LOCATION *;
j

8.:j:{:p
(FAILURE PROBABILITY - 1.0)

!
i - W? ,

5:':;:j: LEAKAGE PATHS"! ,, ' ei: ;-

) -: -. I . ..

t v.4y: N:y::t

:_.hhy?,
-
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.
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l
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,
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f

?
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1

_

* STRUCTURAL FAILURE OCCURS AT 100 psig WHEN TEMPERATURE IS 500*F

'
; " LEAKAGE THROUGH DRYWELL HEAD EQUIPMENT HATCHES, PERSONAL AIR LOCKS OCCUR WHEN
i- . TEMPERATURE EXCEEDS 500'F AND PRESSURE EXCEEDS 52 psig.
1

j. '

Figure 19D.5-1 ABWR CONTAINMENT FAILURE LOCATION AND PROBABILITIES

;
Amendment 22 19D.5-21
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(Figure 19D.5-2 Deleted) ,
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Amendment 22 19DS-22
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; (Figure 19D.5-3 Deleted)
<

,

+

4

i
j |

4
1

i
i

*

,

1'
i |

i i*
\

2

|
*

1

| !
4

i
t
4
!
.
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Amendment 22 19D.5-23
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LA OP CHR ARV Cl HTF ARC jr RCH VI

(RX DEPRESSURIZED)
0.0 - - - N.'A 1

(CORE tAELT ARREST IN RPV)
2.1 E-9 Y N N LCHPlVNN 2

(CORE fAELT ARREST
4.0E 8 Y Y N LCHPFSNN 3

IN ONMNtAEND
4.3E-8

(NO CORE -

COOLING RHR OK (CORE fAELT ARREST
4.0E-13 Y Y N LCHPPSNN 4

-
RX AT " " ' ^
HIGH 1.0E-5
PRESSURE)

"""
0.0 Y Y Y N/A 5

0.95 1 CE-2 (HIGH TEIAP FAILURE)1.0 4.0E-10 Y Y Y LCHPPFPH 6-
-

1.0E-3 (CONTAINfAENT FAILURE)
4.0E-11 Y Y Y LCHPODEH 7

1.0E-2 (RHR NOT AVAILABLE)
4.3E-10 - - - CET 1 A.1 8

. Figure 19D.5-4 TRANSIENT FOLLOWED BY LOSS OF CORE COOLING,
REACTOR AT HIGH PRESSURE (SHEET 10F 2)

!
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| 85 !
ec :

!O3 REMARKS
Ou ;

!
:

i |

|

1 RX DEPRESSURIZATION BY OPERATOR IS MODELED IN FAULT TREES. THIS BRANCH IS NOT |

DEVELOPED IN THIS CET BUT IS INCLUDED IN CET FOR STATION BLACKOUT EVENTS. |

|

2 CORE MELT ARRESTED IN RPV WHEN CORE COOLING IS RECOVERED IN -1 HOUR. RHR IS !,

AVAILABLE THEREFORE CONTAINMENT STAYS INTACT. |
'

!
'

|
:
!

, 3 CORE MELT, RPV FAILURE, CORIUM ON FLOOR. CORE COOLING RECOVERED PRIOR TO ;

! REACHING VENT PRESSURE, CORE MELT ARRESTED, RHR IS AVAILABLE, THEREFORE i

CONTAINMENT STAYS INTACT. [

j 4 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, PASSIVE FLOODER INITIATES SUBMERGING
| CORIUM UNDER WATER FROM SUPPRESSION POOL, RHR IS AVAILABLE THEREFORE

CONTAINMENT STAYS INTACT. ,

|

5 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, NO WATER TO CORIUM, CONTAINMENT
STRUCTURE FAILS. I

! +

6 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, HIGH TEMPERATURE CONTAINMENT FAILURE
'

RESULTS FOLLOWING THE FAILURE OF DRYWELL SPRAY FUNCTION.

7 CORE MELT, RPV FAILURE, CONTAINMENT STRUCTURE FAILS AT THE TIME OF RPV FAILURE,
RESULTING IN EARLY AND HIGH RELEASE.

8 CONTINURED IN CET 1 A.1 (FIGURE 19D.5-5).

Figure 19D.5-4 TRANSIENT FOLLOWED BY LOSS OF CORE COOLING,
\ REACTOR AT HIGH PRESSURE (SHEET 2 OF 2)

Amendment 22 19D.5-25
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1A1 OP CHR ARV Cl HTF ARC P ROH bT

(RHR OK)
2.0E-11 Y N N LCHPlVNN 1

(CORE MELT ARREST IN RPV)
(VENT) ,

0.0 Y N N LCHPlVVN 2
0.05

|
1.0

t 1.1 E-12 Y Y Y LCHPlVDN 3
,

(CONT. FAILURE)

(RHR OK)(CORE MELT
ARREST IN
CONTAINMENT)

(VENT)

1 A-1 4.3E-10
'

| (NO CORE 4.0E-12 Y Y Y LCHPFSDL 6

COOLING RX (CONT. FAILURE)
AT HIGH (RHR OK)-

| PRESSURE (CORE MELT 3.6E-12 Y Y N LCHPHRNN 7
NO RHR) ARREST IN

CONTAINMENT)" '

(VENT)
O.0 Y Y N LCHPPSVN 8

0.1

0.01
~

4.0E-13 Y Y Y LCHPPSDN 9 I
i

| (CONT. FAILURE)

( 0.95 0.0" I

0.0 Y Y Y N/A 10

(CONTAINMENT HIGH
| 0.01 TEMP FAILURE)

4.1 E-12 Y Y Y LCHPPFPH 11

1.0E-3 (CONTAINMENT FAILURE)
4.1E-13 Y Y Y LCHPOOEH 12

Figure 19D.5-5 LOSS OF CORE COOLING WITH REACTOR AT HIGH PRESSURE
AND CONTAINMENT HEAT REMOVAL SYSTEMS UNAVAILABLE
(SHEET 1 OF 2)

19D.5-26Amendment 22
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$ '

1 LOSS OF HIGH PRESSURE CORE COOLING, RX NOT DEPRESSURIZED, RHR NOT AVAILABLE, CORE
j MELT ARRESTED IN RPV WHEN CORE COOLING IS RECOVERED IN -1 HOUR, RHR RECOVERED i

i PRIOR TO CONTAINMENT STRUCTURE FAILURE, CONTAINMENT INTACT.

2 CORE MELT SIM!LAR TO SEQUENCE 1 EXCEPT RHR NOT RECOVERED BUT CONTAINMENT ;

j INTEGRITY MAINTAINED BY OPENING VENT.

3 CORE MELT SIMILAR TO SEQUENCE 1 AND 2 BUT NEITHER RHR IS RECOVERED, NOR IS VENT
j OPENED. CONTAINMENT STRUCTURE FAILS, CORE COOLING FAILS LONG AFTER CONTAINMENT

| FAILURE. MOST OF THE RELEASE OCCURS THROUGH THE SUPPRESSION POOL, THEREFORE ,

s LATE-LOW RELEASE EXPECTED.* |
1

|l 4 LOSS OF HIGH PRESSURE CORE COOLING, RX NOT DEPRESSURIZED, RHR NOT AVAILABLE, RPV

}
FAILS, CORIUM ON DRYWELL FLOOR. CORE MELT ARRESTED PRIOR TO CONTAINMENT

; STRUCTURE FAILURE, RHR RECOVERED AND CONTAINMENT INTEGRITY IS MAINTAINED.
;

j S CORE MELT S!MILAR TO SEQUENCE 4, RHR NOT RECOVERED BUT VENT IS OPENEDTO MAINTAIN '

CONTAINMENT INTEGRITY.*

j 6 CORE MELT SIMILAR TO SEQUENCE 4, NO RHR, NO VENT, CONTAINMENT STRUCTURE FAILS,

j CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST.*

7 LOSS OF HIGH PRESSURE CORE COOLING, RX NOT DEPRESSURIZED, RHR NOT AVAILABLE, RPV
! FAILS, CORIUM ON DRYWELL FLOOR, PASSIVE FLOODER INITIATES SUBMERGING CORIUM UNDER

| WATER FROM SUPPRESSION POOL, RHR RECOVERED AND CONTAINMENT INTEGRITY IS
j MAINTAINED.

B CORE MELT SEQUENCE SIMILAR TO SEQUENCE 7. RHR NOT RECOVERED BUT VENT IS OPENED
TO MAINTAIN CONTAINMENT INTEGRITY.*5

!
9 CORE MELT SIMILAR TO SEQUENCE 7, NO RHR, NO VENT, CONTAINMENT STRUCTURE FAILS,

i CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST,*
1

) 10 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, NO WATER TO CORlUM, CONTAINMENT
i STRUCTURE FAILS.

11 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, HIGH TEMPERATURE CONTAINMENT FAILURE
RESULTS FOLLOWING FAILURE OF DRYWELL SPRAY FUNCTION.

i 12 CORE MELT, RPV FAILURE, CONTAINMENT STRUCTURE FAILS WHEN RPV FAILS, RESULTING IN
EARLY AND HIGH RELEASE.

* NOTE: VENT HAS BEEN ASSIGNED A FAILURE PROBABILITY OF 1.0.
.

Figure 19D.5-5 LOSS OF CORE COOLING WITH REACTOR AT HIGH PRESSURE
:

j AND C_ONTAINMENT HEAT REMOVAL SYSTEMS UNAVAILABLE
(SHEET 2 OF 2)4

j Amendment 22 19D.5-27
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| (CORE MELT
; ARRESTIN
, CONTAINMENT)
! (VENT)
! === 0.0 Y Y N LCLPFSVN 3

| 0.01

|
1.0
==== 1.9E-10 Y Y Y LCLPFSDL 4

| (REACTOR (CONT.
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(RHR OK)
======= O Y Y N LC W m 5

(CORE
i MELT

ARREST
IN CONT.)

IB 1 1.9 E4 (VENT)
menu 0.0 Y Y N LCLPPFVN 6

ISTATION
BLACK- 0.1
OUT. R CIC me===mm hummmma

F AI LS:NO
ONSITE OR 1.0
OFFSITE mamma 1.9 E-11 Y Y Y LCLPPFDM 7

AC POWER (CONT.
FOR 8 0.01 FAILURE)

*
C40VRS:
ONEOIESEL
GENERATOR 0.0
RECOVERED 0.0 Y Y Y N/A 8
IN 8 HRS.) 1.0

nummma

(CONTAINMENT HIGH
0.0 TEMP FAILURE)

0.0 Y Y Y LCLPOOPH 9

0.0 (CONTAINMENT F AtLUREl
0.0 Y Y Y LCLPODEH 10

|

|

6,0E 3 (REACTOR AT HIGH PRESSURE)
1.1 E-10 - - - CET IB 1.1 11

89-326 23

Figure 19D.5-6 LOSS OF CORE COOLING DURING A STATION BLACKOUT EVENT
LASTING EIGHT HOURS, REACTOR AT LOW PRESSURE (SHEET 1 OF 2)

Ame.ndment 22 19D 5-28
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1 STATION BLACKOUT (SBO), RCIC F AILS, CORE MELT ARREST IN RPV NOT CONSIDERED.
.

I

2 SBO, NO CORE COOLING, CORE MELT. RPV F AILURE. CORE MELT ARRESTED PRIOR TO
CONTAINMENT STRUCTURE F ALLURE AND RHR RECOVERED DUE TO RECOVERY OF ON4ITE
AC POWER BEFORE 20 HOURS.

3 CORE MELT ARREST SIMILAR TO SEQUENCE 2 BUT RHR NOT RECOVERED. VENT IS OPENED TO
MAINTAIN CONTAINMENT INTEGRITY.*

t

4 CORE MELT ARREST SIMILAR TO SEQUENCE 2, BUT NEITHER RHR IS RECOVERED NOR VENT OPENED,
CONTAINMENT STRUCTURE FAILS, CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST.*

i

f S SBO. NO CORE COOLING, CORE MELT. RPV FAILURE. CORIUM ON DRYWELL FLOOR, PASSIVE FLOODER
! t INITIATES SUBMERGING CORIUM UNDER WATER FROM SUPPRESSION POOL, RHR RECOVERED WHEN

,

*

ON-SITE AC POWER RECOVERS,CONTAINMENTINTEGRITY MAINTAINED,

6 CORE MELT ARREST SIMILAR TO SEQUENCE 5, RHR NOT RECOVERED BUT VENT OPENED TO MAINTAIN f
CONTAINMENT INTE GRITY.* '

t

t

7 CORE MELT ARREST SIMILAR TO SEQUENCE 5. BUT NEITHER RHR IS RECOVERED NOR VENT IS OPENED,
CONTAINMENT STRUCTURE F AILS, CONSERVATIVELY NEGLECT IMPACT OF CORE MELT ARREST.*

l
;

,

B CORE MELT, RPV FAILURE, CORIUM ON FLOOR, NO WATER TO CORIUM, CONTAINMENT STRUCTURE
F AILS. .

I I
v

i i
| 9 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, HIGH TEMPERATURE CONTAINMENT FAILURE RESULTS -

! FOLLOWING THE FAILURE OF DRYWELL SPRAY FUNCTION.
>

10 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, CONTAINMENT STRUCTURE FAILS WHEN RPV FAILS |
RESULTING IN EARLY AND HIGH RELEASE. '

i'
f

l

|
|

11 , TRANSFER TO CET18-11 (FIGURE 190.5-7). ?

* NOTE: VENT HAS BEEN ASSIGNED A F ALLURE PROBABILITY OF 1.0 B M2&24
l

\ Figure 19D.5-4 LOSS OF CORE COOLING DURING A STATION BLACKOUT EVENT |

| LASTING EIGHT HOURS, REACTOR AT LOW PRESSURE (SHEET 2 OF 2) )
! .

Amendment 22 19D.5-29 |
!
;

.

I

_ _ _ . _ -
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(CORE VE LT ARREST IN RPV)
00 LCHPlVNN 1

(RHR OK)
1.1 E-10 Y Y N LCHPHRNN 2

(CORE MELT
ARRESTIN
CONT AINM E NT)

(VE NT)
0.0 Y Y N LCHPFSVN 3-

0.01
-

1.0
1.1 E-12 Y Y Y LCHPFSDL 4-

(CONT.
F AILURE)

(RHR OK)
1.0E-12 Y Y N LCHPHRNN 5

(CORE VELT
ARRESTIN
CONT.)

~
0.0 Y Y N LCHPPSVN 6

I B-1.1
0.1

1.1 E-10

(STATION BLACKOUT. 0.01 3,o
1.1 E-13 Y Y Y LCHPPSDN 7RCIC F AILS: RX NOT "

DEPRESSURIZED; (CONT.
WO ON-SITE OR F AILURE)
OF F41TE AC POWER
FOR 8 HOURS;ONE

,

DIESE L GEN. I

RECOVEREDIN l
8 HOURS)

0.0
0.0 Y Y Y N/A 8

1.0

(CONTAINMENT MfGH
0.01 T E MP. F AILUR El

1.1 E 12 Y Y Y LCHPPFPH 9

1.0 E.3 (CONT AINVENT F AILURE)
1.1 E-13 Y Y Y LCHPOOEH to

89-326 25

Figure 19D.5-7 LOSS OF CORE COOLING DURING A STATION BLACKOUT EVENT
LASTING EIGHT HOURS, REACTOR AT HIGH PRESSURE (SHEET 1 OF 2)

Amendment 22 19D.5 30
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1 STATION BLACKOUT (SBO) RCIC F AILS, CORE MELT ARREST IN RPV NOT CONSIDERED. ,

,

!

'

2 SBO, NO CORE COOLING, RPV AT HIGH PRESSURE CORE MELT. RPV F AILURE. CORE MELT ARRESTED
BEFORE CONTAINMENT STRUCTURE FAILURE AND RHR RECOVERED DUE TO RECOVERY OF ON SITE i
AC POWER BEFORE 20 HOURS.

!
3 CORE MELT ARREST SIMILAR TO SEQUENCE 2, BUT RHR NOT RECOVERED, VENT IS OPENED TO

!MAINTAIN CONTAINMENT INTEGRITY.*
!

4 CORE MELT ARREST SIMILAR TO SEQUENCE 2. BI,T NEITHER RHR IS RECOVERED NOR VENT OPENED,
CONTAINMENT FAILS CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST.*

5 SBO, NO CORE COOLING RPV AT HIGH PRESSURE, CORE MELT RPV FAILURE, CORIUM ON DRYWELL
FLOOR, PASSIVE FLOODER INITI ATES SUBMERGING CORIUM UNDER WATER FROM SUPPRESSION POOL,

- RHR RECOVERED WHEN ON4ITE AC POWER RECOVERS, CONTAINMENT INTEGRITY MAINTAINED.

9

J 6 CORE MELT ARREST SIMILAR TO SEQUENCE 5, RHR NOT RECOVERED BUT VENT OPENED TO MAINTAIN
CONTAINM ENT INTEGRITY.*

1

!

7 CORE MELT ARREST SIMILAR TO SEQUENCE 5, BUT NEITHER RHR IS RECOVERED NOR IS VENT OPENED,
CONTAINMENT STRUCTURE F AILS, CONSERVATIVELY NEGLECT IMPACT OF CORE MELT ARREST.* ;

8 CORE MELT, RPV FAILURE, CORIUM ON FLOOR NO WATER TO CORIUM. CONTAINMENT STRUCTURE
FAILS.

9 CORE M ELT, RPV AT HtGH PRESSURE. RPV F AILURE, CORIUM ON F LOOR. HIGH TEMPER ATURE
CONTAINMENT FAILURE RESULTS FOLLOWING THE FAILURE OF DRYWELL SPRAY FUNCTION.

10 CORE MELT, RPV AT HIGH PRESSURE, RPV FAILURE. CORIUM ON FLOOR CONTAINMENT STRUCTURE*

FAILS WHEN RPV FAILS RESULTING IN EARLY AND HIGH RELEASE.

' NOTE: VENT HAS BEEN AS$1GNED A F AfLURE PROBABILITY OF 1.0 89-326-26

Figure 19D.5-7 LOSS OF CORE COOLING DURING A STATION BLACKOUT EVENT
LASTING ElGHT HOURS, REACTOR AT HIGH PRESSURE (SHEET 2 OF 2)

Amendment 22 19D.5-31
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"
1.5 E 4 Y N N SBRCFANO 1

(CORE MELT PREVENTED IN RPV)
(VENT)

0.0 Y N N SBRCF AVO 2

0.05
-

1.0
7.7 E-10 Y Y Y SBRCFADO 3

F AILUR E)

(RHR OK)
7.9E-11 Y Y N SBRCHRNN A

(CORE MELT
ARREST IN
CON T.)

(RX DEPRESSURIZED) (VENT)
- 0.0 Y Y N SBRCFSVN 5

0.1
-

1.0~ BEE 12 Y Y Y SBRCFSDL 6
(CONT.

F AILUR E)

(CORE MELT NOT

BEE 11 Y Y Y SBRCPFDH 7n======

(IB-2)
0.006 0.0 (HIGH TEMP F ALLURE)

1.6E 4 - 0.0 Y Y Y SBRCOOPH 8
==--

(STATION
B LACK-
OUT RCIC
RUNSFOR 0.0 (CONT F AILS) 0.0 Y Y Y SBRCOOEH 9
BHOURS
AND
F AILS)

(RHR OK)
1.2 E.11 Y N N SBRCIVNN 10

(CORE MELT ARRESTED)

0.01
0.002 1.2E-13 Y Y Y SBRCIVDN 11

"
(RX AT
PRESSURE)

0.6 (CORE MELT NOT ARRESTED'
pp 12

89 326-27

Figure 19D5-8 LOSS OF CORE COOLING AFTER EIGHT HOURS OF RCIC OPERATION
DURING A STATION BLACKOUT EVENT (SHEET 1 OF 2)

Amendment 22 19D.$.32

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



- . - - - . ..

b 23A6100AS

Standard Plant _
Rev. A

5
sen

J

uz REMARKS

1 STATION BLACKOUT (SBOh RX DEPRESSURIZED; IF POWER IS RECOVERED WITHIN 2 HOURS OF RCIC
F AILURE. CORE MELT IS ARRESTED IN RPV AND RHR IS RECOVERED TO MAINTAIN CONTAINMENT t

INTEGRITY.

P

2 CORE MELT ARREST AS IN SEQUENCE 1, BUT RHR IS NOT RECOVERED. VENT IS OPENED TO MAINTAIN
CONTAINMENT INTEGRITY.* |

I

!

3 CORE MELT ARREST AS IN SEQUENCE 1. BUT NEITHER RHR IS RECOVERED NOR VENT IS OPENED.
-

'

CONTAINMENT F AILS, CORE COOLING F AILS LONG AFTER CONTAINMENT F AILURE. MOST OFTHE
RELEASE OCCURS THROUGH THE SUPPRESSION POOL,THEREFORE LATE-LOW RELEASE EXPECTED.* f

f

I
i

4 SBO RX DEPRESSURIZED. IF POWER IS RECOVERED PRIOR TO CONTAINMENT STRUCTURE FAILURE |

i -20 HOUR 1h CORE MELT IS ARRESTED IN CONTAINMENT, RHR RECOVERY MAINTAINS CONTAINMENT {
INTEGRITY.

,

i

S CORE MELT ARREST AS IN SEQUENCE 4, BUT RHR IS NOT RECOVERED. VENT IS OPENED TO MAINTAIN! i

CONTAINMENT INTEGR' !Y.* j
,

h

i 6 CORE MELT ARREST AS IN SEQUENCE 4, BUT NEITHER RHR IS RECOVERED NOR VENT IS OPENED. >

|
CONTAINMENT STRUCTURE FAILL, CONSERVATIVELY NEGLECT THE EFFECT OF CORE MELT ARREST.' j

e

'
7 580, RX DEPRESSURIZED, POWER NOT RECOVERED AND CORE MELT NOT ARRESTED. CORE MELT AND

CONTAINMENT STRUCTURE F ALLURE OCCURS, RESULTING IN LARGE RELEASE.

i

3 SBO. CORE MELT, RPV FAILURE, CORIUM ON FLOOR. HIGH TEMPERATURE CONTAINMENT F AILURE
*

OCCURS FOLLOWING THE FAILURE OF DRYWELL SPRAY FUNCTION.

i
f

9 $80. CORE MELT RPV F ALLURE.CORiuM ON FLOOR. CONTAINMENT STRUCTURE F AILS WHEN RPV F AILS!

| RESULTING IN EARLY AND HIGH RELEASE.
|

t

l to SBO, RX NOT DEPRESSURIZED. IF POWER IS RECOVERED WITHIN 2 HOURS OF RCIC FAILURE CORE I

MELT IS A'.4 RESTED IN RPV AND RHR IS RECOVERED TO MAINTAIN CONTAINMENT INTEGRITY. {i

i
|

11 CORE MELT ARREST AS IN SEQUENCE 10. BUT RHR IS NOT RECOVERED, ASSUME VENT CANNOT HELP. .

CONYAINMENT F AILS RESULTING IN LARGE RELEASE. |

12 SBO. RX AT PRESSURE. CORE MELT, NO RECOVERY, LEADS TO RPV F AILURE, CONTAINMENT STRUCTURE .

'

FAlLURE AND HIGH RELEASE.

* NOTE: VENT HAS BEEN ASSIGNED A F ALLURE PROBABILITY OF 1.0.
89 326-28 ,

,

Figure 19D.5-8 LOSS OF CORE COOLING AFTER EIGHT HOURS OF RCIC OPERATIONi a

|
! DURING A STATION BLACKOUT EVENT (SHEET 2 OF 2)

i

19D.5 33Amendment 22
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0.0 - - - LCLPlVNN 1

(RHR OK)
6.0E 10 Y Y N LCLPHRNN 2

I(CORE MELT
ARREST IN
CONT AINMENT)

(VENT)
- 0.0 Y Y N LCLPFSVN 3

0.05

(R E ACTOR (CO
DEPR ESSURtZE D) F AtLURE)

(RHR OK)
5.7E 12 Y Y N LCLPHRNN 5

(CORE
MELT
ARREST th
CONT.)

~
(18-3) 6 AE 10 (VENT)

- 0.0 Y Y N LCLPPFVN 6

(STATION g_g
BLACK-
OUT. RCIC
F ALLS:NO 1.0
ONSITE OR 6AE 13 Y Y Y LCLPPF OH 7-

OFFSITE (CONT.
AC POWER 0.01 F AILUR E)
FORB
HOURS)

0.0
0.0 Y Y Y N/A B

1-0

(CONTAINMENT HIGH TEMP.
F AILURE) 0.0

0.0 Y Y Y LCLPOOPH 9

0.0 (CONTAINMENT F AILUREl
0.0 Y Y Y LCLPODEH 10

6.0E.3 (REACTOR AT HIGH PRESSURE)
3.B E-12 - - - CET 1B 3.1 11

89-326-29

Figure 19D.5-9 L'JSS OF CORE COOLING DURING A STATION BLACKOUT EVENT
LASTING EIGHT HOURS, REACTOR AT LOW PRESSURE (SHEET 1 OF 2)

Amendment 22 19D.5-34

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _



-- _ .

23A6100AS |

Standard Plant Rev A

1
,

I

|,

0 |
z
5 <

D :
msn

>hU RE M ARKSa

i

1
STATION BLACKOUT ISBO), RCIC F AILS, CORE MELT ARREST IN RPV NOT CONSIDERED.

P

a

,

SBO, NO CORE COOLING CORE MELT, r'IPV FAILURE, CORE MELT ARRESTED BEFORE CONTAINMENT !
2 STRUCTURE FAILURE AND RHR RECOVERED DUE TO RECOVERY OF ON-SITE AC POWER BEFORE 20 f

HOURS. |

1

!

3 CORE MELT ARREST SIMILAR TO SEQUENCE 2 BUT RHR NOT RECDVEREO, VENT IS OPENED TO !
MAINTAIN CONTAINMENT INTEGRITY.* .

!

- ;
!

CORE MELT ARREST SIMILAR TO SEQUENCE 2. BUT NEITHER RHR IS RECOVERED NOR VENT OPENED.4
CONTAINMENT STRUCTURE FAILS, CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST.* |

5 $80. NO CORE COOLING, CORE MELT. RPV F AILURE, CORIUM ON DRYWELL FLOOR, PASSIVE FLOODER
INITIATES SUBMERGING CORIUM UNDER WATER FROM SUPPRESSION POOL, RHR RECOVERED WHEN

\ ON-SITE AC POWER RECOVERS, CONTAINMENT INTEGRITY MAINTAINED.

i
i

CORE MELT ARREST SIMILAR TO SEQUENCE 5, RHR NOT RECOVERED BUT VENT OPENED TO MAINTAIN6
CONTAINM ENT INTEGRITY.*

7 CORE MELT ARREST SIMILAR TO SEQUENCE 5. BUT NEITHER RHR IS RECOVERED NOR VENT IS OPENED.
CONTAINMENT STRUCTURE FAILS, CONSERV ATIVELY NEGLECT IMPACT OF CORE MELT ARREST.*

CORE MELT, RPV FAILURE, CORIUM Ofs FLOOR, NO WATER TO CORIUM, CONTAINMENT STRUCTURE
B

F ALLS.

I g CORE MELT.RPV F AILURE, CORIUM ON FLOOR, HIGH TEMPERATURE CONTAINMENT F AILURE RESULTS
FOLLOWING THE FAILURE OF DRYWELL SPRAY FUNCTION.

|
'

10 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, CONTAINMENT STRUCTURE FAILS WHEN RPV FAILS
RESULTING IN EARLY AND HIGH RELEASE.

11 TRANSFER TO CET IB 31 (FIGURE 19D.5-10).

* NOTE: VENT HAS BEEN ASSIGNED A FAILURE PROBABILITY OF 1.0. 89-326-30

Figure 19D.5-9 LOSS OF CORE COOLING DURING A STATION BLACKOUT EVENT
LASTING EIGHT HOURS, REACTOR AT LOW PRESSURE (SHEET 2 OF 2)

Amendment 22 19D.5-35
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_

| (CORE MELT ARREST IN RPV)
0.0 LCHPlVNN 1

1

1

HR 04 3.6E 12 Y Y N LCHPHRNN 2

(CORE MELT
ARREST IN
CONT AINMENT)

h 0.0 Y Y N LCHPFSVN 3

0 05
-

1.93E-13 Y Y Y LCHPFSDL 4

(CONT.
F AILURE)

(RHR OK)
- 3.4E 14 Y Y N LCHPHRNN $

(CORE ME LT
ARREST IN
CONT.) (VENT)-

0.0 Y Y N LCHPPSVN 6

3.BE-12 o,i

I B-3.1
0.01 1.0(STATION BLACKOUT,

3.BE 16 Y Y Y LCHPPSDN 7~ -
RCIC F AILS: RX NOT
DEPR ESSURIZED: ICONT.

F AILUR E)NO ON-SITE OR
OFF SITE AC POWER
FOR 8 HOURS)

I
*

0.0 Y Y Y N/A 8

1.0

(CONTAINMENT HIGH
' O.01 TEMP. F AILUR E)
| 3.BE-14 Y Y Y LCHPPFPH 9

|
'

I.0 E-3 (CONTAINMENT F AILURE)
3.BE 15 Y Y Y LCHPOOEH 10

89-326-31

Figure 19D.5-10 LOSS OF CORE COOLING DURING A STATION BLACKOUT EVENT,
REACTOR AT HIGH PRESSURE (SHEET 1 OF 2)

Amendrnent 22 19D.5-36
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1 STATION BLACKOUT (SBO), RCIC F AILS. CORE MELT ARREST IN RPV NOT CONSIDERED. I
;

|

2 SBO, NO COhu COOLING, RPV AT HIGH PRESSURE CORE MELT, RPV FAILURE. CORE MELT ARRESTED
PRIOR TO CONTAINMENT STRUCTURE FAILURE AND RHR RECOVERED DUE TO RECOVERY OF ON-SITE
AC POWER BEFORE 20 HOURS.

CORE MELT ARREST SIMILAR TO SEQUENCE 2 BUT RHR NOT RECOVERED, VENT IS OPENED TO
I 3
! MAINTAIN CONTAINMENT INTEGRITY.*

4 CORE MELT ARREST SIMILAR TO SEQUENCE 2, BUT NEITHER RHR IS RECOVERED NOR VENT OPENED,
CONTAINMENT FAILS, CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST,*

| 5 SBO, NO CORE COOLING, RPV AT HIGH PRESSURE, CORE MELT, RPV F AILURE. CORIUM ON DRYWELL
! FLOOR, PASSIVE FLOODER INITIATES, SUBMERGING CORIUM UNDER WATER FROM SUPPRESSION POOL.

RHR RECOVEREO WHEN ON. SITE AC POWER RECOVERS, CONTAINMENT INTEGRITY MAINTAINED.

\ 6 CORE MELT ARREST StMILAR TO SEQUENCE 5, RHR NOT RECOVERED BUT VF: " ' P 2D TO MAINTAIN
CONTAINMENT INTEGRITY.*

7 CORE MELT ARREST SIMILAR TO SEQUENCE 5. BUT NEITHER RHR IS RECOVERED NOR VENT IS OPENED,

|
CONTAINMENT STRUCTURE F AILS, CONSERVATIVELY NEGLECT IMPACT OF CORE MELT ARREST,*

8 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, NO WATER TO CORIUM, CONTAINMENT STRUCTURE
F AILS.

!

;

!

9 CORE MELT, RPV AT HIGH PRESSURE, RPV F AILURE, CORIUM ON FLOOR, HIGH TEMPER ATURE
CONTAINMENT FAILURE RESULTS FOLLOWING THE F ALLURE OF DRYWELL SPRAY FUNCTION.

10 CORE MELT, RPV AT HIGH PRESSURE, RPV F AILURE, CORIUM ON FLOOR CONTAINMENT STRUCTURE
F AILS WHEN RPV FAILS RESULTING IN EARLY AND HIGH RELEASE.

* NOTE: VENT HAS BEEN ASSIGNED A FAILURE PROBABILITY OF 1.0. 89 326 32

Figure 19D.5-10 LOSS OF CORE COOLING DURING A STATION BLACKOUT EVENT,
REACTOR AT HIGH PRESSURE (SHEET 2 OF 2)

Amendment 22 19D.5 37
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ID OP CHR ARV Cl HTF ARC P RCH VT

(RHR OK)
5.0E-8 Y N N LCLPlVNN 1

(CORE MELT ARREST IN RPV)
(VENT)

==== 0.0 Y N N LCLPlVVN 2

0.2
n==mmsma

1.0 +

- 1.2E-8 Y Y Y LCLPlVDN 3
(CONT.

F AILURE) '

(RHR OK)
5.5E-9 Y Y N LCLPHRNN 4

(CORE MELT
ARREST IN
CONTAINMENT") (VENT)

- 0.0 Y Y N LCLPFSVN 5

ID 6.9E4 0.2
.mmmm

(NO CORE COOLING,
RX AT LOW PRESSURE, 1,o

RHR NOT AVAILABLE) meses 1.4 E-9 Y Y Y LCLPFSDL 6
(CONT.

FAILURE)

- (RHR OKI
5.5E-11 Y Y N LCLPHRNN 7

(CORE
ME LT

_ ARREST
IN CONT.) (VENT)

=====am ===== 0.0 Y Y N LCLPPFVN 8

0.2
-

0.01d 2 1.4 E.11 Y Y Y LCLPPF DH 9

(CONT.
F AILURE)

0.0
0.0 Y Y Y N/A 10

0.0 (CONTAINMENT HIGH TEMP 0.0 Y Y Y LCLPOOPH 11

F ALLURE)

0.0 (CONTAINMENT F AILURE) 0.0 Y Y Y LCLPOD EH 12

89-326-33

Figure 19D.5-11 TRANSIENT FOLLOWED BY LOSS OF CORE COOLING, .

REACTOR AT LOW PRESSURE (SHEET 1 OF 2)
19D.5 38Amendment 22
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Uh REM ARKS

1 LOSS OF LOW PRESSURE CORE COOLING, RX DEPRESSURIZED, RHR NOT AVAILABLE, CORE MELT
ARRESTED IN RPV WHEN CORE COOLING IS RECOVERED IN - 1 HOUR, RHR RECOVERED BEFORE VENT
PRESSURE IS RFACHED, CONTAINMENT INTACT,

i
2 CORE MELT SIMILAR TO SEQUENCE 1 EXCEPT RHR NOT RECOVERED BUT CONTAINMENT INTEGRITY I

M AINTAINED BY OPENING VENT.* !

I I
:
'

| 2 CORE MELT SIM|LAR TO SEQUENOE 1 AND 2 BUT NEITHER RHR IS RECOVERED, NOR VENT IS OPENED,
' CONTAtNMFNT STRUCTURE FAILS, CORE COOLING FAILS LONG AFTER CONTAINMENT F AILURE. MOST
I OF THE RELEASE OCCURS THROUGH THE SUPPRESSION POOL,THEREFORE LATE-LOW RELEASES !

EXPECTED.*

4 LOSS OF LOW PRESSURE CORE COOLING, RX DEPRESSURIZED, RHR NOT AVAILABLE, RPV FAILS, CORIUM
)

ON DRYWELL FLOOR, CORE MELT ARRESTED PRIOR TO CONTAINMENT STRUCTURE Fall,URE, RHR i

RECOVERED AND CONTAINMENT INTEGRITY IS MAINTAINED. |

5 CORE MELT SIMILAR TO SEQUENCE 4, RHR NOT RECOVERED BUT VENT IS OPENED TO MAINTAIN !
CONTAINM ENT INT EGRITY.*

6 CORE MELT SIMILAR TO SEQUENCE 4. NO RHR, NO VENT, CONTAINMENT STRUCTURE FAILS, i
CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST.*

!

7 LOSS OF LOW PRESSURE CORE COOLING, RX DEPRESSURIZED, RHR NOT AVAILABLE, RPV FAILS,
CORIUM ON DRYWELL FLOOR, PASSIVE FLOODER INITIATES SUBMERGING CORIUM UNDER WATER
FROM SUPPRESSION POOL, RHR RECOVER ED AND CONTAINMENT INTEGRITY IS MAINTAINED,

.

,

8 CORE MELT SEQUENCE SIMILAR TO SEQUENCE 7, RHR NOT RECOVERED BUTVENT IS OPENED TO
|MAINTAIN CONTAINMENT INTEGRITY.*

h
9 CORE MELT SIMILAR TO SEQUENCE 7. NO RHR, NO VENT, CONTAINMENT STRUCTURE FAILS, i

CONSERVATIVELY NEGLECT EFFECTS OF CORE MELT ARREST.* |
6

1

to CORE MELT;WV FAILURE, CORIUM ON FLOOR, NO WATER TO CORIUM, CONTAINMENT STRUCTURE f

F AILS, j

!
;

11 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, HIGH TEMPERATURE CONTAINMENT FAILURE RESULTS i

FOLLOWING THE FAILURE OF DRYWELL SPRAY FUNCTION. |

12' CORE MELT, RPV F AILURE, CONTAINMENT STRUCTURE F AILS WHEN RPV FAILS RESULTING IN EARLY 1

AND HIGH RELEASE. '

' NOTE: VENT HAS BEEN ASSIGNED A FAILURE PROBABILITY OF 1.0.
89-326-34

, ,

Figwe 19D.5-11 TRANSIENT FOLLOWED BY LOSS OF CORE COOLING, i

REACTOR AT LOW PRESSURE (SHEET 2 OF 2) ;

Amndam 22 19D.5-39
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11 RCH VT CC

l
'

(RHR RECOVERED) 2.3E-6 N N N OK 1

|
|

l

il 2.5E4 (VENT OPEN)
0.0 N N N OK 2

. (CORE
| COOLING

OK BUT
930 CON-
TAINMENT
NEAT
REMOVAL)

|
0.1 (CORE COOLING OK)

2.5 E-7 N N Y OK 3

1.0
m
(CONT
F AlLI)

0.001 (NO CORE COOLING) 2.5E 10 Y Y Y LCHROODH 4

i 89-326-35
j

l Figure 19D.5-12 TRANSIENT OR ACCIDENT WITH SUCCESSFUL CORE COOLING BUT
FAILURE OF CONTAINMENT HEAT REMOVAL SYSTEMS (SHEET 1 OF 2)

Amendment 22 19D.5-40
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!

1 CORE COOLING SUCCESSFUL, CONTAINMENT HEAT REMOVAL NOT AVAll.ABLE INITI ALLY. BUT IS '

| RECOVERED PRIOR TO CONTAINMENT STRUCTURE FAILURE. CORE COOLING AND CONTAINMENT HEAT
1

| REIAOVAL SUCCESGFUL i
( !
l
|

r

f.

2 CORE COOLING EUCCESSFUL, CONTAINMENT HEAT REMOVAL NOT AVAlLABLE, OPERATOR OPENS VENT ' f
WHEN VENT PRESSURE IS REACHED CORE COOLING AND CONTAINMENT HEAT REMOVAL SUCCESSFUL.*

7

|
i

k
t

|

f
,

3 CORE COOLING SUCCESSFUL. BUT CONTAINMENT HEAT REMOVAL IS NOT AVAILABLE. VENT NOT OPEN, I
CONTAINMENT F AILS, MOST LIKELY LOCATION OF FAILURE IS IN DRYWELL, CORE COOLING CONTINUES !DESPITE CONTAINMENT STRUCTURE F ALLURE.*

|
1

.

4 CORE COOLING INITIALLY SUCCESSFUL, WITHOUT CONTAINMENT HEAT REMOVAL CONTAINMENT
STRUCTURE FAILS, CORE COOLING CONTINUES AFTER CONTAINMENTSTRUCTURE FAILURE FOR A
LONG TIME, CORE COOLING EVENTUALLY FAILS LEADING TO CORE MELT. HOWEVER,IN THIS SEQUENCE
CORE COOLING IS ASSUMEO TO Fall EARLIER LEADING TO A LATE HIGH RELEASE.

' NOTE: VENT HAS BEEN ASSIGNED A FAILURE PROBABILITY OF 1.0.

89-326-36

I

Figure 19D.5-12 TRANSIENT OR ACCIDENT WITH SUCCESSFUL CORE COOLING BUT ;

FAILURE OF CONTAINMENT HEAT REMOVAL SYSTEMS (SHEET 2 OF 2) !

Amendment 22 19D.5-4 I

|
2

, - aw- w - -,v



!

1GWR nauwAS

Standard Plant nev 4

-

bw w

a5 5 2 2*W .e O .d 2, , bE*< 'y< aw w w< ~ w w s w
0 <2' 2 U2 N Z> Z w| wO w >

$$$ CO h><DEh2 O b $ 2 I wU"C E w Z w .<w ;CD03E Zwm w
w

w OOD a < g Z w D
E GEC 2 G $g| OZw Z ,

5 0 3 C < E Em 8DS RI$ 2$>
E*k" GL3 w[3D $0GEC 4g_. gzO WH- wWa

'

! UF3 * O g39 ,63 * * mz mHm
ZZ- U< wa< 244 CC; Z *2- C_= m s_ -E 2 W * > 2 H< H

I wou <u ooc c< O < 7_ O$_>aC Ow< O=> < Icw w C O a O wc wi 304 OJ aww Ow>
v u : Zwa cam m2 Cam > ' Ua C~ U~ ve v

|
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(RX DEPRESSURIZED)
0.0 - - - N/A 1

!

ICOHE MELT ARREST IN RPV)
2.2E 10 Y N N LCHPlVNN 2'

|
|

(CORE MELT ARREST
4.1 E 4 Y Y N LCHPFSNN 3

IN CONTAINMENT)

lil A 4.4E-9

(LOSS OF (CORE MELT ARREST)
| COOLANT 4.1 E-14 Y Y N LCHPPSNN 4

ACCIDENT CONTAINMENT)
NO CORE RHR OK
COOLING
RX AT 1.0E-5

HIGH
PR ESSUR E)

0.0
0.0 Y Y Y N/A 5

-

1.0 0.95
- -

0.01 (HIGH T EMP. F AILURE)
4.1 E-11 Y Y Y LCHPPFPH 6

1.0E 3 (CONTAINMENT F ALLURE)
4.1 E-12 Y Y Y LCHPOOEH 7

1.0E-2 (RHR NOT AVAILABLE)
| 4.4E 11 - - CET lil A.1 8

89-326 37

Figure 19D.5-13 LOSS OF COOLANT ACCIDENT FOLLOWED BY LOSS OF CORE
COOLING, REACTOR AT HIGH PRESSURE (SHEET 1 OF 2)

Amendment 22 19D.5-42
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1 RX DEPRESSURIZATION BY OPERATOR IS MODELEOIN FAULT TREES. THIS BR ANCH IS NOT DEVELOPED
IN THIS CET.

2 CORE MELT ARRESTED IN RPV WHEN CORE COOLING IS RECOVERED IN -1 HOUR. RHR IS AVAILABLE,
THEREFORE CONTAINMENT STAYS INTACT.

3 CORE MELT, RPV FAILURE. CORIUM ON FLOOR CORE COOLING RECOVERED PRIOR TO REACHING VENT
PRESSURE CORE MELT ARRESTED, RHR IS AVAILABLE.THEREFORE CONTAINMENT STAYS INTACT.

4 CORE MELT. RPV FAILURE, CORIUM ON FLOOR, PASSIVE FLOODER INITIATES SUBMERGING CORIUM
UNDER WATER FROM SUPPRESSION POOL, RHR AVAILABLE,THEREFORE CONTAINMENT STAYS INTACT.

S CORE MELT, RPV FAILURE, CORIUM ON FLOOR, NO WATER TO CORIUM, CONTAINMENT STRUCTURE
F AILS.

6 CORE MELT, RPV F ALLURE, CORIUM ON FLOOR, HIGH TEMPER ATURE CONTAINMENT STRUCTURE
FAILURE RESULTS FOLLOWING THE FAILURE OF ORYWELL SPRAY FUNCTION.

7 CORE MELT, RPV FAILURE, CONTAINMENT STRUCTURE FAILS AT THE TIME OF RPV FAILURE RESULTING
IN EARLY AND HIGH RELEASE.

l
i 8 CONTINUED IN CET lilA 1 (FIGURE 190.5-14).

89-326-38

Figure 19D.5-13 LOSS OF COOLANT ACCIDENT FOLLOWED BY LOSS OF CORE
COOLING, REACTOR AT HIGH PRESSURE (SHEET 2 OF 2)

19D.5 43
Amendment 22
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(RHR OK)
2.1E 12 Y N N LCHPlVNN 1

(CORE MELT ARREST IN RPV) (VENTI
0.0 Y N N LCHPlVVN 2-

0.05

N 1.1E 13 Y Y Y LCHPfVDN 3
(CONT.

F AILURE)

(RHR OK)
4.1 E-11 Y Y N LCHPHRNN 4

(CORE MELT
ARREST IN
CONTAINMENT) (VENT)

0.0 Y Y N LCHPFSVN $-

0.01111 A.1 4.4 E.11

(LOSS OF COOLANT
ACCIDENT: NO CORE 3 4.1E 13 Y Y Y LCHPFSDL 6
COOLING;RX AT HIGH (CONT.
PRESSURE; NO RHR) F At LURE)

ORE NN
3.7E 13 Y Y N LCHPHRNN 7

ARREST
IN gygg7)

- 0.0 Y Y N LCHPPSVN 8CONT.)

0.1

0.95 0.01 N 4.1 E-14 Y Y Y LCHPPSDN 9~

(CONT.
FAILURE)

0.0 0.0 Y Y Y N/A 10

(CONTAINMENT HIGH
0.01 TEMP F AILURE)

4.2E-13 Y Y Y LCHPPF.'H 11

1.0E 3 (CONTAINMENT FAILURE) 4.2 E-14 Y Y Y LCHPOOEH 12

89-326-39

Figure 19D.5-14 LOSS OF COOLANT ACCIDENT FOLLOWED BY LOSS OF CORE
COOLING, REACTOR AT HIGH PRESSURE, CONTAINMENT HEAT
REMOVAL SYSTEMS UNAVAILABLE (SHEET 1 OF 2)

19D.5-44
Amendment 22
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LOSS OF HIGH PRESSURE CORE COOLING, RX NOT DEPRESSURIZED. RHR NOT AVAILABLE, CORE MELT
I ARRESTED IN RPV WHEN CORE COOLING IS RECOVERED IN -1 HOUR, RHR RECOVERED PRIOR TO

CONTAINMENT STRUCTURE F AILURE, CONTAINMENT INTACT.

CORE MELT SIMfLAR TO SEQUENCE 1 EXCEPT RHR NOT RECOVERED BUT CONTAINMENT INTEGRITY i

2j MAINTAINED BY OPENING VENT. |

r

|

l CORE MELT SIMILAR TO SEQUENCE 1 AND 2 BUT NEITHER RHR IS RECOVERED. NOR IS VENT OPENED.
] 3 CONTAINMENT STRUCTURE FAILS, COPE COOLING F AILS LONG AFTER CONTAINMENT F AILURE.

MOST OF THE RELEA5E OCCURS THRC, UGH THE SUPPRESSION POOL, THEREFORE LATE-LOW RELEASE >

EXPECTED.* L
'

t

LOSS OF HIGH PRESSURE CORE COOLING, RX NOT DEPRESSURIZED, RHR NOT AVAILABLE, RPV F AILS.; 4
<

CORIUM ON DRYWELL FLOOR. CORE MELT ARRESTED BEFORE CONTAINMENT STRUCTURE F AILS, RHR *

RECOVERED AND CONTAINMENT INTEGRITY IS MAINTAINED.
'

5 CORE MELT SIMILAR TO SEQUENCE 4, RHR NOT RECOVERED BUT VENT IS OPENED TO MAINTAIN
t CONTAINM ENT INTEGRITY,*

,

i I

: ;

h 6 CORE M ELT SIMILAR TO SEQUENCE 4, NO RHR, NO VENT, CONTAINMENT STRUCTURE F AILS,
CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST.* 7

1

I LOSS OF HIGH PRESSURE CORE COOLING, RX NOT DEPRESSURIZED, RHR NOT AVAILABLE, RPV F AILS,7
1 CORIUM ON DRYWELL FLOOR, PASSIVE FLOODER INITI ATES SUBMERGING CORIUM UNDER WATER FROM

SUPPRESSION POOL, RHR RECOVERED AND CONTAINMENT INTEGRITY l$ MAINTAINED.d

i
8 CORE MELT SEQUENCE SIMILAR TO SEQUENCE 7. RHR NOT RECOVERED BUT VENT IS OPENED TO

' MAINTAIN CONTAINMENT INTEGRITY.*

!'

9 COR E MELT SIMILAR TO SEQUENCE 7. NO RHR, NO VENT, CONTAINMENT STRUCTURE F AILS. !

CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST.* i.

; *

10 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, NO WATER TO CORIUM. CONTAINMENT STRUCTURE h
F ALLS, !

I
i 11 CORE MELT RPV FAILURE. CORIUM ON FLOOR, HIGH TEMPERATURE CONTAINMENT FAILURE RESULTS *

FOLLOWING FAILURE OF DRYWELL SPRAY FUNCTION.

I

12 CORE MELT, RPV FAILURE, CONTAINMENT STRUCTURE FAILS WHEN RPV FAILS, RESULTING IN EARLY
AND HIGH RELEASE.

<

* NOTE: VENT HAS BEEN ASSIGNED A F ALLURE PROBABILITY OF 1.0.

89-326-40 !

p.

f( Figure 19D.5-14 LOSS OF COOLANT ACCIDENT FOLLOWED BY LOSS OF CORE f
COOLING, REACTOR AT HIGH PRESSURE, CONTAINMENT HEAT |i

REMOVAL SYSTEMS UNAVAILABLE (SHEET 2 OF 2) '
'

Amendment 22 I 9D.5-45
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lilD ID OP CHR ARV Cl HTF ARC P RCH VT

(RHR OK)
9A E-9 Y N N LBLCIVNN 1

,

1
1

)
(CORE MELT ARREST IN RPV)

(VENT)
0.0 Y N N LBLCIVVN 2-

0.2 |

1.0 i

2.3 E-9 Y Y Y LBLCIVDN 3 |
-

(CONT.
F AILURE) I

I

(RHR OK)
1-0E-9 Y Y N LBLCHRNN 4

(CORE MELT
ARREST IN
CONTAINMENT) (VE NT)

0.0 Y Y N LBLCFSVN 5
- -

IIID 1.3E4 0.2

(LOSS OF COOLANT
ACCIDENT; NO CORE 3,o

2.6E-10 Y Y Y LBLCFSDL 6COOLING:RX AT LOW -

PRESSURE: RHR NOT (CONT.
AVAILABLE) F AILURE)

(RHR OKI
1.0E-11 Y Y N LBLCHRNN 7

(CORE
MELT
ARREST
IN CONT.) (VENT)

0.0 Y Y N LBLCPFVN 8- -

0.2

0.1 0.01 1.0
2.6E 12 Y Y Y LBLCPFDM 9-

(CONT.
F AILURE)

0.0
0.0 Y Y Y N/A 10

0.0! CONTAINMENT HIGH TEMP
0.0 Y Y Y LELCOOPH 11

|
F AILURE)

|

|

|
0.0 (CONTAINMENT F AILURE)

0.0 Y Y Y LBLCODEH 12

89-326-41

Figure 19DS-15 LOSS OF COOLANT ACCIDENT FOLLOWED BY LOSS OF CORE
COOLING, REACTOR AT LOW PRESSURE (SHEET 1 OF 2)

|

| Amendment 22 19D.5-46
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LOSS OF LOW PRESSURE CORE COOLING, RX DEPRESSURlZED, RHR NOT AVAILABLE, CORE MELT
1 ARRESTED IN RPV WHEN CORE COOLING IS RECOVERED IN - 1 HOUR, RHR RECOVERED BEFORE VENT

|
PRESSURE IS R EACH ED, CONTAINMENT INTACT,

2 CORE MELT SIMILAR TO SEQUENCE 1 EXCEPT RHR NOT RECOVERED BUT CONTAINMENT INTEGRITY
M AINTAINED BY OPENING VENT.*

3 CORE MELT SIMILAR TO SEQUENCE 1 AND 2 BUT NEITHER RHR IS RECOVERED, NOR VENT IS OPENED,
CONTAINMENT STRUCTURE FAILS, CORE (.OOLING F AILS LONG AFTER CONTAINMENT FAILURE MOST
OF THE RELEASE OCCURS THROUGH THE SUPPRESSION POOL,T:4EREFORE LATE-LOW RELEASES
EXPECTED.*

LOSS OF LOW PRESSURE CORE COOLIN'G, RX DEPRESSURIZED, RHR NOT AVAILABLE RPV FAILS, CORIUM4
ON DRYWELL FLOOR. CORE MELT ARRESTED PRIOR TO CONTAINMENT STRUCTURE FAILURE, RHR
RECOVERED AND CONTAINMENT INTEGRITY IS MAINTAINED.

5 CORE MELT SIMILAR TO SEQUENCE 4, RHR NOT RECOVERED BUT VENT IS OPENED TO MAINTAIN
CONTAINMENT INTEGRITY?

w

6 CORE MELT SIMILAR TO SEQUENCE 4, NO RHR, NO VENT, CONTAINMENT STRUCTURE F AILS,
CONSERVATIVELY NEGLECT EFFECT OF CORE MELT ARREST?

LOSS OF LOW PRESSURE CORE COOLING, RX DEPRESSURIZED, RHR NOT AVAILABLE, RPV FAILS,7 CORlUM ON DRYWELL FLOOR, PASSIVE FLOODER INITIATES SUBMERGING CORlUM UNDER WATER
FROM SUPPRESSION POOL, RHR RECOVERED AND CONTAINMENT INTEGRITY IS MAINTAINED,

8 CORE MELT SEQUENCE SIMILAR TO SEOUENCE 7, RHR NOT RECOVERED BUT VENT IS OPENED TO
M AINTAIN CONTAINMENT INTEGRITY,*

g CORE MELT SIMILAR TO SEQUENCE 7. NO RHR, NO VENT, CONTAINMENT STRUCTURE F AILS,
CONSERVATIVELY NEGLECT EFFECTS OF CORE MELT ARREST?

10 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, NO WATER TO CORIUM, CONTAINMENT STRUCTURE
FAILS,

11 CORE MELT, RPV FAILURE, CORIUM ON FLOOR, HIGH TEMPERATURE CONTAINMENT FAILURE RESULTS
FOLLOWING THE F ALLURE OF DRYWELL SPRAY FUNCTION.

12 CORE MELT, RPV FAILURE, CONTAINMENT STRUCTURE F AILS WHEN RPV FAILS RESULTING IN EARLY
AND HIGH RELEASE,

' NOTE: VENT HAS BEEN ASSIGNED A F ALLURE PROBABILITY OF 1.0, 89 32f42

Figure 190.5-15 LOSS OF COOLANT ACCIDENT FOLLOWED BY LOSS OF CORE
COOLING, REACTOR AT LOW PRESSURE (SHEET 2 OF 2)

Amendment 22 19D.5-47
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19D.8 DEPENDENT FAILURE
TREATMENT

19D.8.1 Summary

Dependent failures have been included as integral
pans of the overall PRA system and functional
analyses. Dependencies of frontline systems on suppon
systems and interdependencies between frontline or
suppon systems have been modeled explicitly in the
fault tree and event tree analyses. Common-cause
failures (CCFs) have also been explicitly included from
the standpoint of multiple component failures within
systems, and as a result of human error.

Amendment 28
19D.8-1
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19D.8.2 General Considerations

Dependent failures, including those frequently
categorized as common-mode or common-cause, must
be realistically and adequately addressed in any
comprehensive evaluation of risk. The tenn dependent
failure refers to two or more elements failing as a result
of the same cause or failure mode. A number of
considerations are important in the analysis of
common-cause failures, including the following:

(1) Common-cause effects generally are of greatest
significance in reduncant systems. The analysis
was structured to insure that no important
common-cause effects were overlooked,
particularly for backup and support systems.

(2) Common-cause effects are limited by design,
manufacture, and procedural diversity. Such
factors were taken into consideration in the
analysis.

(3) Isolation barriers and physical separation of
redundant systems and components can reduce or
eliminate common causes of failure, and these
factors were considered and taken into account in
the analysis as appropriate.

1

I

!

I

1

|

!

O
Amendment 28 19D.52
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C/ 19D.8.3 Multiple Equipment Failures safety relief valves.-

from a Common Cause
Multiple equipment failures generally do not occur

Causes of multiple equipment failures include simultaneously. Usually there will be a noticeable time

common manufacturing errors, design errors, and period between the first and any subsequent failures,

extreme environmental conditions. Failures of this type thus, providing advance information on a potentially ;

generally have a low frequency of occurrence and would developing problem. If the first failure is detected and

not significantly influence system failure probabilities, its cause determined before subsequent failures occur, l

except in those cases where design redundancy is loss of system functions can be avoided and corrective
action can be taken.incorporated to achieve very low overall system or

function failure probabilities. Consequently, systems
for which common-cause effects of the above type are
potentially most significant-and, therefore, addressed
explicitly-included the following-

(1) emergency power supply system.

(2) automatic depressurization system,

(3) control md drive sys1em,

(4) reactor protection system, and

(5) instrumentation and control.

fw Design-related CCFs from the above systems are
( included in the analysis for the following special
,

\_ components:

ESF logic,-

transmission network (MUX),-

sensor & transmitter miscalibration,-

output logic units,-

digital trip units,-

trip logic units,-

main scram load drivers,-

backup scram relays,-
,

, .

l pressure sensors.-

I

| APRMs,-

diesel generators,-

!
batteries.*

,._

offsite power sources,| / -

t

!

l

[ Amadmmt 28 190.g.3 |
|
,
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19D.8.4 Multiple Failures Due to
Human Error

Multiple failures can also occur due to human
error, if an operator or maintenance technician
repeatedly makes the same mistake. Multiple
instrument miscalibration is judged the most likely
event of this type and is explicitly included in the
analysis. Human error as a common-cause failure
mechanism is dtscussed further in Section 19D.7.

O

O
Amendment 28 19D.8-4
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19D.8.5 Functional Interdependencies

Interdependencies within and between systems are
treated rigorously in the fault trec and event tree '

analyses. Examples of interdependencies that are
accounted for are electric power, service water, room
cooling, and control instrumentation.

Interdependency factors that could affect automatic
or manual initiation of systems were evaluated. In
some cases, the same sensors, signal transmitters,
reference fluid pressure columns or logic units are used
in the initiation of more than one system. This 13pe of
dependency between systems was represented in detail
to assess the probability of safety system operability.
In the ABWR PRA, many sensors provide input to
more than one system. Each of these sensors and their
logic are designated by unique acronyms throughout the
analysis to insure that dependencies among systems are
rigorously accounted for in the functional fault trec
evaluations.

,m,

%d

)

|
1

he
I s 1

(v/ l
.

|

Amendment 28 399.g.5 |



|

ABWR 23A6HOAS
Standard Plant REY.A j

O|19D.8.6 Generic Component CCFs systems (generally, for every "and" gate). The
component CCFs were quantified using the " multiple

In response to a request from the Nuclear Greek letter" method and using the CCF factors given |
Regulatory Commission, additional common-cause in the EPRI ALWR Utility Requirements Document ;

failures were added to the basic analysis and the effects (Reference 1). Where common-cause factors were not
on system availability and core damage frequency were given for specific component types, the recommended

evaluated. The basic PRA analysis, as presented " generic" factors were used. For those cases, the results

elsewhere in this document, was not modified. should be considered as " bounding" and are probably
conservative.Component CCFs for the following systems were

identified, evaluated and included in a CCF
requantification (in addition to the CCFs included in the The numerical results of the component CCF
basic analysis): analysis in terms of system CCF probabilities are

given below:

HPCF 2/2 trains 14 components
HPCF CCFs 2/2 loops 2.46E-3

RHR Core 3/3 trains 24 components
Flooding Mode RHR Core Flooding 3/3 loops 1.00E-3

CCFs
RHR SP 3/3 trains 25 components
Cooling Mode RHR SP Cooling 3/3 loops 9.78E-4

CCFs
RBCW intemal to each 4 components

division RBCW CCFs within a 1/2 pumps 1.52E-5
division

RBCW between Dm. .- 6 components
sions A & B RBCW CCFs between 2/2 6ASE-6

Div. A & B
RBCW between Divi- 6 components

sions A & C
RBCW CCFs between 2/2 6ASE-6
Div. A & CRBCW between Divi- 6 components

sions B & C
RBCW CCFs between 2/2 6.48E-6

RBCW between Divi- 6 components Div. B & C
sions A, B & C

RBCW CCFs between 3/3 5.93E-6

These are the systems where generic component Div. A, B and C
common-cause failures might have a significant effect.
Generic component CCFs that are included in the
system analysis are for pumps, pump auxiliary The numerical results of this analysis also can be
equipment, manual valves, motor-operated valves, viewed from two additional perspectives: the effect on
check valves, room air conditioners, spargers, strainers, system unavailability (Table 19D.8-1), and the effect
circuit breakers, flow transmitters, heat exchangers, and on core damage frequency (Table 19D.8-2).
temperature elements.

The effects of the added generic component CCFs
For the RBCW CCFs internal within each division on system unavailability are significant. The most

of RBCW, the component CCFs were included at significant effect is on the core flooding mode of RHR,
appropriate places within the fault tree structures. For where the system unavailability with component CCFs
all other cases (interdivisional or between trains), the is over 11 times the system unavailability without
individual compoacnt CCFs were summed and added-in component CCFs. The largest contributors to RHR
at the top as a CCF module. The RBCW CCF are common-cause failure of the RHR pumps to
interdivisional CCFs were added-in at the top of the start, and common-cause failure of the injection valves
fault trees for the safety systems that use RBCW. to open is al a a significant contributor to RHR CCF.

Component CCFs were identified wherever For the HPCF system, the most significant CCF
redundancy occurs in the fault trees of the above contributors are common-cause failure of the pumps to

-

Amendmem 28 19D.8-6
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. start, and mispositioning (closed) of manual valve
F005. The reason for the large CCF of the manual
valve is because of a very high assigned random failure
probability (1.0E-2) as taken from WASH 1400
(Reference 2). This is a very conservative value.

Tae individual divisions of the RBCW system
ws not significantly affected by component CCFs.
However, the interdivisional CCFs have a measurable
effect on core damage frequency, as discussed in Table
19.8-2.

The most significant effect on CDF is due to the
CCFs between all three divisions of RBCW. This is

! primarily due to the failure of both HPCF and RHR
Core Flooding, given loss of all RBCW divisions. All
other CCFs have relatively little effect on CDF.,

The common-cause failure of all three divisions of
RBCW is balanced among common-cause failure of
heat exchangers and common-cause failure of pumps
(failing to run). Plugged strainers and temperature
control valves failing closed also contribute to the
RBCW interdivisional CCFs.

The total effect on CDF of the addition of these

i (F
N CCFs (-20% increase) is not insignificant, partially

due to the icw absolute value of the ABWR CDF.
' These CCFs wd" be added to the plant model in any

future revised basse quantification of the ABWR PRA.

:

!

!

4

i

|
|

f% |
'

O i
|

|

|

Amendment 28 19D.8-7 I
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| Table 19D.8-1 1

'

EFFECT ON SYSTEM UNAVAILABILITY (A) )
1

I . ;

| System Base A A with CCFS* % Incrense i

). 1
1 |

! HPCF 2.33E-3 4.79E-3 105 |
i i

1

RHR(flood) 9.65E-5 1.10E-3 1040 |;
j :

: !,

RHR (cool) 2.72E-4 1.25E-3 360 1
'

4
'

! RBCW Div. A 3.09E-4 3.24E-4 4.85 1

3 1
1

RBCW Div. B 3.09E-4 3.24E-4 4.85 |
'

;

I

RBCW Div. C 3.09E-4 3.24E-4 4.85 I

1

5a

J )

; * CCFs within that system.
t

.

!
;

!

,

!

'
|

5 |
1 I

k !

i !
1

'

)
!
2

,

i

i
a

i
1

|
t

:j

i'
j-

)

1
0

i

1

I I

i|
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Table 19D.8-2
f

EFFECT ON CORE DAMAGE FREQUENCY
i

System CDF Increase /yr % Increase

!

HPCF 5.6E-9 3.6

RHR (flood) 4.9E-9 3.1
'

RHR (cool) 5.4 E-10 0.3

RBCW A, B & C 1.90E-8 12.2

.

TOTAL 3.00E-8 19.2

i

,

.4

1

0-

|

.

]
'
,

!

!

t

!

;

O
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19D.9 CDF SENSITIVITY TO individual systems are removed completely from
OUTAGE TIMES AND senice. These resuits support the conclusions drawn |
SURVEILANCE INTERVALS from Tables 19D.9-1 and 19D.9-2. Further, even

with RCIC the most sensitive system completely out
19D.9.1 Summary of service, the core damage frequency goal of ;

1.0E-05 is still satisfied. |

As a consequence of 1992 GE-NRC discussions
of ABWR DSER questions regarding applicability of 19D.9.3 Sensitivity to Surveillance ;

GESSAR test and maintenance (T&M) unavaila- Intervals |
bilities to the ABWR PRA, it was agreed that

. }
ABWR T&M unavailabilities would be increased Since no changes were made to established B%R i

over those of GESSAR to provide utility operational surveillance intervals (GESSAR values were applied i
flexibility. Consequently, T&M values for RCIC, in the ABWR PRA), sensitivity to changes in

,

'

HPCFB, HPCFC, RHRA, RHRB and RHRC were surveillance intervals was not im estigated.
each raised to two percent in the PRA model, and -

the calculated core damage frequency of 1.56E-07
'

reflects inclusion of these values.

19D.9.2 Sensitivity to Test and i

Maintenance Outgr Times !

CDF sensitivity to T&M outage times was
assessed by varying system values individually as well
as in combination. Results presented in attached |

Tables 19D.9-1 and 19D.9-2 illustrate the impact of ;

increasing system T&M unavailabilities by a factor of
'

C five from two to ten percent. Ten percent was ,

tjudged to be a reasonable upper bound for T&M,

unavailability for a single system. As can be seen, j
calculated CDF is most sensitive to the RCIC system j

T&M unavailability. This is due in large part to the i

fact that station blackout sequences dominate CDF,
and in these sequences RCIC is essential for
successful core cooling. Since no credit was taken in
the Level 1 PRA for fire water injection, this
calculated CDF sensitivity to RCIC T&M,

l unavailability is actually somewhat conservathc. In
addition, ample time is available for maintenance of
RCIC during refueling outages without CDF risk ,

implications, since during shutdown the system is |r

{ unable to perform its ECCS function.
l
i

; Second in importance is the T&M unavailability

| of HPCT*l. HPCFB includes a hard-wired manual
I

'

initiation backup in the control room. This prosides
a diverse means of manually initiating HPCFB in the
event of essential multiplexing system common mode
failure, a feature which increases the importance of
HPCFB relative to other ECCS systems.

CDF is very insensitive to the T&M unavailability

|g of systems other than RCIC and HPCFB, either
individually or in combination. Table 19D.9-3

N provides a summary of bounding scenarios in which

Amendment 3 19D.9-1
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Table 19D.9-1

CDF SENSITIVITY TO T&M OUTAGE UNAVAILABILITIES
,

Fvste_m Sinnie Sutem Perturbations To Base Case T&M Value Of Two Percent

RCIC 2.00E-2 1 M E-1 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.00E-2 !

HPCFB 2.00E-2 2.00E-2 1 M E-1 2.00E-2 2.00E-2 2.00E-2 2.00E-2 ;

HPCFC 2.00E-2 2.00E-2 2.00E-2 1.00E-1 2.00E-2 2.00E-2 2.00E-2
1

RHRA 2.00E-2 2.00E-2 2.00E-2 2.00E-2 1.00E-1 2.00E-2 2.00E-2

RHRB 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.00E-2 1 M E-1 2.00E-2 !

RHRC 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.00E-2 1.00E-1 !

CDF 1.56E-7 2.93E-7 1.77E-7 1.57E-7 1.57E-7 1.56E-7 1.56E-7

%INCR - 86 13 <1 <1 <1 <1
!

Table 19D.9 2 :

CDF SENSITIVITY TO T&M OUTAGE UNAVAILABILITIES (
!

System Multiple System Perturbations To Base Case T&M Value Of Two Percent

RCIC 1 M E-1 2.00E-2 2.00E-2 1 M E-1 2.00E-2 1.00D1 I M E-1 3
4

HPCFB 2.00E-2 1.00E-1 2.00E-2 1 M E-1 I M E-1 1 M E-1 1.00E-1 1

i

HPCFC 2.00E-2 2.00E-2 1.00E-1 2.00E-2 1 M E-1 1 M E-1 1.00E-1

RHRA I M E-1 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.00E-2 1.00E-1,

i

I RHRB 2 000-2 100E1 2.00E-2 2.00E-2 2.00E-2 2.00E-2 1 M E-1 !
;

!

RHRC J M E-2 2 M E-2 1.00E-1 2.00E-2 2.00E-2 2.00E-2 1.00E-1 ,

CDF 2.92E-7 1.78E-7 1.57E-7 3.14E-7 1.77E 7 3.15E 7 3.18E-7 |

& INCR- 88 14 <1 101 13 102 104

i

i

|

O

Arnendment' 28 19D.9-2
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Table 19D.9-3

CDF SENSITIVITY TO T&51 OUTAGE UNAVAlLABILITIES

System impact Of Sincie Sutems Comnietelv Removed From Service

RCIC 2.00E-2 M 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.(CE-2

HPCFB 2.00E-2 2.00E-2 W 2.00E-2 2.00E-2 2.00E-2 2.00E-2

HPCFC 2.00E-2 2.00E-2 2.00E-2 M 2.00E-2 2.00E-2 2.00E-2

RHRA 2.00E-2 2.000E-2 2.00E-2 2.00E-2 W 2.00E-2 2.(CE-2

RHRB 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.00E-2 W 2.00E-2

RHRC 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.00E-2 2.00E-2 M

CDF 156E-7 1.83E-6 4.0SE-7 1.62E-7 1.64E-7 1.59E-7 1.57E-7

% INCR - 1073 162 4 5 2 <1

O

O
Amendment n 19D.9 3
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pressure core melt. fashion using hiAAP. These phenomena fallinto
two categories: those which are ruled out as being

19E.2.1.2.2.5 Recovery Following Restoration of incredible for the ABWR and others which are
AC Power neglected because they produce an insignificant

change to the overall performance of the ABWR
All equipment necessary for restoration of power under severe accident conditions. A more detailed

is located external to the reactor building secondary explanation of some of these phenomena is given in
containment. With the exception of the control Subsection 19E.23.
building and the RCIC room, all heat generating
sources external to secondary containment are 19E.2.13.1 Steam Explosions

shutdown during station blackout so that the rooms
should be at temperatures which allow restart of the Large scale steam explosions are deemed incredi-

support systems under their automatic or manual ble. The geometry of the ABWR will present a suffi-

modes following restoration of power. Temper- ciently large contiguous mass of corium from falling
atures in the control building should be such that into water in either the vessel or lower drywell re-

restart can be accomplished by the operators from gions. A more detailed description of this phenome-
the control room. Also, restart could be initiated non as well as the justification for its neglect is
from the remote shutdown panel or even by local provided in Subsection 19E.23.1. Small steam explo-
contre! ni the motor control centers and r.eitchgear. sions which do not in themsehes threaten the integ.

Following restoration of power and initiation of rity of the vessel or containment are calculated by
openation of the reactor building closed cooling MAAP. Additionally, a scoping calculation is
water system, the ECCS areas of secondary con- performed in Subsection 19E.2.6.7 to determine the
tainment will be cooled by their safety grade room mass of core material which could participate in a
coolers so normal operation of the safe shutdown steam explosion without damaging the containment.

systems could be restored. The turbine building
electrical systems and the non safety-related 19E.2.13.2 Degrec of hietal-Water Reaction

(m secondary cooling system preside a backup means of
restoring cooling to the ECCS equipment areas The metal water reaction rate used in the
within secondary containment. integrated analysis is that calculated by the AIAAP

models. One limit on the generation of hydrogen
19E.2.1.2.2.6 Conclurions occurs when all of the zirconium in the cladding is

assumed to react with steam to form zirconium oxide
The ABWR plant is being designed to be capable and hydrogen gas. The separate effects calculation

of maintaining core ccoling and containment integ- in Subsection 19E.23.2 shows that the containment is
rity for at least 8 hours following the loss of offsite capable of withstanding the static pressure that
and onsite AC electrical power. This capability would be generated were this maximum hydrogen
assessment follows the general criteria of: production to occur, as required by 10 CFR 5034(f).

1) Assuming no additional single failures 19E.2.133 Suppression Pool Bypass due to
Additional Failures

2) Realistic analytical methods and procedures
This assumption covers one of the potential types

A summary of the key plant parameters, design basis of suppression pool bypass. Subsection 19E.233
values and capability assessment is shown in Table shows that the totalincreased risk due to suppression

19E.2-2. Note that the response of the ABWR con- pool bypass caused by addidonal failures is less than

tainment to Station Blackout would be successful 10% with the exception of the wetwell/drywell
even if the design basis values were exceeded, as long vacuum breakers. This is judged to be within the
as the ultimate capability were not exceeded. uncertainty of the PRA. Therefore, only the failure

of the wetwell/drywell vacuum breaker needs to be
19E.2.13 Phenomenological Assumptions considered explicitly. A sensitivity study was

performed in Subsection 19E.2.6.11 to examine the
This subsection contains a summary of those impact of vacuum breaker leakage and failuie on

rm) phenomena which are not considered in an integral fission product release. Subsection 19E.2.7.3(
%j
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presents an uncertainty analysis which determines
the impact of b pass on risk.3

| 19E.2.13.4 Effect of RIIR Heat Exchanger Failure
in a Seismic Event

During a seismic event it is possible for the RHR,

| heat exchangers to fail by shear of their anchor bolts.

| This could potentially lead to drainage of the
| suppression poolif the RHR suction lines are not

isolated. Calculations were performed which show
. that the operator has about half an hour to isolate
! the heat exchanger.
!

If the heat exchanger is not isolated then the
RHR pump rooms will be subjected to additional
loading caused by the static head of the water, and

.

potentially by chugging loads as steam discharges
j from the broken pipe. It is seen that the RHR pump
; room integrity will not be breached by these loads.

Additional details about the pool drainage and
structural loading may be found in subsection
19E.23.4. The impact of suppression pool drainage
on fission product release, should this event occur is
found in subsection 19E.2.4.5.

19E.2.1.3.5 Radiation Heating of the Equipment
Tunnel

A potential concern for the ABWR durir.g severe
accidents is radiation heating of the equipment
tunnel. After vessel failure, the corium in the lower

e
Amendment 'A 19E.2-7.1
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p drywell could radiate energy directly to the walls of is not necessary as discussed in Section 19D.5.

(" the equipment tunnel. This could potentially reduce
the structural material strength, eventually resulting 19E.2.13.8 Mode of Vessel
in the tunnel buckling under its own weight.

In the unlikely event of a core meh sequence with
The adoption of the passive flooder (Subsection substantial relocation of debris which leads to vessel

9.5.12) precludes this occurrence since the flooder failure, the vessel failure location is expected to be in

opens when the temperature reaches 533 K (500 F). the bottom head. A failure of the RIPS has been
Upon opening, water from the suppression pool proposed, however, as discussed below, this is not a
would flood the lower drywell, covering the corium. credible mechanism for the ABWR. Figure 5.4-2
This stops any radiation heat transfer from the gives a pictorial description of the location of the
corium to the tunnel walls. Therefore, no significant RIPS in the RPV. Figure 5.41 shows more RIP
material strength reduction of the equipment tunnel detail.
caused by increased temperature is possible.

Since the core melt progression is expected to
19E.2.13.6 Basemat Penetration contain the corium inside the core shroud, debris

would not approach the RIP impellers or RPV RIP
Basemat penetration by the core debris will net nozzles which are located outside the shroud.

lead to containment failure. In each of the However, if the shroud is perforated by the corium,
sequences considered the debris will be quenched the corium might than enter the top of RIP impellers
and cooled before basemat penetration can occur. and possibly enter the stretch tube / shaft annulus.
The passive flooder opens when the lower drywell This is extremely unlikely since this annulus
temperature reaches 533 K (500 F). Even were this thickness decreases in the downward direction to
to fail, when the sidewavs penetration of the pedestal 1.5mm (the variance between the 215mm diameter
walls reaches 8 inches, water from the suppression RIP shaft and the 218mm inside diameter of the
pool would flood the lower drywc!1. stationary stretch tube). Any molten material

O relocating through the RIP would quickly freeze or

) ,
The pedestal cavity design meets the 0.2 sq. flow through the pump rather than flowing along the

meters /MWt specification of the EPRI Debris pump shaft.
Coolability Requirements for Advanced Light Water
reactors (Reference 2). A conservative analysis was In the event the corium did flow down the stretch ;

performed following the methods of the ARSAP tube / shaft annulus, the motor housing to RPV
| Debris Coolability Requirement (Reference 3) and nozzle weld might fail allowing the RIP / motor to |

utilizing the concrete ablation rate from CORCON drop. Figure 1.2 3b shows the two RIP vertical l

| (Reference 4). Assuming a 10 hour delay in adding restraints which connect the bottom of each RIP |

water to the drywell, this resulted in an ablation motor housing to the RPV bottom head. These |
depth of 0.9 m (3 ft) before the corium is completely retraints prevent the RIP / motor from dropping out |
quenched and cooled by the water from the suppres- of the RPV in case the motor housing weld fails for

| sion pool any reason. Therefore,in the exceedingly unlikely j

event of RIP failure, the pump will not fall from the |

Additionally, uncertainty analysis was performed vessel, and the penetration through the vessel would i

in Subsection 19E.2.7.2 to assess the potential for be small. I
continued core-concrete anack. This study concluded
that debris cooling is highly probable for the ABWR Nevertheless,the corium is expected to freeze
design and that there is little impact of contained and, consequently, not flow down the annulus into
core conerete interaetion on containment the motor housing. Therefore, the RPV RIP nozzle
performance. motor housing reactor coolant pressure boundary

would not be breached. Failure of the vesselin the
19E.2.13.7 Hydrogen Burning and Explosions lower head region is the expected mWm for the

release of core debris from the vessel
The ABWR containment is inerted. Hydrogen

p burning and explosions are not possible in an inerted 19E.2.1.4 Definition of Base Case Assumptions

( containment. An explicit consideration of the short
periods of time when the containment is not inerted in the context of this study the phrase " base case *'
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is used to describe those studies which determine the 19E.2.1.43 System Recovery After Vessel Failure i

'

nominal response of the ABWR to severe accident and Normal Containment leakage
conditions using best estimate phenomenological
models and no credit for system recovery. Several All of the base analyses assume that any failed
accident sequences were considered using the base
case assumptions. The effects of the base case
assumptions on the results of the analysis are
determined by means of sensitivity studies and
uncertainty analyses as necessary.

19E.2.1.4.1 Core Melt Progression and Hydrogen
Generation

Critical to the melt progression of the fuel is the
question of blockage in the core. In the base cases it
was assumed that blockage occurs as predicted by
MAAP using the default core melt progression input
parameters. This decreases the generation of
hydrogen in the core, since there will not be steam
flow past the hot rirconium during the later stages of
the melt process.

The effect of this assumption on the overall
response of the plant is determined by turning off the
core blockage model in MAAP. This is done with
the sensitivity study in Subsection 19E.2.4.1. For this
case steam continues flowing past the fuel rods as
they melt. The production of bydrogen continues
until there is no more water available for reaction.
This leads to a somewhat higher partial pressure of
hydrogen, and higher containment pressure.

19E.2.1.4.2 In Vessel Recoven

For sequences in which there is no core cooling
available at the onset of the accident it may be
possible to recover core cooling at some later time.
It is important to know the time which allows for
in. vessel recovery in order to determine the proba-
bility of system recovery in the containment event
trees, Subsection 19D.5.12. Recovery is of particular
interest for the study of Loss of Offsite Power and

j Station Blackout sequences.

The base sequences do not modelin-vessel re-
covery. This possibility is considered using a
sensitivity study. The MAAP code calculates
in-vessel recovery only if a core cooling injection
source is recovered before channel blockage occurs.
However, the effects of in vessel recovery can be
simulated by the use of a wetwell failure as discussed
in Subsection 19E.2.4.2.

Amendment M 19E.2-8.1
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^ system will remain inoperable throughout the from the containment will be investicated in detail. ,

duration of the accident. However, in order to Each parameter will be considered individually,
,

determine the appropriate accident management although interactions between some key phenomena i

strategy,it is necessary to understand the behavior of are considered. ,

the system if a system were to recover. The recovery ;

of any ECC system would be like the use of the The uncertainty analysis is a four step process.

| firewater system. Only the recovery of the RHR The first step is a literature survey which identifies
system will prevent containment structural failure. If all severe accident issues. Second, these issues are !

'

structural integrity is maintained, the only fission screened for their applicability to the ABWR.These i

product release mechanism is normal containment two steps are combined in this study. Next sensitivity j
leakage. This mechankm is discussed in Subsection studies have been performed over a credible range of

! 19E.2A3. key parameter values to determine the potential for a r

; significant impact on fission product release and |

! 19E.2.1AA Early Drpell Head failure timing. lf such impact is demonstrated, then the issue {
is carried forward into the final step, a detailed ;

|
One type of loss of containment structural uncertainty analysis.The propagation of uncertainty ;

| integrity in the containment esent trees is early distributions will not be carried out as done in !

drywell head failure following a high pressure melt NUREG-1150. !
:sequence. The consequences associated with this '

event are discussed in Subsection 19E.2AA. 19E.2.1.5.1 Identification and Screening of
Phenomenologicalissues !

19E.2.1A.5 Consequences of Suppression Pool
Drain The first step in performing an uncertainty :

analysis is to identify the key phenomena and their i

In the seismic event trees, a mode of RHR heat associated uncertainties. To do this, GE has surveyed

exchanger failure was identified which could the available literature as discussed in subsectia
potentially result in the draining of the suppression 19E.2.5. Some of the severe accident issues are

,

;/ poolinto the RHR pump rooms. An analysis was screened cut, as they are not applicable to the !

j performed to examine the impact of this on pump ABWR design. For example, hydrogen combusdon >

! room integrity (Subsection 19E.23.4) which showed phenomena are not important in the ABWR since i

i that the room would remain intact. the containment is inerted. Issues identified which
j could have impact on the severe accident

Therefore, the suppression pool may be viewed performance are included in the sensitivity studies
as hadng moved into the pump rooms. The pump which follow.

| room will have no ability to withstand the increase in
pressure due to decay heat. Rather the room will 19E.2.1.5.2 Sensitisity Studies
leak and the pressure will remain near atmospheric
pressure. Thus, there will be no holdup of noble Sensitivity studies are performed for the ABWR
gasses. However, since all of the fission products will response to severe accident phenomena in order to
pass through the poolin the pump room, significant determirw those issues which may have significant
fission product scrubbing of the volatile fission impact on the offsite risk associated with the ABWR
products will occur. Subsection 19E.2A.5 examines design. Given this goal, the ultimate measurement of,

| the resnMng dose from this type of sequence. sensitivity is the offsite dose. At a given site the
primary factors which influence the dose are the

19E.2.1.5 Resolution of Phenomenological magnitude and time of release. Therefore, changes in
Uncertainties these parameters will be used to determine the need

for detailed uncertainty analyses.
The ABWR is designed to limit the sensitivity to

various phenomenological uncertainties. 19E.2.1.5.2.1 Core Melt Progression and Hydrogen
Nevertheless, an uncertainty study was performed. Generation
Severe accident phenomenological uncertainties are .

f- addressed in an engineering sense. This means that Critical to the melt progression of the fuelis the j

( only those parameters that have a major impact on question of blockage in the core. In the base cases it |

k the timing and magnitude of fission product release was assumed that blockage occurs as predicted by

I |
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MAAP using the default core melt progression input containment. Therefore, no further consideration of
pt rameters. This decreases the generation of Csl revaporization is needed.
hydrogen in the core, since there will not be steam
flow past the hot zirconium during the later stages of 19E.2.1.5.2.4 Time of Vessel Failure
the melt process.

The detailed melt progression of a severe accident
The effect of this assumption on the overall is subject to considerable uncertainty. The melt

response of the plant is determined by turning off the progression assumed in MAAP retains the molten
core blockage model in MAAP. This is done with the core material above the core plate unti! s local
sensitivity study in Subsection 19E.2.6.1. For this case failure of the core plate occurs which results in a
steam continues flowing past the fuel rods as they large pour of core debris into the lower plenum of
melt.The production of hydrogen continues until the vessel. As a result of this model, the lower head
there is no more water available for reaction. This of the vessel fails almost immediately, esen though
leads to a somewhat higher partial pressure of there is water in the lower plenum at the time. In
hydrogen, and higher containment pressure. There is other meh progression models, the mohen fuel drips
virtually no impact on source term, and the time of down the fuel rods in a process called candling.
fission product release is not substantially altered. Under this assumption, it is possible for molten
Therefore,it is judged that the ABWR severe corium to be relocated in the lower plenum slowly,
accident performance is not sensitive to in-vessel where it is quenched. This results in a delayed vessel
hydrogen production. failure after the water in the lower plenum has boiled

off.
19E.2.1.5.2.2 Fission Product Release from the Core

A sensitivity study was performed to determine
The base sequences use the Cubicciotti model for the impact of the time and mode of vessel failure on

fission product release from the fuel. If the release containment performance. It was obsened that there
from the fuel occurs at a different rate, any potential is little impact on the base scenarios. However, it was

i release from the containment could be affected noted that the mode of vessel failure could impact
| through the containment residence time and other phenomena such as direct containment heating
| suppression pool scrubbing. The effect of the release and core concrete interaction. Discussion of these

rate on source term is examined in Subsection relationships may be found in subsections 19E.2.7.1
19E.2.6.2. The study indicates that there are modest and 19E.2.72 respectively.
differences in the location of the fission products
within the containment. However,because of the 19 E.2.1.5.2.5 Recriticality During In-Vessel
depth and subcooling of the suppression pool and the Recovery
presence of the COPS, there is no appreciable
variation in the release from the containment. A potential challenge to the containment has been
Therefore, no further investigation of the impact of identified for accidents in which the core melt is
fission product release from the fuelis required. arrested in the vessel. Experiments have indicated

the potential for the boron carbide in the control
19E.2.1.5.2.3 Csl Revaporization blades to form a eutectic with steel at 1500 K and, ,

; relocate before the fuel relocates. Thus,if core <

| An important aspect of fission product behavior cooling is recovered after the control material has
| is the propensity of the aerosols to adhere to the relocated, there is a potential for the core to return

relatively cooler surfaces of the vessel and to a critical condition. A sensitivity study was
containment. While the deposition process is fairly performed in Subsection 19E.2.6.5 to examine the !

well understood, there is considerable uncertainty in potential for recriticality and the implications of its
j the revaporization of the fission prc, ducts, occurrence for the ABWR design. The study
| particularly that of Csl. A sensitivity study was concluded that there was a very short time window

conducted, as reported in Subsection 19E.2.6.3, to during which a return to criticality was possible.'

examine the impact of delayed revaporization. A Further, even if it should occur, recriticality is not j
variation of fission product behavior inside the likely to lead to containment failure. Thus, !

containment was observable. However, there is not a recriticality does not pose a significant threat to the |
substantial difference in the release fraction from the ABWR design and need not be considered m an i

uncertainty analysis. !
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, ) 19E.2.1.5.2.6 Debris Entrainment and Direct has a large drywell floor area and redundant systems i

| [y/ Containment Ileating which can flood the lower drywell. However, f
experiments performed to date have been unable to

'

!

If a core melt accident occurs in which the provide condusive evidence that these features cool j

| reador pressure vessel is at high pressure at the time the debris sufficiently to prevent core concrete ;

of vessel failure, the debris may be entrained out of interaction. Therefore, uncertainty analysis was
the lower drywell. If the debris is finely fragmented performed as discussed in Subsection 19E.2.6.2.

as it is dispersed, the pressure in the containment
can rise rapidly. This process is known as direct 19E.2.1.5.2.9 Hssion Product Release Iacation
containment heating. If the magnitude of the

|
pressure rise is high enough, the containment may be The adoption of the containment overpressure

'

challenged. This would lead to an early failure of the protect 1on vstem (COPS) in the ABWR
containment structure and large releases of fission containment design serves to significantly reduce the

i products. Therefore, uncertainty analysis was uncertainties in the timing, location and area of any

performed.The condusions of this study are given in fission product release. The setpoint of the rupture
Subsection 19E.2.1.6.1. disk was selected such that there is a small

probo~oility of containment failure before the rupture

i 19E.2.1.5.2.7 Fud Calant lateradions dist opens. The probabilities for containment failure
depend on the accident progression. They were

Containment challenges from fuel coolant calculated as described in subsection 19E.2.8.1.1.
interactions may occur when molten debris reacts These values were used, along with the appropriate

rapidly, perhaps explosively, with water. Fuel coolant source terms,in the containment event trees.

|
interactions are most likely to cha!!cnge the

! containment when molten debris falls into water. 19E.2.1.5.2.10 Fission Product Release Dow Area
Examination of the containment event trees indicates
that only 03% of all sequences have water in the The presence of the COPS serves to substantially

| lower drywell before vessel failure. Despite this low reduce the uncertainties associated with the flow
' ( probability, scoping studies were conducted area for the release of fission products from the

considering both the impulse and static loads. As containment.The limiting flow area was chosen such
discussed in Subsection 19E.2.1.6.7, the shock wave that any slight variation would not affect the ability of
transmitted to the structure provides the limiting the system to relieve the containment pressure.
loads. Using conservative estimates for the impulse However,if the drywell head fails before the COPS
load capability of the pedestal, the structure can opens, there is a great deal of uncertainty in the size
withstand the loads associated with a stcam of the opening. A sensitivity study was performed, as
explosion invohing 9.5% of the core mass. This is reported in Subsection 19E.2.6.10, which condaded
three times the mass of a credible fuel coolant that there is a smallimpact on the fission product
interaction in the ABWR. Therefore, the ABWR is release. In addition, only a small fraction of all
very resistant to fuel coolant interactions. This failure releases occur as a results of drywell head failure.
mechanism need not be considered further in the Therefore, no further consideration of containment
containment event trees or the uncertainty analysis. failure area is necessary.

19E.2.1.5.2.8 Core Concrete Interaction and Debris 19E.2.1.5.2.11 Suppression Pool Bypass

Coolability
The suppression pool bypass study of Subsection

The issue of debris coolability has long been an 19E.233 was not able to show condusively that a
area of considerable uncertainty in the progression stuck open vacuum breaker would not lead to an

! of a core melt accident. If core concrete attack increase in risk. Section 19E.2.6.11 considers the

| continues, the timing and magnitude of potential potentialimpact on fission product release of a fully
fission product release can be affected: the pedestal or partially stuck open vacuum breaker. The study
could be eroded which could threaten containment condudes that there may be a substantial increase in

structure, non-condensable gasses could pressurize offsite dose if a vacuum breaker sticks open.

/ the containment leading to early rupture disk Therefore, this issue is examined using a detailed

(']) opening, and additional fission products could be uncertainty analysis. The results of this examination
released from the molten core. The ABWR design are summarized in Subsection 19E.2.1.63.

2 19E.2-9.2
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19E.2.1.5.2.12 High Temperature Failure of the impact on the ABWR severe accident performance. |a

{ Drynell As a result of this screening, three issues were
'

; identified for more detailed examination as being
One of the failure modes identified for the potentially risk significant. The following provides a

containment was the degradation of the seals for the discussion of how Direct Containment Heating
moveable penetrations in the drywell due to high (DCH), pool bypass, and Core Concrete Interaction,

'

temperature. In the base analyses discussed in (CCI) each impact the containment failure
Section 19F ? ?, the only sequences which exceeded probability and risk profile.

] the threshold temperature of 533 K (500 F) were
those in which debris was entrained into the upper 19E.2.1.53.1 Direct Containment Heating
drywell and sprays were not available. A sensithity
studies were performed to determine the potential A large number of calculations were performed to
for other sequences to exceed the threshold determine the impact of DCH on the probability of
temperature which could lead to early fission product containment failure and offsite risk. The analysis
release. The largest increase in drywell temperature investigated uncertainties in a variety of phenomena:
was only 5 K, which left ample margin to a high - Mode of vessel failure
temperature failure. Therefore, no further study of - Mass of molten core debris at the time of vessel
this area is necessary. failure

- Potential for high pressure melt ejection
19E.2.1.5.2.13 Suppression Pool Decontamination - Fragmentation of debris in the containment
Factor

Additional sensitivity studies were performed to
The pressure suppression poolis a very effecthe examine other phenomena which could affect DCH.

means of removing fission products from the gas The study concluded that a deterministic best
space in a severe accident.The efficiency of the estimate for the peak pressure from DCH would not

,

scrubbing process is typicaDy characterized in terms lead to containment failure. Consideration of the 1

of a decontamination factor (DF) defined by the uncertainties in the phenomena lead to an estimated .

mass of debris which enters the pool divided by the CCFP of 0.1% for all core damage events. Since the !

mass of debris which leaves the pool. MAAP-ABWR probability of containment failure due to DCH is
uses correlations based on the SUPRA code to very low, there is no measurable impact on offsite
calculate the DF. In order to investigate the dose.
sensithity of the offsite consequences of a severe
accident to the suppression pool decontamination 19E.2.1.5.3.2 Core Concrete Interactions ;

factor, a simple sensithity study was performed. The
MAAP-ABWR code was modified to allow a A large number of calculations were performed as
constant DF of 100, a very conservative value for the part of 1he investigation into core-eonerete
ABWR configuration, to be used for all species interactions in the ABWR. These calculations
(except noble gasses, for which the DF is 1.0). This addressed uncertainties in the following parameters:
resnited in an increase in fission product release of - Amount of core debris
about four orders of magnitude. Nonetheless, there - Debris-to-water heat transfer
was no notable increase in offsite dose above a - Amount of additionalsteelin the debris
conditional probability of 0.04. Thus, there is not a - Delayed flooding of the lower drywcIl
sign ficant impact on dose, even for a DF of 100. - Fire water injection instead of passive flooder
Thus, no further consideration of suppression pool
decontamination factor is required in an uncertainty The conclusion from all of these uncertainty
analysis. calculations were:

19E.2.1.53 Uncertainty Analyses 1. For the dominant core melt sequences that
release core materialinto the containment,90%

A systematic examination of severe accident result in no significant CCI. An insignificant
challenges was performed as part of the ABWR number of sequences are expected to experience
PRA development. After screening the challenges dry CCI.
for their applicability to the ABWR, a sensithity
study was performed to examine their potential

M 19E.2 9.3Amendment
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[' 2. Even for those low frequency cases with The sum of the frequency of pool bypass
( significant CCI, radial erosion remains below the sequences with no drywell spray available is 7.4E-11;

structural limit of the pedestal. After 0.05% of all core damage events. Since this value is
consideration of uncertainties only 1.5% of the extremely low there is no impact on offsite dose,
sequencer with significant CCI will suffer
pedestal failure. Combining this conclusion with
the first, only 0.15% of all core melt sequences
with vessel failure will lead to additional drywell
failures as a result of CCI.

3. The time of fission product release is not
significantly affected by continued CCI.

4. The fission product release is dominated by the
noble gasses when the containment overpressure
protection system operates. This conclusion is
unaffected by assumptions on debris coolability.
Thereforc, the offsite dose for sequences with
rupture disk operation is not impacted by cose
concrete attack.

These conclusions would indicate that the
uncertainties associated with CCI have an
insignificant influence on the containment failure
probability and risk.

/ 19E.2.1.533 Pool Bypass

Analyses performed in subsection 19E.2333(4)
indicate that the only significant mode of suppression
pool bypass occurs via the vacuum breakers.
Uncertainty analyses and sensitivity studies were
performed to assess the effect of pool bypass on risk.
Some of the key conclusions of these studies are
summanzed below.

1. The probability of a large leakage path between
the wetwell and drywell is approximately 0.4%.

2. There is a 2% probability that there is a small
leakage path between the drywell and werwell.
Based on the Morowitz plugging model,90% of
these sequences are expected to plug before the
rupture disk serpoint is reached. In sequences
with plugging, there is no significant increase in
the time of fission product release or in offsite
dose.

3. Use of the firewater spray system can prevent
early opening of the rupture disk for a bypass
path of any size.

b
\
x_
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O 19E.2.2. Accident Sequences depressurize the vessel quickly enough to allow

(- the low pressure systems to operate without ADS.

The accident sequences are chosen such that Furthermore, the low frequency of Class IIIA
both the core damage accident classes and the events allows their consideration here.
containment event tree classes are well represented.

SBRC: Station blackout with R.C. IC operating for
Clagses of accidents with frequencies greater than
10' were considered in selecting the accident 8 hours is class IB-2.

sequences to be studied.
LHRC Loss of heat removal in the sontainment

A complete accident sequence is designated by sequences are characterized by a cooled core but

an eight digit character. The first four characters the containment structure fails due to loss of
indicate the general conditions of the accident. The containment heat removal. This sequence
next two digits are used to identify any mitigating embodies class II.

systems used. The seventh digit indicates the mode
of release, and the eighth character indicates the LBLC: Large break LOCA with loss of all core

|
magnitude of the release. A summary of the pooling represents class IIID.

accident sequence codes is given in Table 19E.2-3.
NSCL Transient with no scram or core tooling;

The first consideration in selecting accident vessel fails at low pressure models class IC.
I sequences for analysis was to represent the core

damage event trees. To accomplish this each NSCH: Transient with Do scram or core gooling;
;
' accident class was examined to determine the most vessel fails at high pressure represents class IE.

severe sequence. The frequency of the event was
then considered. If the freguency of the most severe NSRC: The station blackout with no scram or
sequence was less than 10 and if it was significantly boron injection sequence assumes that the RCIC
smaller than the overall frequency of the class then system is available for core cooling. The reduced

g
/ the next most severe case was examined. Noje that flow to the core reduces the reactor power. Also'

modeled by this sequence are other loss of offsite( the sequences with frequencies of less than 10 were
!

not completely damiued. They were retained in the power sequences where the operator manually
sum of the event class frequencies. reduces flow to the reactor in order to reduce

power. This sequence portrays class IV-L
Eight accident sequences were selected for

analysis with MAAP. Table 19E.2-4 shows how each For each base sequence, there are a variety of
accident class relates to the accident sequences mitigating systems which could be used to prevent or

| analyzed.' Each of the eight accident sequences is reduce the release of fission products to the ;

described below. environment. The fifth and sixth digits of the |

accident sequence indicator describe the mitigating
LCLP. Loss of all core gooling with vessel failure features which were assumed to operate.

occurrmg at low gressure represents accident
class ID and some IB-l and IB-3 sequences. 00: This symbol is used when none of the

|
mitigative features are operated, due to failure of |

|
LCHP: Loss of all core tooling with vessel the system or the operator, or the absence of the ;

failure occurring at high gressure models initiating condition for the system.
accident classes IA and IIIA as well as some IB-1
and IB-3 sequences. The results are somewhat IV: There are several means by which the
non-conservative for some of the Class IIIA operator may arrest the core meh in the vessel. If j

sequences because the rate of water loss from the any ECC system is recovered or if the firewater j

|
vessel may be somewhat faster for medium break system started before vessel failure occurs it may ;

LOCAs. Small break LOCAs willbe accurately be possible to prevent vessel failure, assuring that
|

! modeled by this case. Even for the case of the any fission products generated are scrubbed
medium break LOCA the results should be through the suppression pool via the SRV lines.

reasonably accurate, because the definition of a In-vessel recovery is treated as a sensitivity studyp) medium break LOCA is that which does not in subsection 19E.2.4.2.
,

(| %d
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PF: The passive flooder system is described in emergency procedure guidelines in Appendix 18A. |
Subsection 9.5.12. This system automatically
opens a connection between the suppression pool Information about the hardware connections are
aud the lower drywell region when the supplied in the description of the RHR system in
temperature of the lower drywell airspace SSAR Subsection 5.4.7.1.1.10. In particular,
reaches $33K (500 F). This serves to keep the Figure 5.4-10 shows the connections from either
corium temperature low, preventing the diesel driven pumps or the fire truck to the
core-concrete interaction, and prevents radiation RHR system. The connection to the diesel driven
heat transfer from the corium to the containment pump are in the RHR valve room. Opening
structures and atmosphere, valves F101 and F102 allows water to flow from

the fire protection system into the RHR piping.
The passive 1"looder system is designed to cause Periodic stroke testing of these valves is required
the lower drywell to be flooded when there is no by Table 3.9-8 of the SSAR to ensure valve
water overlying core debris in the lower drywell. operability. The fire truck connection is located
If there is no overlying water pool the fusible outside the reactor building at grade level. Both
materialin the valve will heat up, and melt the connections to the RHR eystem are protected by
fusible plug. If there is water overlying the debris check valves (F100 and F104) to insure that RCS
pool, the lower drywell will not heat up suffic- pressurization does not result in a breach of the
lently to cause the passive flooder to open. injection path. The required flow rate for the
Examination of the Containment Event Trees firewater addition system in specified in Section
(Svhection 19D.5.11) shows that the firewater 2.15.6 of the ITAAC.
addition system is expected to operate in most of
the accident sequences. Therefore, the passive HR: Containment heat removal is provided by
flooder in not needed in the majority of the RHR system. For the base analyses the RHR
accidents. Rather, the lower drywell flooder is system is conservatively assumed to be
viewed as a passive backup system which floods unavailable.
the lower drywell,in order to keep the temper-
ature in the drywelllow, and in order to allow PS: Eassive flooder and drywell spray bath
quenching of the core debris. operate. The drywell sprays are one function of

the RHR system. During severe accidents,
FA: The [irewater addition system, described in especially those which cause vessel failure to occur
Subsectioe. 5.4.7, allows the operator to manually at high pressure, the drywell sprays keep the
tie the fine protection system into the residual upper drywell cool. This prevents degradation of i

heat remcual(RHR) injection line. If this action penetration seals which could result in leakage
is performed within about 15 minutes this will through the movable penetrations and the release
prevent core damage. as described in Subsection of fission products below the pressure capacity of
19.3.1.3.1. The firewater system also acts as a the containment. The upper drywcM drains into
mitigating feature after core damage. Under the suppression pool. Therefore, the use of the

'

i

these circumstances, the water from the firewater drywell sprays will not prevent the temperature in
system pours through the vessel and onto the the lower drywell from increasing. Therefore, the
corium on the floor of the lower drywell. This passive flooder will open when the lower dr3well
stops core-concrete attack and radiation heating becomes sufficiently hot.
in the same manner as the passive flooder. In
addition, the firewater system adds water to the FS: A firewater addition spray function was I
contair. ment increasing the thermal mass. This added to the firewater system as a backup to the
reduces the rate of containment pressurization RHR drywell spray. Used in spray mode the
and delays or prevents significant fission product firewater system adds external water to the
release. The operator is instructed to turn off the containment increasing the thermal mass of the

I firewater system when the water level in the system, and it provides cooling of the upper
suppression pool is at the vessel bottom drywell region. The operator is instructed to
elevation, unless firewater is the only means operate the spray system if the vessel failure has
available for core cooling and the vesselis still occurred, as determined by the temperature of the
intact. Operator actions governing use of the drywell and the inability to maintain water level in
firewater addition system is specified in the the vessel. The firewater spray causes the
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pressure and the temperature of the upper drywell to
decrease rapidly. When the water level in the
suppression pool reaches the level of the bottom of
the vessel the operator is instructed to turn the
firewater system off, turning it on agsin only as
necessary to prevent the upper drywell temperature

I from exceeding 533K (500 F). If drywell head
failure occurs the firewater spray system is to be
restarted. This causes any fission product aerosols to
agglomerate on the spray droplets, reducing the
fission product release to the emironment.

There are several mechanisms whereby fission
products may be released from the containment to
the emironment. The mode of release is designated
by the seventh character in the accident sequence
indicator.

N: liormal containment leakage does not allow
significant release to the environment as
dimd in subsection 19E.2.4.3.

P: Leakage through movable penetrations in the'

drywellis assumed to occur when the gas
temperature exceeds $33K (500 F) and the
pressure exceeds 0.515 MPa (60 psig). Further

g discussion of this type of leakage is given in
Appendix 19F. If containment heat removal is
not recovered drywell head failure or rupture
disk opening could follow the onset ofleakage.

R: An overpressure protection relief rupture
i

disk is described in Subection 6.2.5 and in
19E.2.8.1.1.

D: The drywell head is assumed to fail before
the rupture disk opens. The mean failure
pressure of the drywell head is 1.025 MPa (134
psig) if the temperature in the upper drywellis
below 533K (300 F). However, as discussed in
Attachment A to Appendix 19F, there is a smal!
probability the drywell fails at lower pressure. At
higher temperatures, the drywell head is assumeda
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to fail at lower pressures as described in lowed by reactor scram. The feedwater is conserva-

( Appendix 19F. tively assumed to trip, with a coastdown of 5 seconds.
Four of the Reactor Internal Pumps (RIPS) trip on
high vessel pressure. The SRVs cycle open and
closed to relieve the steam pressure. As the water

| level falls, the remainder of the RIPS trip on low
| level. The ECC injection systems are assumed to

| E: Early structural failure of the containment fail.

I has been proposed for cases which result in the
! failure of the vessel at high pressure. The effect The sequence of events which includes passive

of an early containment structural failure is flooder and rupture disk opening for this accident is |
| exammed in Subsection 19E.2.4.4 shown in Table 19E.2-5. Figures 19E.2-2A through

| 19E.2-2H show the system behador throughoot the
'

5: Suppression pool drainage into the RHR accident sequence.

pump rooms may be possible following an
earthquake. For these cases the release will be About one half hour after accident initiation,
scrubbed but the release of fission products will sufficient decay heat has been generated to lower the

i begin with the onset of fuel damage. These cases water level to two thirds core height, and the
are considered in a sensitivity study in Subsection operator opens one SRV to provide steam cooling.
19E.2.4.5. The vessel blows down (Figure 19E.2-2A), while the

fuel heats up (Figure 19E.2-2D) and begins to melt.

I The final character in the accident sequence There is little generation of hydrogen gas due to the

| designator is assigned after the sequence has been metal water reaction during the in-vessel portion of

| simulated with MAAP. This eighth character the accident (Figure 19E.2-2F) because the vessel
indicates the magnitude of the release predicted by blowdown limits the available steam when the
MAAP. Negligible, low, medium, and high cladding is hot. About 2 hours after initiation of the

[ categories were established as follows according to transient, the lower vessel head fails.
,

'

. ( the amount of noble gasses and volatile fission
I products released: The corium falls into the lower drywell along with

1the water that had been retained in the lower plenum
Noble Gas Volatiles of the vessel. Rapid corium to water heat transfer

quenches the corium (Figure 19E.2-2D) and results
N <1007c <0.1% in non-equilibrium steam generation causing a
L < 100% <1% pressure increase in the drywell (Figure 19E.2-2B).
M < 100% <10% Then the pressure decreases slightly as the contain-
H < 100% > 10% ment temperature and pressure equilibrate with the

pool conditions. Just under one hour is then
Additionally, the character 0 indicates that no core required to boil away the water in the lower dr>well
damage occurred, therefore there is no release of (Figure 19E.2-2E) before the corium begins to heat
radioactivity. up (Figure 19E.2-2D). After the water in the lower

drywell boils off the drywell pressure decreases
In the following subsections each of the accident because steam is condensed on the containment heat |

classes is considered in turn. For each general sinks but there is no steam generated. |

accident condition several possible mitigating actions j

are considered as suggested by the accident (a) Passive Flooder Operation (PF)

,
progression.

| After the corium in the lower drywell is
uncovered, the corium and the gas above it begin to

19E.2.2.1. Loss of All Core Cooling with Vessel heat up. When the lower drywell atmosphere
Failure at Low Pressure (IELP) reaches 533K (500 F) at about 5 hours (Figure |

19E.2-2C), the passive flooder opens. Water then

| ( The initiating event selected for this sequence is a pours from the wetwell into the drywell (Figure
i Main Steam Isolation Valve (MSIV) Closure, fol- 19E.2-2E) to the level of the upper horizontal vent.
C
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This covers the corium, quenches it, and generates a pools, with overlying gas spaces at potentially '

small pressure spike (Figure 19E.2-2B). Following different pressures. In the large scale of the plant, ;

this there is again a slight decrease in pressure as the the cool water enters the lower drywell pool
dnwell returns to equilibrium with the pool. underneath the surface boundary layer of the pool.

Since the density is slightly higher than that of the
Since the peak corium temperature during this bulk pool,it will tend to sink. This will tend to damp

process is 1600K (2400 F) no significant core the oscillation.
concrete attack occurs during the heatup of the
corium, therefore no additional non-condensable The size of the oscillation is dependent,in part on
gasses are generated. When the corium is quenched the time step because the decrease in the bulk pool
the generation of additional non-condensable gasses temperature is a function of the amount of cool
is prevented (Figure 19E.2-2F). water added to the lower drywell. To determine the

sensitivity of the containment response to the time
After the passive flooder opens the corium is step used by MAAP, a representative sequence was

covered by an overlying water pool, thus, the run using very small time steps. While the results
temperature of the lower drywell gas decreases showed a slight decrease in the magnitude and
(Figure 19E.2-2C). The small, periodic oscillations period of the oscillations, no significant effect on the
seen in the lower drywell water level after the passive overall transient response was observed.

flooder opens (Figure 19E.2.2E) are due to a
physical instability caused by the small pressure and The upper drywell temperature continues to
density differences between the lower drywell and increase since the remaining fuelin the vesselloses
the wetweII. its decay heat energy to the vessel walls and drywell

vis radiative and com'ective heat transfer. The pres-
The oscillations begin when there is a small surization of the containment continues (Figure

pressure differentialbetween the wetwell and the 19E.2-2B) because the corium is now transferring
lower drywell. The pressure differential causes heat directly to the water which results in steaming.
relatively cool water from the suppression pool to
flow into the lower drywell. This reduces the bulk The containment continues to pressurize until the

'

temperature of the lower drywell pool. Since MAAP wetwell pressure reaches 0.72 MPa (90 psig) at
assumes the pool is well mixed, the suriace 20.2 hours (Figure 19E.2-2B), when the rupture disk
temperature also decreases, resulting in a decrease opeas. No penetration leakage (Appendix 19F) is
in the partial pressure of steam in the lower drywell predicted since the temperature in the upper drywell
gas space. This pressure decrease (19E.2.2B) draws remains below 533K (500 F), until well after the
additional wner into the lower drywell pool from the rupture disk opens (Figure 19E.2-2C). I

suppression pooi.
Figures 19E.2-2G and 19E.2-2H give the release

When the elevation of water in the lower drywell fractions of the noble gases, cesium iodide, and
is sufficient to climinate the pressure differential, the cesium hydroxide as functions of time. The release
flow from the wetwell stops. The cooled water in the of noble gases is nearly complete one hour after the
lower drywell then begins to heat back up to rupture disk opens. The release of the volatile
saturation due to heat loss from the debris bed. species, Csl and CsOH, occurs over a much longer
Once saturated pool conditions are reached, period of time and is nearly complete at 100 hours.
steaming begins and the lower drywell pressure The release fraction of Csl at 72 hours is less than
increases. This could cause reverse flow through the IE-7.
flooder line. The subsequent loss of mass in the
lower drywell would cause the region to heat up There is approximately a 2% probability that the
more quickly, exacerbating the amplitude and period drywell head will fail prior to the rupture disk
of the oscillations. Therefore, the MAAP flooder opening for this case. Assuming the drywell head
line model includes a check valve which prevents fails as the wetwell pressure reaches 0.72MPa (90
flow from the lower drywell into the wetwell. psig) at 20.2 hours, drywell head failure will preclude

rupture disk opening. Fission product release begins
While this instability is based on physical directly from the drywell. Noble gas release is nearly

phenomena, MAAP over-predicts its severity. complete at 32 hours, and the volatile fission product
MAAP models this system as two perfectly mixed release continues until 120 hours. The duration of
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the release is significantly longer for the drywell head The firewater addition system continues to add
I failure sequence since the heat source in the drywell water, first filling the wetwell to the level of the

allows only a slow depressurization of the wetwell suppression pool return path. At 7 hours, the
which contains the noble gases. The Csl release suppression pool overflows. Then water begins to
fraction at 72 hours is 7.5E-2, which is much greater spillinto the lower drywell and the mass of water in
than the release for the corresponding rupture disk both the wetwell and the lower drywell increase in
case. proportion to their surface areas (Figure 19E.2-3C).

During this time the increase in pressure (Figure
(b) Firewater Spray (FS) 19E.2-3A) is due to the slow compression of the

non-condensable gases above the water.
If the operator fails to initiate the firewater

addition system in the first 20 minutes of the accident Side calculations have shown that the pressure in
to prevent core damage, there is still potential for the containment is minimized when the water lestl is
significant benefit from its use after vessel failure is near the bottom of the vessel, assuming that the
assumed to occur. The results of a sequence using drywell and wetwell are at the same pressure. For
the firewater addition system are given in Table this reason, the operator is directed to turn off the
19E.2-6 and Fi;;ures 19E.2-3A through 19E.2-3E. firewater system when the water level in the

suppression pool reaches the elevation of the bottom
The firewater system adds water to the of the vessel, which occurs at 23.6 hours (Figure

containment through the RHR injection lines. When 19E.2-3C).
trying to prevent vessel failure the operetor is
instructed to inject water to the vessel via the LPFL After the firewater spray is turned off the
line. If this is not accomplished in time to prevent
vessel failure, the valves are realigned to the drywell
spray. The water then pours from the upper drywell
into the wetwell via the wetwell drywell connecting
vents, and eventually overflows into the lower
drywell. This cools the corium, preventing
core-concrete attack and additional metal-water

| reaction. Since external water is used, the effective
heat capacity of the containment is increased.
Furthermore, since the decay heat in the corium is
delivered by convection to the water, no significant
radiation heat transfer takes place, and the lower and
upper drywell atmospheres remain cool. Therefore,
no degradation of the movable penetration seals is
expected, and no leakage through these penetrations
will occur.

In this case it was assumed that the operator
starts the firewater system four hours after the
initiation of the event. The first four hours of the
transient are identical to the LCLP-PF-R-N
sequence discussed above. When the firewater
system starts a pressure spike (Figure 19E.2-3A) is
observed in the drywell which is caused by the
evaporation of droplets in a superheated
atmosphere. After the containment atmosphere is
cooled (Figure 19E.2-3B), the pressure drops fairly
rapidly to match the droplet temperature, this causes
some water to spill over from the wetwell to the

| lower drywell(Figure 19E.2-3C).

|
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! 19E.2 Deterministic Analyses of their transport to the containment and beyond,
! Plant Performance molten core sbmp into the lower plenum of the

RPV, vessel failure, corium-concrete interactions t

19E.2.1. Methods and Assumptions and further release and transport of fission products.
MAAP models all of the engineered safety systems

This subsection summarizes the methods and as- such as emergency core cooling, automatic !

,

sumptions that were used in evaluatir.g the Reactor depressurization, safety relief valves, and decay heat ;

| Pressure Vessel (RPV) and containment responses removal. MAAP also allows the user to model i'

i and determining the resulting source term. The operator behavior and deviations in system

| Modular Accident Analysis Program (MAAP)
operation. .

(Reference 1) was the primary tool used to f

j determine the fission product source terms. MAAP has a modular structure in which separate

| Included in this subsection is a brief description of subroutines are dedicated to modeling specific

! the code, the basic assumptions about the ABWR regions and physical phenomena. The main program ;
!

| configuration, a discussion of those phenomena not directs the program execution through several high

i explicitly modeled in the MAAP analysis, and the levelsubroutines. The program calls a sequence of ,

! definition of the base case. system and region subroutines at each time step. |
These subroutines, in turn, call phenomenology ';

19E.2.1.1. Code Description subroutines as required. The simulation of an entire j

accident sequence does not require any user inter-
'

MAAP was used to determine the vessel and vention during the rimning of the program. A set of j

containment responses and the source terms for the built-in property-library subroutines prodde physical ,

| ABWR under severe accident conditions. MAAP properties.
3.0B was modified to model the configuration of the ,

ABWR. An overview of MAAP3.0B is provided (1) HighIxvelSubroutines !
below, followed by a discussion of the changes made i

in the code to model the ABWR. This new version The high level subroutines include the main pro-
of the code will be referred to as MAAP3.0B- gram, the input and output subroutines, the data i

ABWR. storage and retrieval subroutines, and the numeri- ;

calintegration subroutines. Also included in the
19E.2.1.1.1. MAAP3.0B high level subroutines is a controlling routine,

|
BWROP, which allows user interventions that de-

| MAAP is a computer code developed as a part of scribe the actions occurring during an accident i

the Industry Degraded Core Rulemaking (IDCOR) sequence. The high level subroutines pass global
program to investigate the physical phenomena that variables by common blocks (not argument lists)
might occur in the event of a severe light water and do not contain physical models for the reactor
reactor accident leading to core damage, possible plant. The time integration subroutines,INTGRT

i

( reactor pressure vessel (RPV) failure, and possible and DIFFUN control the time steps and call
i failure of containment integrity and release of fission system and region subroutines at each time step
'

products to the environment. MAAP development during an accident transient.
was sponsored by the Atomic Industrial Forum.
MAAP includes models for the important phenom- (2) System and Region Subroutines
ena that might occur in a severe light water reactor I

accident. The system and region subroutines include the !
EVENTS subroutine which sets the event flags !

MAAP is an integrated code which tracks the (Boolean variables) giving the status of the system i

j progression of hypothetical accident sequences from and the status of operator interventions. The

j a set ofinitiating events to either a safe, stable and event flags control code execution. Region i
'

coolable state or containment structural failure and subroutines, one for each physical region of the
fission product release to the emironment. MAAP reactor system, define the differential equations
models a wide spectrum of phenomena including for the conservation of internal energy and mass.
steam flashing, water inventory loss, core heatup, Other systems subroutines examine the inter-
cladding oxidation and hydrogen evolution, fission region gas flow rates and calculate the core'

product release from the degraded fuel rods and

- Amendment 2E 19E2-1
|

l

!



r
|

ABWR 2-s
Standard Plant nn a

temperatures and fuel-cladding-coolant interac- routine INITAL and phenomenological
tions. The systems and region subroutines pass routine M3 POOL.
global variables by common blocks and operate
on them by calling the phenomenology subrou- (b) Lower Drywell: Several alterations were
tines. required in order to model the ABWR lower

drywell. Flow paths were added to model the
(3) Phenomenology Subroutines vacuum breakers from the wetwell, the vents

to the suppression pool and overflow from the
The phenomenology subroutines describe the suppression pool through the werwell drywell
rates of the physical processes occurring in each connecting vents. Core concrete attack in the
region of the reactor plant model. The phenom. lewer drywell region can result in penetration
enology subroutines pass variables by argument of the pedestal to the wetwell drywell

,

| lists, and generally do not use or alter global connecting vents. When penetration occurs,
l variables. The phenomenology subroutines are flow between the lower drywell region and the

generic in nature and can be called by any of the suppression pool will occur. Models foi this
region subroutines or by other phenomenology flow were incorporated which employ a user
subroutines. supplied concrete penetration limit. The

PEDSTL region subroutine was affected as
(4) Property-LibrarySubroutines was the PDFP region fission product

subroutine.

|
The property-library subroutines give the

| physical properties (e.g., specific heat and (c) Upper Drywell: This region required the .

'

| saturation pressure) of the important materials. removal of the flow path which represented
| These subroutines use argument lists to pass the vacuum breaker in the Mark II model, and

variables and do not have side effects on global the addition of steam and gas venting to the
variables. Property subroutines are called by the suppression pool via the lower drywell.
phenomenology subroutines. Affected subroutines are the DRYWEL ;

region and DWFP fission product region |

19E.2.1.1.2 ABWR Modifications subroutmes. 1

| |
'

Several modifications to the MAAP3.0B code (d) Wetwell: The wetwell fission product trans- |
|

were required to adequately model the ABWR. The port subroutine WWFP was modified to
| starting point for the modifications was the correctly model the ABWR.

MAAP3.0B Mark II models. The modified version
of the code is referred to below as MAAP3.0B- (c) Horizontal Vents: The M3VENTA phenome-
ABWR. Specific ABWR features which required nological subroutine model for the horizontal
code changes are listed below. vents in a Mark III were applied to model the

| horizontal vents connecting the wetwell/ |

| (1) Containment Configuration drywell vents and the wetwell in the ABWR. '

The ABWR configuration is different than presi- (2) RHR Heat Exchangers
ons BWR configurations. MAAP3.0B-ABWR
models the flow paths between the containment ABWR has heat exchangers in all three RHR
compartments correctly. The high level loops. Previously, heat exchangers were modeled
subroutine DIFFP was modified. The affected in only two loops of the RHR system. Addition of
regions are: the third heat exchanger required a change in the

ECCS system subroutine.
(a) Suppression Pool Configuration: The ABWR

suppression pool configuration required (3) LOCA Location
changes in the models to accurately reflect
the relationship between water level and MAAP3.0B-ABWR directs the flow from all
volume. The ABWR suppression poolis LOCA breaks into the upper drywell. However,
modeled by applying the Mark III pool since there is a small possibility of LOCAs which,

'

model. The affected subroutines are system
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| O blowdown into the lower drywell, the (1) Condensate Storage Tank. The configuration
'

( hiAAP3.0B-ABWR allows the user to input the for the condensate storage tank is assumed to -

RPV Failure Event Code to simulate this event. be consistent with the description in 19.9S.
This change was accomplished by modifying the This is sufficient to satisfy the station blackout
high level subroutine BWROP and the region performance requirements discussed in

! subroutine EVENTS. Subsection 19E.2.1.2.2.

(4) Recirculation Pump Trip (2) Deleted

in the ABWR, four of the Recirculation Pumps
(RIPS) trip on either High Vessel Pressure or on
Level 3, with the remaining six RIPS tripping on
Level 2. MAAP3.0B-ABWR allows the user to (3) Type of Concrete Used for Containment.
input these different setpoints. Region Limestone Sand concrete was assumed to be
subroutine BWRVSL was modified to allow this used for all portions of the containment

,

i capability. building except the lower drywell floor. This
assumption will affect the conduction of heat

(5) Evaporation from a Pool Surface into the containment walls. However, since
concrete has very low thermal diffusivity there

The evaporation model in hiAAP3.0B was found will be negligible impact on containment
to be non-conservative for the ABWR. The performance. Limestone Sand concrete is
problem arises when pedestal penetration occurs representadve of the concrete which might be
or the passive flooder operates and water from used in much of the United States.
the wetwell floods the lower drywell. The vapor
pressure in the lower drywellis much below the (4) Deleted

| saturation point since there was no water in this
O region while the corium was attacking the
(/ concrete and pressurizing. Therefore, steam will

begin to evaporate off the surface of the poolin
| the lower drywell.
1

In hiAAP3.0B the water in the suppression pool (5) Battery loading profiles will be developed to
had to heat to the boiling point before evapora- define appropriate load shedding during
tion was permitted off the surface of the pool. In Station B1ackout (see Subseetion
MAAP3.0B-ABWR, the vapor pressure is con- 19E.2.1.2.2.2(3) ). This item has been
servatively assumed to rise to saturation in two identified as a COL Action Item in Section
time steps. This model was applied to the 19.9 9.

wetwell, upper and lower drywells. The |

PEDSTL, DRYWEL and BWM2WW region (6) RCIC room temperature will not exceed ;

subroutines were affected. equipment design temperature without room
'

cooling for at least 8 hours (See Subsection
19E.2.1.2 ABWR Configuration Basis 19E.2.1.2.2.2(5) ). This item has been

identified as a COL Action item in Section
19E.2.1.2.1 ABWR Configuration Assumptions 1933.

This subsection provides a description of the (7) Control room temperature will not exceed
assumptions which were made about the configura- equipment design temperature for at least 8
tion and systems of the ABWR. These assumptions hours without room cooling (See Subsection i

were made where the design detail was not yet 19E.2.1.2.2.2(6) ). This item has been
available or outside the scope of this submittal: for identified as a COL Action item in Section
example, the type of concrete to be used in the plant 19.9 3.

l is not included in this submittal.

\
V
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(8) Operator action during station blackout is 3) DCbatterycapacity
consistent with the EPGs as specified in

'

Subsection 19E.2.1.2.2.4. 4) Water source inventory (condensate storage
tank or suppression pool)

(9) Deleted 5) RCIC room temperature

6) Controlroom(s) temperature

(10) Deleted Each of these functions is addressed below.

1) Reactor Monitoring Function.
,

(11) Deleted The reactor monitoring of vessel water level and
pressure is performed using local detectors with
control room indication. Instrument power supply

| (12) Deleted is from the station batteries as either DC or
constant voltage constant frequency (CVCF)
sources.

19E.2.1.2.2 Station Blackout Performance
i 2) Steam Supply to the RCIC Turbine.

19E.2.1.2.2.1 Summary
The reactor vesselis the source of energy for the

A station blackout is defined as the loss of offsite RCIC ttabine which operates the RCIC pump,
electrical power and the unavailability of onsite AC maintaining vessel water level. The RCIC turbine
electrical power (i.e., failure cf diesel generators, in will isolate (i.e., trip) at low pressure (50 psig).
most cases). During this period the important plant However, since the operator will be maintaining

| performance characteristics to be considered are vessel pressure near 945 psig in accordance with
maintenance of core cooling and containment the emergency procedure guidelines (EPGs),
integrity. there will be more than adequate RCIC turbine

pressure for operation. The RPV pressure will be
The analyses summarized in this subsection show controlled manually at this level (by opening 1 or

that the ABWR can withstand a station blackout more SRVs) below the first SRV setpoint to avoid
without core damage or loss of containment integrity SRV cycling. SRV operability during station
for a period of at least 8 hours. If AC power is still blackout is dependent on a DC supply source and
unavailable beyond this period, the core cooling a nitrogen supply and these are evaluated in the
function is assumed to be lost. This accident following discussions. It should be noted that the

| sequence is discussed in Subsection 19E ? ? 3. SRVs will cycle on the spring setpoint if the
operator fails to manually control pressure.

The key requirements of core cooling and
primary containment vessel (PCV) integrity are a) Availability of DC Power for SRV Solenoids.
treated separately below.

Based on the following evaluation, it is
| 19E.2.1.2.2.2 Core Cooling concluded that there is no practical limit on

the availability of DC power for operatingt

The reactor core isolation cooling (RCIC) system SRV solenoids.
provides water to the reactor vessel during a station

;

i blackout. The following areas are considered to The control power for six of the 18 SRVs is
| assure RCIC functionality during station blackout- taken from the Division 1 battery. The valves
' have been considered as part of the load on

1) Reactor monitoring function the Division 1 battery for purposes of calculat-
ing the time the RCIC would be operable

2) Steam supply to the RCIC turbine during station blackout. This evaluation leads

|
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to the conclusion that the 4000 ampere hour
b) SRV Operability and High Pressure Contain-capacity of the Dhhion 1 battery is sufficients

for 8 hours of coping during station blackout. ment Conditions During Station Blackout.

Of the remaining 12 SRVs,6 have their The SRV actuators can open the SRVs with a

control power supply on the Divisions II pressure differential of approximately 70 psi

battery and 6 are on the Dhision III battery.
(nitrogen supply pressure above containment

Each of these batteries have a capacity of pressure) without assistance from internal

3000 ampere hours. Since Dhhions II and III steam pressure. The SRV accumulators used

would normally be shut down during a station for the ADS function (see Figure 19E.242),
blackout situation, these batteries and their which are gharged to a pressure of 170 psig

associated power distribution equipment (12 kg/cm g), have insufficient pressure and

would be available to supply power to the capacity to fully open the SRVs at 100 psig
SRVs if necessary. pressure in the containment and RPV, so

additional gas at 170 psig is needed from

The ambient temperature for Divisions II and outside the containment to ensure the pres-

III batteries should remain acceptable as sure control and depressurization function.

there would be very little load on these
batteries during station blackout. For this The normal supply of N, gas to the SRVs

reason, ambient temperature rise due to the from the atmospheric coitrol system outside

lack of HVAC should not be a problem for the containment is shut off due tolow pressure

the batteries and their associated equipment. caused by loss of AC power to the heaters or
heating boiler which is used to gasify the liquid
N, supply. However, there is a backup supply
ofH, gas from stored bottles at 2130 to 850
psig Imaximum to minimum) pressure which

|
can be used to open the SRVs in the ADS
system.

Baed or; the above, Dhisions II and III DC Use of the stored nitrogen bottles requires
suppiles should be available on an operator action to manually open a closed

intermittent basis for use in operating SRVs, supply valve at the valve location. Gas is then

as desired. The 6000 ampere hour total fed to the SRV actuators through the DC

capacity of the two batteries would be powered ADS solenoid valves inside the

adequate for many days of operation beyond containment automatically. The ADS supply
the 8 hour capability of Dhision I. lines from the N, bottles must also be isolated

from the normalH SUPP y to other systems byl
2

Further, eight of the 18 SRVs are used for local manual closure of the motor operated

the ADS function and thus have alternate crosstie vahts which are otherwise inoperable
on AC power loss.

power sources. Five of the eight can be
supplied by either of two dhsions (Dhhions
I or II). The other three can be supplied by The high pressure gas from the N, bottles is

any of three divisions. Control power for automatically reduced to 170 psig%y a self-

each of the ten SRVs which are not used for
actuated pressure regulating valve. If the

the ADS function is supplied by one dhsion SRVs do not open with the pressure supplied

(four from Dhision I, three from Dhision II, by the self-actuated pressure regulating vahe

and three from Dhision III). Thus the ability (for example,if containment pressure were

to control reactor pressure is very reliable, above 100 psig or if somewhat less than 170
psig were supplied), the operator could adjust
the set point of the pressure regulating vahe
above 170 psig at the local station (the relief
valves are set at 210 psig).

I

The capacity of a group of ten 45 liter high
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pressure N, gas bottles at 850 psig minimum for at least 8 hours. |

pressure is about 16 times that needed to open
-

the 8 ADS SRVs, each of which has an actuator 6) Control Room Temperatures. ;

piston volume of 16.4 liters (1000 cubic in). j

Additionally, there are 10 other N, bottles that The safety related equipment required to function i

can be valved into service by lo^ cal manual during station blackout and located in the main, |

operation. After the 8 ADS valves are opened lower and computer control rooms will be |

there is sufficient N, gas to account for at least 7 desiened for a maximum operating temperature of
#

days leakage froris the valve actuators, after 122 F (50 C). The ABWR plant will be designed

which the N, bottles must be replaced to hold to prevent the room temperature from reaching
the ADS vah~e open. Based on the foregoing,it is this equipment design temperature for at least 8
concluded thrd the ADS valves can be operated hours, starting at the normal room temperature of

to depressurize the reactor on loss of normal AC 79 F (26 c).
power supplies with the containment at 100 psig.
The operator has to manually close and open 19E.2.1.2.2.3. Primary Containment Vessel (PCV)

valves at the valve locations to supply nitrogen Integrity
from outside the containment to open the 8
SRVs used for the ADS function and to hold Containment pressure and temperature analysis

them open when the pressure in the RPV drops were performed to determine the containment
to near containment pressure. atmospheric conditions after 8 hours of station

blackout conditions assuming event initiation at

3) DC Battery Capacity. 100% thermal power. An analysis was performed
which assumed the RCIC suction was taken from the

The DC batteries will be sized to be capable of condensate storage tank for the duration of the
operating the RCIC system for a minimum of 8 event. The drywell and wetwell pressure and
hours assuming the expected loading profiles for temperature were calculated to be less than their
station blackout. These loading profiles, design basis of 45 psig and 340 F (drywell)/219 F

including load shedding, will be defined in detail (wetwell) after 8 hours. Therefore PCV integrity is
as the ABWR design progresses. maintained.

4) Water Source Inventory. 19E.2.1.2.2.4. Operator Actions

The primary water source for the RCIC System The loss of normal AC power willlead to indirect

during station blackout is the condensate storage turbine trip and reactor scram due to high condenser

tank (CST) which has been sized to provide pressure on loss of circulating water. The subse-
sufficient inventory for a minimum of 8 hours quent loss of feedwater will cause the RPV to isolate

during this scenario. In the event the CST on low water level. Failure of the emergency diesel

became depleted, the backup source is the generators to initiate will leave the RCIC system as

suppression pool. The RCIC system must be the only source of makeup water to the core. The

manually overridden to assure that the conden- RCIC system will automatically restore the RPV wa-

sate storage tank will be maintained as the ter level. Operator action are specified in the EPGs

primary water source for core cooling and to control the RCIC system (to avoid repeated
restarting of the RCIC turbine) and maintain themakeup.
RPV level between Level 3 and Level 8.

5) RCIC Room Temperature. In addition, the operator will be instructed to

Failure of the AC cooling power supplies will maintain RPV pressure below the high pressure

allow the RCIC room temperature to rise. The scram setpoint (below first SRV setpoint) to avoid

ABWR plant will be designed to prevent the SRV cycling by controlling 1 or more SRVs
room temperature from reaching the equipment manually. The PCV pressure and temperature will

design temperature of 151 F (66 C)dstarting at not approach design values for at least 8 hours.

the normal room temperature Of 104 F (20 C.), Failure of the RCIC (core uncovery) will require the
operator to blowdown through the SRVs at the |
steam cooling pressure and thereby avoid a high

19E.2-6
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initiation level. The operator will be instructed to
leave SRVs open to keep the vessel at low pressure
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(V) pressures in the drywell and werwellincrease (Figure drywell spray operating is shown in Table 19E.2-7.
19E.2-3A) to values consistent with the temperature Figures 19E.2-4A to 19E.2-41 show the system
of the suppression pool and non-condensable gas response to the presumed accident.
pressure. The pressure in the drywell regions
continues to increase as steam is generated by the The early stages of this transient are identical to
corium in the lower drywell. This forces water to be those of a LCLP accident. The MSIVs close, the
displaced from the lower drywell to the suppression reactor scrams and the feedwater coasts down. The
pool via the werwell/drywc!! connecting vents. When core becomes uncovered at 17 minutes, and metal |
water can no longer flow directly from the drywell water reaction begins generating hydrogen (Figure
into the wetwell the dnwell region begins steaming. 19E.2-4G) as the core heats up. The vessel
This steam flows to the suppression pool where it is continues to cycle on the SRV setpoints (Figure
quenched. During this period the pressure in the 19E.2-4A) as the water in the core boils away, and
wetwell stays nearly constant while that in the the core melts. Since the suppresion pool
drywell region increases (Figure 19E.2-3A). temperature is below the suppression pool heat

capacity temperature limit at the time of vessel
At 26 hours the wetwell becomes nearly failure, SPV loads are not a concern.

saturated and the pressure in the wetwell begins to
increase along with that in the drywell At 31.1 hours
the pressure in the wetwell has reached 0.72 MPa (90
psig) and the rupture disk opens. After the rupture At 2.0 hours the vessel fails. The initial discharge
disk opens the pressure decreases rapidly (Figure of corium and water from the lower plenum is
19E.2-3A) and fission product release begins. At entrained by the steam from the vessel into the
about 57 hours the water in the lower drywell boils upper drywell and wetwell because the vessel fails at
away leaving the corium uncovered. The gas high pressure (Figure 19E.2-4A). As the steam is
temgerature in the low:r drywell increases to 533K driven from the lower drywell the corium is carried
(500 F) (Figure 19E.2-3B) and the passive flooder into the upper drywell and wetwell (Figure

) opens at 61 hours. allowing water to flow from the 19E.2-4E). That portion of the corium which is(
suppression pool to the drywell (Figure 19E.2-3C). blown into the wetwellis immediately quenched. It

v

The noble gas release is nearly complete at 35 hours, heats up only very slowly, as the suppression pool
and the volatile fission product release is nearly heats (Figure 19E.2-4C). The corium which is
complete at 76 hours. The release fraction of Csl at transferred into the upper drywell is initially cooled
72 hours is about 1E-7. (Figure 19E.2-4C) by the atmosphere sad by contact

with the floor of the upper drywell.
There is approximately a 5% probability that the

drywell head will fail before the rupture disk opens (a) Passive Flooder and Drywell Spray Operation
for this case. Assuming the dr)well head fails as the (PS)
wetwell pressure reaches 0.72MPa (90 psig) at 31.1
hours, drywell head failure will preclude rupture disk The passive flooder opens 30 seconds after the
opening. Fission product release begins directly vessel fails as the temperature in the lower drywell
from the drywell. Noble gas release is nearly reaches 533 K (500 F) (Figure 19E.2-4D). This
complete at 69 hours, and the volatile fission produ:t allows water from the suppression pool to flood the
release continues until 90 hours. The Csl release lower drywell, cooling the corium in the lower
fraction at 72 hours is 5.3E-2, which is much greater drywell. This does not, however, ensure that the
than the release fraction for the corresponding upper drywell remains cool, since there is corium in
rupture disk case. this region. In order to prevent leakage through the

movable penetrations in the upper drywell the sprays
19E.2.2.2. Loss of All Core Cooling with Vessel must be initiated within the first 4 hours of the |Failure at Ifigh Pressure (LC11P) transient.

The initiator used for this analysis is a station When the drywell spray is turned on the
blackout with loss of all core cooling. For this temperatures of both the corium and the gas in the(g) sequence the operator is assumed to fail to upper drywell drop sharply (Figures 19E.2-4C and |

V depressurize the vessel. The complete sequence of 19E.2-4D). The containment pressure also dreps as
events for this accident with the passive flooder and steam is condensed by the spray droplets (Figure

Amendmen: 2 19E.2-14
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19E.2-4B). The rapid depressurization of the lower
-

drywell also causes water to flow from the
suppression pool to the lower drywell through the
open passive flooder (Figure 19E.2-4E).

After the drywell sprays are turned on the
containment sjowly repressurizes (Figure 19E.2-4A).
The pressure difference between the wetwell and the
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;e) drywell is very small because the recirculation of Water is present in the lower drywell for the !

V water from the suppression pool to the drywell keeps remainder of the sequence since the passive flooder )
the steam near the saturation pressure of the is open. |
suppression pool water. If at any time during this 3

sequence the RHR heat exchangers begin to operate When the suppression pool water level reaches |
| the containment would depressurize. Containment the bottom of the vessel, at about 22 hours, the 1

failure and fission product release would be averted. operator is assumed to turn off the firewater system.
The corium in the upper drywell then causes the

If the heat exchangers are not recovered the temperature in the upper drywell to increase. When
rupture disk is assumed to open when the wetwell the temperature in the upper drywell again reaches
pressure reached 0.72 hiPa (90 psig) at 25.0 hours. 500 K (440 F) the operator restarts the drywell I
Upon rupture disk opening, fission products leave spray. This causes the pressure and the upper

! the containment. The release of noble gases drywell temperature to decrease. After 15 minutes
! continues for about S hours after the rupture disk the operator turns the system off in order to

opens. The volatile fission product release continues minimize excess water addition to the containment.
for about 25 hours. The release fraction of Csl at 72 The cycle is repeated many times
hours is less than IE-7. 1

Due to hiAAP code limitations the firewater
There is spproximately a 2% probability that the spray was switched to drywell spray from the RHR

| drywell head will fail prior to rupture disk opening system in the LPCI mode after the water level in the
I for this case. Assuming the drywell head fails as the suppression pool reached the bottom of the vessel.

wetwell pressure reaches 0.72MPa (90 psig) at 25.0 The effect of this change is an increased rate of
hours, drywell head failure will preclude rupture disk suppression pool heating and containment
opening. Fission product release begins directly pressurization, leading to an earlier containment
from the drywell. Noble gas release is nearly failure than would be predicted if the spray
complete at 35 hours, and the volatile fission product continued to be supplied by firewater addition. The

!O)]b release continues beyond 5 days. The Csl release wetwell pressure reaches 0.72MPa (90 psig) at 50
! fraction at 72 hours is 2E-4 hours and the rupture disk opens. The volatile
j fission product release continues for the next 75

(b) Firewater Spray Operation (FS) hours and the Csl release fraction at 72 hours is less
thanIE-7.

It is possible for the operator to delay the time of
containment structural failure and reduce the fission There is less than a 5% probability that the
product release by adding water to the containment drywell head will fail before the rupture disk opens
after a loss of core cooling with vessel failure at high for this case. Assuming the drywell head fails as the

| pressure. Consider a case which begins identically to
wetwell pressure reaches 0.72MPa (90 psig) at 50

LCHP-PS-R-N, a loss of all core cooling occurs and hours, drywell head failure will preclude rupture
i

the reactor scrams. The operator is assumed to fait disk opening. Fission product release begins directly
to blowdown the reactor, vessel failure occurs at high from the drywell. The noble gas release is nearly
pressure and corium is entrained into the upper complete at 55 hours and the volatile fission product
drywell and wetwell. release continues for more than 5 days. The release

; fraction of Csl at 72 hours is 1.5E-4.
! It is assumed that the operator turns on the |

! I firewater addition spray system 1.9 hours after the (c) Passive Flooder Operation

j start of the accident, just before the passive flooder )
would operate. The pressure and the upper drywell If the operator takes no actions after a high |i

temperature decrease rapidly. The additional water pressure core melt, high temperatures will ensue in i|

| from the spray is initially directed to the suppression the upper drywell and leakage will occur through the
! pool. Since the flow from the sprays does not large movable penetrations as discussed in Appendix

|initially enter the lower drywell, the passive flooder 19F. The sequence of events for this case is
opens at 2.0 hours. This begins to flood the lower summarized in Table 19E.2-8 and is depicted in; [-g dryw-II. The containment then remains in a stable Figure 19E.2-5A through 19E.2-5E.

| V}'

condition for several hours with the containment

,

pressure and suppression pcol mass increasing.
!
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The passive flooder opens when the temperature
| in the lower drywell reaches 533 K (500 F) at 2.0 |

| hours (Figure 19E2-5B). Water then flows from the |
| werwell into the lower drywell (Figure 19E.2-5D),

geunching the corium in the lower drywell (Figure|

19E.2-5C). In contrast, the corium in the upper
drywell heats up, after an inidal heat loss to the upper
drywell atmosphere and structures (Figure 19E2-5B).
This heats the upper drywell atmosphere. The seal
degradation temperature of 533 K (500 F)
determined in Appendix 19F is reached about in
2.1 hours (Figure 19E.2-5B), but leakage does not
start at this time because the pressure is still relatively
low (Figure 19E2-5A).

The containment continues to pressurize, and
leakage through the movable penetrations begins at

|18.1 hours. This. initiates the release of fission
products (Figure 19E.2-5E). However, since the

.

leakage is not sufficient to pass all of the decay heat

i energy, the containment continues to pressurize
(Figure 19E.2-5A).

| At about 40 hours, the pressure in the drywell dips
by about 0.1 MPa (14.7 psid). This dip is caused by
the flow of water from the suppression pool into the

I

I

!

|

|
|
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f lower drywell which reduces the average temp- events for the case in which core cooling is
( erature of the water in the lower drywell. The maintained is summarized in Table 19E.2-9 and is
' temperature decrease results in a decrease in depicted in Figures 19E.2-6A through 19E.2-6E.

pressure because the drywell is filled with saturated The more serious sequence of events is that in which
steam. The initial flow of water from the the operator fails to inject with the firewater system.
suppression pool causes the pressure of the lower This case is summarized in Table 19E.2.10 and is
drywell to drop, which in turn causes more water to shown in Figures 19E.2-7A through 19E.2-7F.
flow from the suppression pool. The flow stops
when enough water has been added to the lower A reactor scram occurs immediately upon loss of
drywell such that the static head above the flooder power. The MSIVs close and the RIPS coast down.
balances the pressure decrease. While this may be a Feedwater pumps also coast down and the water
mathematical artifact of the calculation, it has no level begins to fall. When the water level reaches
serious impact on the analysis. Level 2, the RCIC system initiates. The steam boiled

off in the core is routed to the suppression pool
At about 69 hours into the accident the drywell through the SRVs.

gas temperature has reached a steady value of S30 K
(1035 F) (Figure 19E.2-5B) and the drywell pressure Initially, the RCIC suction is taken from the
has reached a steady value of 0.66MPa (81 psig) condensate storage tank (CST). After 13 hours the
(Figure 19E.2-5A). The containment does not reach suppression poollevel high high alarm is reached,
the wetwell rupture disk setpoint pressure of and RCIC suction switches to the suppression pool.
0.72MPa (90 psig), nor does it reach the pressure Later, at 4.4 hours, the high suppression pool |"

necessary to fail the drywell head. The drywell head temperature alarm occurs, and the operator
failure pressure at 830K is reduced to 0.75MPa (94 menually switches RCIC suction back to the CST.
psig) because high temperatures in the drywell The reactor is maintained in this quasi-steady
weaken the drywell head seal as discussed in condition, with the suppression pool heating up, and

. Appendix 19F. the containment pressurizing, for 8 hours. After the
RCIC system is presumed to fail, the water in the

( The fission product release begins at 18.1 hours vessel continues to boil off to the suppresion pool.
(Figure 19E.2-5E). The noble gas release continues The pool begins to overflow to the lower drywell at
well beyond 5 days, while the volatile fission product about 9 hours.
release is nearly complete at 70 hours. The release
fraction of Csl at 72 hours is 8.8E-2. The data in Figures 19E.2-6, in which core cooling

is maintained by the addition of firewater, begins at 6
19E.2.23. Station Blackout with RCIC (SBRC) hours. The sequence in which core cooling is main-

tained is ioentical to the sequence in which it is not
This accident initiator, SBRC, represents a until the addition of firewater at about 10 hours.

station blackout sequence. These are characterized Thus, Figures 19E.2-7 can be substituted for Figures
by the unavailability of all AC Power. Therefore, the 19E.2-6 for the first 6 hours.
RCIC system and firewater are the only systems
available for core cooling. This sequence assumes (a) Firewater Addition Prevents Core Damage
RCIC operates for 8 hours, providing core cooling
(per Subsection 19E.1.2.2). After the RCIC fails, the It is possible for the operator to prevent core
operator depress'.rizes the vessel and begins damage during an SBRC sequence by using the
injection with the firewater addition system which firewater system to inject water into the vessel after
can maintain core cooling indefinitely. However, no the RCIC is assumed to fail. To do this, operator
containment cooling system is available since all the must manually depressurize the reactor and align the
diesel generators were assumed to fail. valves to begin injecting with the firewater addition

system.
Two types of station blackout sequences are

considered. In the first, the operator successfully The depressurization causes the water to flash to
initiates the firewater addition system. This steam, lowering the water level in the vessel (Figure
sequence is then similar to class II events. There is 19E.2-6D). MAAP predicts that the core heats up to
no core damage unless the containment structural about 1150 K (1610 F) during this time (Figure |,

C failure leads to core damage. The sequence of 19E.2-6C). Therefore, severe core damage will not

Amendment 23 19E.2-16
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occur. When the pressure reaches the shutoff head of
the firewater addition system,1.96 MPa (270 psig), j
water injection begins and the core cools rapidly. The i

water levelin the vessel then rises untilit reaches
level 8 (Figure 19E.2-6C). The operator then
maintains water level between level 8 and level '

!
,

During this time, the containment pressure
| increases slow y while the RCIC operates (Figure

!

!
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19E.2-6A). After RCIC failure the water levelin the gas temperature reaches 533 K (500 F) at 23.5 hours, j

vessel drops quickly. At 9.8 hours the water level the passive flooder opens. |m
reaches 2/3 core height and the operator depres- |
surizes the vessel. As the vessel pressure falls, the When the passive flooder opens water pours from

'

j
,

containment pressure increases quickly. During the the werwell into the lower drywell (Figure 19E.2-7E). |

blowdown the water level in the suppression pool has This quenches the corium and causes the wetwell !

become sufficient to cause the water to begin to pressure to increase rapidly to the rupture disk i

overflom from the wetwellinto the lower drywell rupture pressure,0.72 MPa (90 psig) in about 4 |
region (Figure 19E.2-6E). After the blowdown, minutes. |
when the firewater system is injecting, the pressure !

rises more slowly since only decay heat is being The fission product release for this sequence !

added to the suppression pool (Figure 19E.2-6A). (Figure 19E.2-7F) oegins at 23.5 hours, the time of |
| The decay heat addition causes a slight volumetric rupture disk opening. The noble gas release lasts i

!expansion of water in the suppression pool Since about 3 hours. The volatile fission products are
'

the water level in the suppression pool is already at released slowly over the next 75 hours. The Csl
| the overflow point, the expansion results in flow to release fraction at 72 hours is less than IE-7. i

'

the lower drywell and causes a slight decrease in
_ !

suppresion pool mass. There is approximately a 2% probability that the ;
drywell head will fail prior to rupture disk opening ;

When the wetwell pressure reaches 0.72 MPa for this case. Assuming the drywell head fails as the J

(90 psig) after 32.3 hours, the rupture disk opens. wetwell pressure reaches 0.72MPa (90 psig) at 23.5 I
However, because no core damage has occurred hours, drywell head failure will preclude rupture disk ;

there is no release of fission products. opening. Fission product release begins directly i

from the drywell. Noble gas release is nearly
(b) Passive Flooder Operation complete at 38 hours, and the volatile fission product i

release continues until 105 hours. The Csl release 1
| If the operator fails to use the firewater addition fraction at 72 hours is 3.4E-1, which is much greater |'

system after the RCIC fails, then core damage will than the release for the corresponding rupture disk
occur. The sequence of events for this case is shown case.
in Table 19E.2-10. The system response to this

! accident is shown in Figures 19E.2-7A to 19E.2-7F. 19E.2.2.4. Loss of Containment Heat Removal |
(LHRC)

Eight hours after the loss of offsite power, RCIC,

is assumed to fail The water level begins to fall, This case, LHRC, was simulated using an MSIV;

although the rate of the water level decrease is closure event with loss of the drywell coolers, since
slower than that for the LCLP sequence because the this event isolates the reactor immediately, and will
decay heat is lower. The operator depressurizes the - therefore direct the most heat to the suppression
vessel when the water level reaches two-thirds core pool of any Class 11 event. The sequence of esents is
height by opening one SRV (Figure 19E.2-7A) at shown in Table 19E.2-11. Figures 19E.2-8A through

| 9.7 hours (SRV operabilityis discussed in Subsection 19E.2-8C show the system response to this sequence.,

! 19E.2.1.2). If the operator fails to begin injection i
j using the firewater system then the fuel melts slowly, For most of these sequences ECCS suction is )

| and the vessel fails at 123 hours. initially drawn from the CST. When the high |
'

suppression poollevelis reached the suction is !

The corium and the lower plenum water then fall switched to the suppression pool. However, for !
to the lower drywell floor. The containment contin- simplicity, no credit was taker for the CST inventory.
ues to pressurize as this water boils (Figure The effect of this assumption is to underestimate the

,

| 19E.2-7B). At 21.1 hours the lower drywell dries out mass of water in the suppression pool, thus overpre- I
'

(Figure 19E.2-7E) and the corium begins to heat up dicting the increase in suppression pool temperature -
(Figure 19E.2-7D). The corium radiates energy to and containment pressure. Additionally, in the later
the lower drywell gas (Figure 19E.2-7C). When the stages of this transient the operator could switch the

suction for the ECCS back to the condensate storage

_
pool or use the firewater addition system, either of
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which provides a source of makeup water to the
suppression pool.

MSIV closure causes scram and feedwater trip.
As the water level falls core cooling (RCIC) initiates.
Since the reactor is isolated all of the decay heat is
directed to the pool, causing the pool temperature to
increase (Figure 19E.2-8B) When the suppression

| pool temperature reaches 6S C (155 F) the operator

| blows down the reactor in accordance with the EPGs.
i As the vessel pressure falls, RCIC trips due

|
|
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|
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to insufficient turbine pressure. The water level falls, The system response to this event is given in Figures
1 and the HPCF system initiates. 19E.2-9A through 19E.2-9D.sV

|
! The containment pressurizes very slowly. At The feedwater system is conservatively assumed to

| 2L7 hours, the pressure reaches 0.72 MPa (90 psig), trip at the initiation of the event for this analysis.
(Figure 19E.2-SA) and the rupture disk opens. After The reactor scrams on a high drywell pressure signal,
rupture disk opens the suppression pool begins to and the MSIVs close as the vessel pressure drops.
boil off (Figure 19E.2-SC). The system will remain The core uncovers in 2.8 minutes and the fuel begins
in this quasi-steady state for a ven long time. to heat up. Vessel failure occurs at L4 hours.

If at any time during this transient a source of At the time of vessel failure, the corium and water

makeup water to the containment can be used, the from the lower plenum fall into the lower drywell.
reactor can be maintained indefinitely in this state. The corium is quenched by this lower drywell water.
As mentioned above, either the firewater addition The water in the lower drywell then begins to boil |
system or the water in the CST could provide a away (Figure 19E 2-9C), pressurizing the
source of makeup water to the containment. containment. (Figure 19E.2-9A). ;

If makeup water is not supplied the water level in (a) Passive Flooder Operation
the suppression pool will eventually become so low
that the core cooling pumps are unable to draw After the water in the lower drywell is boiled away
sufficient suction, and core cooling could be lost. by the decay heat energy in the corium, the corium

| The transient was simulated for 72 hours in this begins to heat up, raising the lower drywell
analysis and that condition was not reached. When temperature (Figure 19E.2-9B). When the gas
there is insufficient suppression pool suction the temperature in the lower drywell reaches 533 K
operator could still maintain core cooling by (500 F) at 5.7 hours the passive flooder opens
switching the ECCS suction back to the CST. The automatically. Water flows into the lower drywell

O CST has at least 8 hour capacity for core cooling (Figure 19E.2-9C) and the temperature drops as
k based on the station blackout performance steam is generated (Figure 19E.2-9B).
"

assessment (Subsection 19E.L2.2).
After the passive flooder opens the containment

If core cooling is lost, the water in the vessel will pressurizes slowly (Figure 19E.2-9A) as steam is
begin to boil off slowly, and eventually, core melt will generated in the lower drywell. The entire
occur, no earlier than three hours after the loss of containment remains cool (Figure 19E.2-9B) since ,

core cooling. The analysis of this transient was not the corium is covered. |

carried any further because there is a very long time j
for the operator to take the necessary action to When the wetwell pressure reaches 0.72MPa (90

'

terminate the event. psig), at 19.1 hours (Figure 19E.2-9A), the rupture
disk opens. The fission product release occurs over
the next 105 hours (Figure 19E.2-9D). The Csl

19E.2.2.5. Large LOCA with Failure of All Core release fraction at 72 hours is less than 1E-7. |

| Cooling (LBLC) l

There is approximately a 2% probability that the
A main steam line break is assumed to represent drywell head will fail prior to rupture disk opening

the LBLC case, since it has the largest flow area and for this case. Assuming the drywell head fails as the
will cause the most rapid loss of coolant from the wetwell pressure reaches 0.72MPa (90 psig) at 19.1
vessel. The sequence of events for this case is similar hours, drywell head failure will preclude rupture disk
to that for LCLP (loss of core cooling with vessel opening. Fission product release begins directly
failure at low pressure), however, the core melt will from the drywell. Noble gas release is nearly
occur earlier for the LBLC case. The sequence of complete at 31 hours, and the volatile fission product
events for the LBLC case with the passive flooder release continues until 100 hours. The Csl release
and drywell head failure is shown in Table 19E.2-12. fraction at 72 hours is 2.2E-2, which is much greater

than the release for the corresponding rupture disk(q; c#se-
v
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(b) FirewaterSpray
i
|If the operator initiates the firewater addition

system to add water to the containment through the
RHR line then the time to containment structural
failure will be delayed. For this analysis it is
assumed that the operator begins injection 4 hours
after the start of the accident. The sequence of
events after vessel failure for this sequence is similar'

| to that for the LCLP-FS-R-N sequence shown in
Figures 19E.2-3A to 19E.2-3E.

|

!

|

|

1 O
i

|

|

|
,

!

O
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When the firewater system is initiated there is Upon loss of power, the MSIVs close and the
(_/ some spluhing of water into the lower drywell. This feedwater and recirculation pumps trip. All

i prevents the code from predicting operation of the automatic and manual attempts to insert control rods
passive flooder. are assumed to fail. The SRVs open to relieve the

;

| vessel pressure. Furthermore, all injection pumps, |
'

Eventually, at about 11 hours, the suppression including the RCIC and SLC pumps fail to inject'

|
pool overflows into the lower drywell. Water is water into the vessel. Because of the increased

| added to the containment via the firewater system power level the water level in the vessel falls rapidly !
| until the water level in the suppression pool reaches and the core is uncovered in 3.7 minutes.
!

| the level of the vessel bottom. During this time thereis no boiling in the lower drywell. The containment The temperature of the uncovered core now
! pressurizes slowly due to the compression of the begins to rise (Figure 19E.2-10B), and core damage

non-condensable gasses. At 23.4 hours the firewater begins. At 30 minutes the operator is assumed to
system is shut off. As in the LCLP-FS-R-N case initiate ADS and the vessel blows down. When the
(Subsection 19E.2.2.1(b), the containment pressure vessel fails at 1.3 hours, the pressure is sufficiently |
first increases very slowly as the water in the lower low to prevent entrainment. The corium, together
drywell heats to saturation. Then after boiling with any water in the lower plenum, falls into the
begins, the pressure rises more rapidly. lower drywell (Figure 19E.2-10C).

The wetwell pressure reaches 0.72.MPa (90 psig) The corium is quenched in the lower drywell by
at 29.5 hours, the rupture disk opens, and fission the water from the lower plenum. The water then

! product release begins. At about 62 hours the lower boils, causing the drywell pressure to rise (Figure
| drywell has dried out leaving the corium uncovered. 19E.2-10A). All of the water is boiled off at 1.9 |
l This causes the gas temperature in the lower drywell hours (Figure 19E.2-10C).

| to increase to 533 K (500 F) causing the passive
Ip flooder to open. The release of volatile fission (a) Passive Flooder
;( products is nearly complete at 67 hours. The release
b fraction of Csl at 72 hours is less than 1E-7. If no actions are taken by the operator to initiate

| the firewater system, the passive flooder will open
| There is approximately a 5% probability that the when the temperature of the lower drywell reaches

drywell head will fail before the rupture disk opens 533 K (500 F) at 4.4 hours. At that time water from |
for this case. Assuming the drywell head fails as the the wetwell will pour into the lower drywell, covering
wetwell pressure reaches 0.72MPa (90 psig) at 29.5 the corium. This prevents core concrete attack and

|
hours, drywell head failure precludes rupture disk metal water reaction from occurring because the i

opening. Fission product release begins directly corium is not sufficiently hot for either reaction to
from the drywell. Noble gas release is nearly occur (Figure 19E.2-10B). i

complete at 60 hours, and the volatile fission product I

release continues until 95 hours. The Csl release The contair.nent pressure then begins to rise l
fraction at 72 hours is 2.4E-2, which is much greater slowly as steam is generated (Figure 19E.2-10A). |

than the release fraction for the corresponding The rupture disk opens at 18.7 hours, and the fission '
rupture disk case. products are released (Figure 19E.2-10D). The

noble gas release lasts about 2 hours. The volatile
19E.2.2.6. Concurrent Loss of All Core Cooling and fission product release lasts about 85 hours. The Csl
ATWS with Vessel Failure at Low Pressure (NSCL) release fraction at 72 hours is less than IE-7.

The sequence chosen to represent the NSCL case There is approximately a 2% probability that the
is a station blackout case with failure to scram. This drywell head will fail prior to rupture disk opening

| sequence is analogous to the LCLP case, with the for this case. Assuming the drywell head failure will i
additional failure of reactivity control. The sequence preclude rupture disk opening. Fission product I

j of events for this case,if the operator does not release begins directly from the drywell. Noble gas
initiate the firewater addition system is given in release in nearly complete at 33 hours, and the,

[ J
Table 19E.2-13. Some of the important parameters volatile fission product release continues until 100

,

|V are depicted in Figures 19E.2-10A through hours. The Csl release fraction at 72 hours is 3.5E-2,
t 19E.2-10D.
|
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which is much greater than the release for the
corresponding rupture disk case.

(b) Firewater Spray

If the operator begins injection using the firewater
additions system after vessel failure has occurred,
then the time of drywell head failure can be delayed.

| The sequence of events for this case is similar to theLCLP-FS-R-N case shown in Figures 19E.2-3A
through 19E.2-3E.

For this sequence, where neither scram or core
cooling was successful, the operator is assumed to
initiate the firewater system within 4 hours. When the
firewater system is initiated, there is some splashing
of water into the lower drywell. This prevents the
passive flooder from opening. The firewater addition
serves to keep the drywell cool, and increases the
thermal mass of the suppression pool, slowing the
containment pressurization rate. The water levelin th
esuppression pool reaches the spillover height at
about 15 hours. When the water level of the
suppression pool reaches the bottom of the vessel, at
23.7 hours, the operator is assumed to turn off the
system.

The containment pressurization rate then
increases, and the rupture disk opens at 30.7 hours.
At about 57 hours the water over the corium boils
away leaving the corium uncovered. The gas
temperature in the lower drywell increases to 533 K
(500 F) and the passive flooder opens at 61 hours.
The volatile fission product release continues for the
next 8 hours. The release fraction of Csl at 72 hours
is less than IE-7.

There is approximately a 5% probability that the
drywell head will fail before the rupture disk opens
for this case. Assuming the drywell head fails as the
wetwell pressure reaches 0.72MPa (90 psig) at 30.7
hours, drywell head failure will preclude rupture disk
opening. Fission product release begins directly from
the drywell. Noble gas release is nearly complete at
62 hours, and the volatile fission product release
continues until 85 hours. The Csl release fraction at
72 hours is 6.4E-2, which is much greater than the
release fraction for the corresponding rupture disk
case.

O!
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(- sharply by about .1 MPa (14.7 psid). This dip isV)(
19E.2.2.7. Concurrent Loss of All Core Co(ding and caused when the pressure difference between the
ATWS with Vessel Failure at liigh Pressure wetwell and lower drywell sides of the passive

| (NSCH)
flooder allows water to flow from the suppression
pool into the lower drywell, which is now filled with

The NSCH sequence is analogous to the LCHP water. The initial flow of water from the suppression
sequence described in 19E.2.2.2 with the additional pool causes the temperature of the lower drywell
failure of reactivity control. The main effect of pool to decrease which in turn results in
failure to scram or inject boron is to decrease the depressurization of the lower dryull. This induces
time of vessel failure, since the reactor stays at power more water to flow from the suppression pool. The
for the first few minutes of the transient. However, flow stops when enough water has been added to the
the power level soon drops due to additional voiding lower drywell so the static head above the flooder
in the core. The sequence of events for the NSCH balances the pressure decrease. While this may be
sequence where the passive flooder is the only only a mathematical artifact of the calculation, it has
mitigating system is given in Table 19E.2-14. Figures no serious impact on the analysis.
19E.2-11A through 19E.2-11D illustrate the key
parameters. At about 67 hours into the accident the drywell

gas temperature has reached a steady value of 850K
Following an isolation event the water in the (1070 F). At the same time the drywell pressure has

vessel boils rapidly, and the core becomes uncovered reached a steady value of 0.67MPa (82.5 psig)
in 3.6 minutes. If the operator fails to blow dou to (Figure 19E.2-11A). The containment does not
low pressure, a high pressure vessel melt occurs in reach the rupture disk setpoint pressure of 0.72MPa
13 hours. Since the suppression pool temperature is (90 psig), nor does it reach the pressure necessary to
below the suppression pool heat capacity temper- fail the drywell head. The drywell head failure
ature limit at the time of vessel failure, SRV loads pressure at 350K is reduced to 0.71MPa (88 psig)

p are not a concern. As with a LCHP event, corium is because high temperatures in the drywell weaken the

<( entrained into the wetwell and upper drywell (Figure drywell head seal as discussed in Appendix 19F.
k 19E.2-11C).

Fission product release begins when drywell
(a) Passive Flooder (PF) penetration leakage starts, at 17.8 hours. The initial

release rate is very small (Figure 19E.2-11D)
If the operator does not initiate the firewater because of the small penetration leakage. The noble

| system then the passive flooder will open at 1.4 hours gas release continues well beyond 5 days, while the
when the temperature of the gas in the lower drywell volatile fission product release is nearly complete at

| reaches 533 K (500 F) (Figure 19E.2-11B). This 65 hours. The release fraction of Csl at 72 hours is
immediately cools the corium in the lower drywell 7.3E-2.
and the gas temperature in this region drops to near
the saturation temperature. (b) Firewater Spray Addition (FS)

The only heat sinks available to remove the decay The scenario in which the operator begins the
heat generated by the corium in the upper drywell firewater spray after vessel failure has occurred is the
region are the concrete walls and the atmosphere. analog to the LCHP-FS-R-N case considered in |
Since the heat transfer to the concrete is not very subsection 19E.2.2.2(b). The only major differences
effective the gas temperature in the upper drywell after the sprayis initiated are the temperature of the
increases steadily. Shortly after the passive flooder pool, and consequently the pressure in the
opens the temperature in the upper drywell exceeds containment.
the penetration leakage temperature threshhold,

| (Figure 19E.2-11B). However, since the pressure is Comparisons of the LCHP-PF-P-M and
only 0.25 MPa (22 psig), leakage does not occur at NSCH-PF-P-M pressure histories (Figures 19E.2-5A
this time but is delayed until 17.8 hours when the and 19E.2-11A, respectively) shows that the
drywell pressure reaches 0.46 MPa (52 psig) as additional power generated in the ATWS sequence(g) shown in Figure 19E.2-11A. causes the pressure for this case to be about

(,/ 0.02 MPa (3 psi) higher than the non-ATWS
At 47.7 hours, the pressure in the drywell dips<

|
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} sequence. This increase in pressure represents the

,
additional power generated in the first hours of the

! ATWS transient. After this time the power lesel will
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/nb} drop to decay heat levels because of a strong wates level in the vessel will drop and the core will
negative void coefficient in the core. begin to melt, as seen by the increasing fuel

temperature in Figure 19E.2-12D. At the same time
Therefore, since the difference in the pressures the power vill drop to the decay heat level because

of the two cases is small, the transient considered of increasing voids (Figure 19E.2-12C).
here, a simultaneous loss of all core cooling and
failure of reactivity control with vessel failure at high (a) Passht Flooder |pressure,in which the operator start the firewater
spray system after vessel failure, will behave like the The operator depressurizes tbe reactor

| LCHP-FS-R-N case considered in 19E.2.2.2(b). No10 minutes after the RCIC is tripped. Vessel failure
further analysis of this sequence was performed. ensues at 5.6 hours. Corium and water fallinto the

lower drywell(Figure 19E.2-12E). A short time
19E.2.2.8 Concurrent Station Blachout with A'IWS later, at 8.6 hours, the wetwell pressure reaches

| (NSRC) 0.72MPa (90 psig) and the rupture disk opens. The
containment begins to depressurize (Figure

The final sequence considered here, NSRC, is 19E.2-12B) and fission product release begins. The
the case where a station blackout occurs and all lower drywell dries out at about 30 hours and the
reacthity control fails. In this sequence the RCIC is passive flooder opens soon after. The noble gas
the only system available to provide core cooling, release occurs within the first 5 hours after the
The sequence of events for this case is given in Table rupture disk opens, while the volatile fission product
19E.2-15 and some of the key parameters are shown release continues for 100 hours. The release fraction

| in Figure 19E.2-12A through 19E2-12F. of Csl at 72 hours is less than IE-7.

Upon the loss of power the reactor isolates There is approximately a 2% probability that the
immediately. The vessel pressure increases and drywell head will fail prior to rupture disk openingA | SRVs cycle to control pressure (Figure 19E.2.12A). for this case. Assuming the drywell head fails when

(v) The water level falls rapidly and at 1.1 minutes, the the wetwell pressure reaches 0.72MPa (90 psig) at
,

RCIC system begins injecting. The water level 8.6 bc urs, drywe!! head failure will preclude rupture
continues to fall and at 2.2 minutes the top of the disk opening. Fission product release begins directly
core becomes uncovered. from the drywell. Noble gas release is nearly

complete at 19 hours, and the volatile fission product
Although the top few nodes heat up to about release continues until 50 hours. The Csl release

850 K (1070 F), the core does not melt at this time fraction is 4.8E-1 at 72 hours, which is much greater
due to steam cooling (Figure 19E.2-12D). The than the release for the corresponding rupture disk
power level during this time is about 4% (Figure case.
19E.2-12C). This annount is that required to boil the

'

water injected by RCIC. During this time the (b) Firewater Sprays Operated
containment pressurizes fairly rapidly due to the
relatively high rate of steam generation (Figure The operator can delay the release of fission
19E.2-12B). products byinitiating the firewater spray before the

rupture disk opens. If the firewater spray begins at
All of the water added by the RCIC system is 6.1 hours,30 minutes after vessel failure, the fission

converted to steam in the core. The steam flows product release does not begin until 26.4 hours.
through the SRVs to the suppression pool where it is Upon firewater spray initiation the containment
quenched, adding to the mass of the pool. At 1.9 pressure and temperature decrease. At 22 hours the

j hours the suppretsion pool begins to overflow into
level has reached the bottom of the vessel and thej the lower drywell.
operator is instructed to turn off the spray. The
containment begins to pressurize until, at 26.4 hours,| If the operator is unable to shutdown the reactor
the wetwell pressure reaches 0.72MPa (90 psig) and

| by means of either the rods or boron injection then
the rupture disk opens. The containment rapidlyj gy the containment pressure will reach the RCIC
depressurizes and fission produd release begins. At

(V) ] turbine exhaust pressure limit in 3.6 hours (Figure49 hours the lower drywell dries out leaving the {
1 ,

19E.2-12B). This causes the RCIC to trip. As there
corium uncovered and the passive flooder opens at

{

|
! is no other source of vessel injection available, the

52 hours. The noble gas release is nearly complete

Amendment 21
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at 33 hours, while the volatile fission product release
continues until about 120 hours. The Csl release
fraction at 72 hours is less than IE 7.

There is approximately a 5% probability that the
drywell head will fail before the rupture disk opens
for this case. Assuming the drywell head fails as the
wetwell pressure reaches 0.72MPa (90 psig) at 26.4
hours, drywell head failure will preclude rupture disk
opening. Fission product release begins directly from
the drywell. Noble gas release is nearly complete at
38 hours, and the volatile fission product release
continues until 85 hours. The Csl release fraction at
72 hours is 2.0E-1, which is much greater than the
release fraction for the corresponding rupture disk
case.

19E.2.2.9. Summary

Table 19E.2-16 gives a summary of the critical pa-
rameters for the accident sequences discussed above.
For each sequence considered in the analysis which
results in fission product release, the time of vessel
failure, the start of fission product release and the
time of drywell head failure are given. Also shown
are the duration of the release and the release

| fraction of Csl after 72 hours.

,

i

O
,
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19E.2.3 Justification of Phenomenological triggering can occur if the energy trand:r from ,

'

Assumptions droplets forms additional droplets from the debris
" stream and rapidly mixes them with surrounding j

Se feral separate effects studies were performed to water. Both external triggering and se'l-triggering !

supplement the MAAP analyses of severe accident can cause steam explosions. External triggering has |
sequences. These studies were performed to address been employed in experiments by the use of

|
the technicalissues which could potentially have submerged explosive devices, which include

! impact on the ABWR response to postulated severe exploding wires, primicord, and blasting caps. The |

| accidents. They were selected for consideration based corresponding energy r%se of external triggers ]
| on the results of past PRA experience within the promotes the rapid brt .R.:. m noiten debris into |

| industry. small particles.

19E.23.1. Steam Explosions Self-triggering sometimes is caused by debris
stream impingement and shattering or submerged

A steam explosion is caused by thermal energy structures. If triggering suddenly creates increased
;

release to water, which causes rapid steam formation, surface area for heat transfer, the rapid formation of'

expansion, and substantial pressure or impact loads the steam causes water acceleration, which can
on structures. It is possible that the high thermal create substantial pressure and impact forces.
energy content of molten core debris can cause a

f steam explosion if it enters water under conditions 19E.23.1.2. Previous Stud:es
favorable to rapid heat transfer.

'

Analytical and experimental studies of steam
The potential for an ex-vessel steam explosion for explosion phenomena are summarized in a 1983

a postulated severe accident in the ABWR plant is IDCOR study (References 5,6). Analytical models !
evaluated in this subsection, and is found to be and experimental studies reported in the literature
extremely low, are discussed from the standpoint of necessary

[ conditions required to produce large scale steam'

|

( 19E.23.1.1.The Steam Explosion Process explosions. It was determined that the following
specific conditions had to be satisfied for steam

i Figure 19E.2-13 helps explain the process of explosions to occur-
steam explosions. It is postulated that a loss of
cooling mechanism causes the reactor core to melt, 1. Many tonnes of molten core debris must enter the
followed by vessel breach and discharge of molten water.
core debris with high thermal energy into the lower
drywell, which is assumed to contain a stagnant pool 2. The debris must be coarsely fragmented into
of water. The energy trans.er rate to water depends about one centimeter diameter or smaller
on the volume of submerged debris and available particles and thoroughly mixed with water.
surface are for heat transfer. If many small particles
of molten debris enter or form in the water, heat 3. A trigger must initiate a locahzed explosion which
transfer will be rapid. Larger particles have less subsequently fragments adjacent particles into
surface area per unit volume, and correspondingly submillimeter size, and rapidly mixes them with
slower heat transfer. Moreover, internal heat the surrounding water in less than a millisecond,
diffusion in large particles can limit the heat transfer promoting rapid vaporization.
ate to the water.

4. A continuo.:s liquid slug must cover the
High velocity discharge of liquid debris into air vaporization zone so that it can be propelled

can form spray-size droplets before they enter a water upward like a missile by the explosive interaction.
pool. However, for most cases debris discharge in the
ABWR is expected to occur by gravity draining from It was concluded in the IDCOR study that for ,

a depressurized vessel, which could form larger both in-vessel and ex-vessel steam explosions, the |

| droplets in air, about 24 mm. Smaller droplets would formation of tonnes of coarsely fragmented mohen

i p\ be formed by a stream of molten debris falling core debris dispersed in water, with the associated
through water. An eyent cal 1ed large steam generation rates, is fundamentally j

ed
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| inconsistent with a continuous overlying liquid slug melt, and coolant, were compared on a normalized

| required for efficient energy transfer. That is, steam time scale, and show that fcr properly scaled molten

i explosions do nct provide a set of credible physical debris pours, comparable behavior can be expected
processes leading to failure of either the primary in scales as low as 1/8 of full size. Most of the ;

system or the reactor containment building. The experiments discussed in the IDCOR report |

IDCOR conclusion and the conclusion of this (Reference 5) were at smaller scales, which leaves |
analysis differ from the earlier WASH-1400 report the scaling question short of full resolution.

| (Reference 7), in which energetic steam explosions However,it is expected that the basic theoretical
were believed possible, leading to early containment formulations, which are consistent with experimental

'
failure. phenomena at small scales, can be extrapolated to

evaluate the potential for steam explosion in full size
Mohen debris discharge from a reactor vessel at applications. That is largely the IDCOR approach

'

high pressure is more likely to be atomized and enter which leads to the conclusion of low steam explosion
the pool as small droplets, which can rapidly transfer potential during a severe accident in a full scale
thermal energy and increase the potential for a reactor. ,

steam explosion. However, the major conclusion
from data and analytical models discussed in the 19E.23.13. Theoretical Considerations

|
- | IDCOR study (Reference 5) imply that low vessel

pressure and gravity discharge of mohen core debris The theoretical considerations of this study are
in ABWR has an extremely low potential for based on simplified, bounding analyses which tend to

,

l generating a steam explosion. be conservative in the promotion of steam
explosions. These considerations are used to

| The IDCOR study (Reference 5) reports that in evaluate the geometric conditions expected for a
various experiments it was possible to cause a steam molten debris pour into water, the heat transfer and
explosion with an external trigger, which broke the steam formation rates, pressure rise and water
mohen metal into small drops and mixed them with hydrodynamic response time. It is concluded from

i surrounding water. Several experiments were these considerations that the potential of an ex-vessel

j reported in which iron thermite was observed to steam explosion in ABWR is extremely low.

j undergo self-triggering prior to a steam explosion.
However, the thermite at a temperature of 3000 K (a) Estimated Debris Droplet Formation Size;

! apparently remained liquid during the triggering
| process, offering only surface tension resistance to Hydrodynamic instability causes droplet formation

molten droplet formation. Molten core debris is when two parallel, adjacent liquid streams with
expected to be discharged at the liquidus temperature different densities travel at different velocities.
of 2600 K. The outer surface of small droplets freezes Figure 19E.2-14A shows the heavier liquid of density
rapidly after entering water, perhaps even while p n the bottom, flowing horizontally with velocity

h
falling a long distance through air, so that further v , underneath the lighter liquid of density p ,
droplet division requires more energy to fracture the ffowing with velocityv . The condition for unstabbe
outer crust formed than it does to overcome liquid interface waves can be obtained from Lamb
surface tension. This helps explain why self-triggering (Reference 9)in the form |
can be observed with some highly superheated metals,
but is much less likely with mohen core debris. 2

8
## # # (viv )8K 0 2xg(p p )gt hL L

Experimental work reported in the IDCOR study + <0 (1)3
_

2

was performed in small scale test facilities, which A A A (p +# )h Lleads to questions about how accurately the
experiments represent full size severe accident steam where a is the surface temion of the heavier liquid

j | explosion response. Theofanous (Reference 8) and A is the wave length. An unstable wave can grow

| addressed the scaling concern by formulating the to the amplitude at which it detaches from the
j basic phenomena of steam explosions, and comparing heavier liquid and forms a droplet of approximate

computer solutions for different scales. Calculated diameter A, or radius r A/2.

| pressure and volume fractions of steam,
Figure 19E.2-14B shows a corium stream of

density p falling vertically at velocity V through
stationary fluid of density p,. Here, the gravity term
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' (d) Thermal Response Time of Corium Droplet expansion, which can be estimated from the Rayleigh
equation (Reference 9) for a spherical bubble, I

'
An idealized spherical debris droplet of radius r at 2 |

temperature T undergoes convection cooling to the RR" + (3/2)(R') = (P - P )/p (14) |
ambient fluid at a heat transfer rate, where primes indicate der,ivativ,es with respect tob

|

time.
2q = 4Nhr (T - T,).

Since the pressure of the gas inside the bubble is
Assuming uniform droplet internal temperature, the not known it is necessary to introduce additional

,

dropict internal thermal energy relative to its equations for the growth rate of the bubble. The
! surroundings, rate at which mass enters the bubble may be

! approximated by
3

| E = (4/3)pxc r (T-T,) (11)y h m' = uA (T;-T,) exp (-t/T ) (15)
'

1

gS 8 P h '

is Ambkhed at a rate q, for which
where T is given by equation (12).

h
T - T, = (T;- T,) exp (-t/T ) |h,

| An energy balance for the bubble growth may also :

| Where the time constant W #s the convective dme be u ntem
h .

, f iresponse as'

P V - h m' + U = 0 (16)
'

i

E g' 7 = pc r / 3h (12)
*

Assuming an ideal gas
The internal conduction of heat occurs with an

| approximate time constant (Reference 10), U=Pbb( ) (I)!

/^ 7' = 2r /cr (13) If the bubble is further assume to be spherical, oner

( may combine equations (16) and (17) to yield
Either T or T may c ntrol the heat transfer 2 e 3c h , ,

rate to surrounding water. Figure 19E.2-15 gives the 12XkP + "

b b "EE ) ( )
conduction and comection response times in terms of
droplet radius for convection bounds defined by an Combining this equation with the mass rate
enhanced film boiling coefficient of 3.0 times the equation (15) and the Rayleigh bubble equation (14)

l Berenson horizontal flat plate value (Reference 11), forms a system of three differential equations in the
and with a nucleate boiling coefficient. Debris two dependent variables P and R. These equations
droplets at the liquidus temperature of 2600 K with were solved numerically assuming values of the
surface waviness are expected to undergo enhanced constants which are typical of a corium-steam
film boiling heat transfer. Enhancement factors system. The initial conditions and other assumed
between 3.0 and 6.0 have been observed at liquid parameter values are shown in Table 19E.2-17. A

| surfaces disturbed by gas bubbling (Reference 12). hydrodynamic time constant
The convective response time is seen to be
proportional to the droplet radius in Figure 19E.2-15. 7 = R/R' (19) |
It is seen that internal conduction could become
limiting for droplet sizes above 0.2 mm radius if
nucleate boiling occurred, and above 10 mm radius if was obtained which is plotted in Figure 19E.2-15.
enhanced film boiling dominated the surface heat
transfer. Figure 19E.2-15 shows that 7, is less than the

convective heat transfer responselimes for either
(e) Hydrodynamic Response Time nucleate or enhanced film boiling. Therefore,in

cases where the heat transfer from the debris
A steam bubble formed by a single debris droplet droplets is controlled by convection, the surrounding

n grows to an equilibrium radius R at ambient water with a shorter dynamic time response gently
pressure. The growth time dependIon its rate of expands with the steam bubble without permitting a

- high pressure difference to form. It follows that

Amendment 2R 19E.2-25
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steam volumc formation for the range of debris (12), that is, R /T . It follows that the debris
h

droplets shown in Figure 19E.2-15 is primarily droplet radius w$ich could promote self-triggering
determined by the droplet surface heat transfer rate. can be estimated from

5 3

(h ) /(f) Conditions for Self Triggering 2a 2j3 g
** 'ESelf-triggering could occur if the mechanical 90 h [v (T; - T,)]

energy DW released from a molten debris droplet (24)
was sufficient to form additional droplets and mix
them with surrounding water. The process of (g) Conditions for a Steam Explosion
self-triggering is shown in Figure 19E.2-16. A debris
droplet of radius r rapidly transfers its thermal energy It is assumed that many droplets of molten debris
to an associated water region from which steam is have formed and are in the process of forming a
formed. The expanding steam performs a net amount submerged volume of steam, as shown in Figure
of work on its surroundings. If part of the expansion 19E.2-17. The steam formation time corresponds to
work is sufficient to form one or more debris droplets the convection response time T f equati n (12),

b
and mix them with surrounding water, a propagating since all droplets transfer heat sunultaneously. The
event could occur, creating the potential for a steam totalinvolved water mass M provides an equivalent
explosion. The work required to form a debris inertia during steam expansion. The equation of
droplet of radius r is approximately motion for M can be written as

AW = 4 torr (20) (P - P,) A = M y'' (25)g

average pressure, is y = ((P - P )/p L) ,d on an
where M = p A L. The solution for y, basewhere a is the surface tension of the liquid. If the

t t /2, fcrwork required for mixing a new droplet with
surrounding water is conservatively neglected, the which the approximate hydrodynam,ic response time
condition for triggering is for the overlying poolis

,

4W = AW (21) 2#L1g 2 L
(26)T =

EAn estimate of the expansion work done by a steam (P - Py
Y4

bubble which expands to volume V,is given by
The average pressure is estimated from

AW = (P - P,)V, (22)
P :e P,(2Vg/A L) (27)

here P is an awrage pressure during expansion. The
term (P - P,) can be approximated from the Rayleigh The total steam volume V if formed at ambientg
bubble equation, written as pressure, can be obtained from, Equation (9) with E'

,2 replaced by
,

| P- P, = p (RR + 3(R ) / 2) (23)
E' = NE' (28)totalThe bubble wall acceleration, R*, is negative

during the expansion. This can be shown from a where N is the total number of debris droplets
large amplitude solution to the Rayleigh equation for participating in the steam formation process. It is
the sudden appearance of a high pressure bubble possible for a steam explosion occur if the condition

| which expands adiabatically (Reference 13). If the
(29)|term RR is neglected, Equation (23) yields a higher T pThp

P - P, , resulting in a conservatively high estimate of
expansion work. The bubble wall velocity is is satisfied. That is, if water motion is sluggish
estimated from the maximum size given by Equation relative to the submerged steam formation, then it is
(10) and the convection response time of Equation possible to accelerate M to high velocity,

accompanied by high pressure and impact.

|
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19E.23.1.4. Application to ABWR lt was assumed that a debris stream which
'

extended throughout the pool depth was the
Table 19E.2-17 gives approximate values of the participating mass, corresponding to

important parameters, partially explained in Figure 2 |
19E.2-18, which were used in evaluating the potential M = ppRo L = 213 kg ;

d
for an ex. vessel steam explosion in the ABWR. i

with a total thermal energy of j
First, the expected corium droplet sizes were :

found. The debris stream velocity and radius entering E = M # (Tdi-T) = 256 hU [dv
the water pool were obtained as V = 11 m/s, and j

Ro = 3.7 cm. This then allowed the computation of The mechanical work of steam expansion is f

'

the stable droplet sizes formed by the debris stream

v(P)falling through air and water: g f
W = P,E = 193 hU

h (P ,)g = 24 mmr g
r = 0.03 mm This indicates that about 7% of the total thermal ,

energy is converted into mechanical energy. This is !i water

However, debris stream broahning in the water will far higher that the 1% to 3% range reported in '

prevent small droplets from forming at the interface. experiments (Reference 5), and i. therefore highly |. !

The stream deceleration when entering the water was conservative for assessing the potential for a steam j

about 178 m/s , based on a cylindrical debris mass of explosion. !z

approximately 3.7 cm radius and an equallength. |
'

This yielded droplet sizes of If the participating liquid massis equivalent to the
totalin the lower drywellif the passive flooder w:re j

ir 2.5 mm somehow to fail open before vessel failure,
decel

The expected average debris droplet size in the M = p A L = 4S5,000 kg
water corresponds to the instability of deceleration. ,

With this information, the important response times Then the corresponding hydrodynamic response time
-

for bubble growth were determined: is

i

T = 9.2 s com'ection 7 = 038 s
h

7* = 1.8 s
internal conduction The convection heat transfer response time, found

previouslyis

| 7 = 0.006 s bubble growth, single droplet
T= 2s

h
That is, steam bubble growth from d:bris particle
energy is limited by the convective heat transfer rate. It follows that the condition for a steam explosion -

given in Equation (29) is not satisfied, even for this

| Equation (24) shows that self-triggering could bounding case, which employs the highly
occur if a debris droplet radius is greater than conservative 7% thermal energy conversion.
83 mm, and therefore is unlikely in the ABWR for Thuefore, the steam explosion potential in ABWR
the expected droplet size of 2.5 mm. is extremely low.

A conservative, bounding analysis was considered
in which it was assumed that a debris mass in the pool 19E.23.2 100% Metal. Water Reaction |

was broken up into small droplets of the expected
2.5 mm radius. The resulting heat transfer and An analysis of the capability of the ABWR to
hydrodynamic response times were evaluated withstand 100% fuel-clad metal-water reaction was I
according to the conditions for a steam explosion performed in accordance with 10 CFR 50.34(f).

| givenin equation (29). Since the system is inerted it the containment
atmosphere will not support hydrogen combustion.

~
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Therefore, it is necessary only to consider static loads total plant risk and therefore do not need to be
on the containment. specifically evaluated further in the PRA.

1

A simple analysis was performed to determine the (1) Definition of Suppression Pool Bypass !

effect of the added hydrogen mass and heat energy
assocrated with 100% fuel-clad metal water reaction. Suppression Pool Bypass is defined as the
Since the design basis accident for peak containment transport of fission products through pathways which
pressure is a large break LOCA, this accident was do not include the suppression pool. In such cases,
chosen as the basis for the analysis. the scrubbing action for fission product retention is

lost and the potential consequences of the release
In order to simplify the analysis several are higher.

conservative assumptions were made. Since it is not
possible to release the hydrogen before the first The potential for suppression pool bypass has
pressure peak, only the second peak is considered. been a subject of analysis since the early days of
The hydrogen is distributed in the same manner as WASH 1400 (Reference 7). The V sequence which ]
the nitrogen. All of the metal water reaction heat represented a break of the low pressurc line outside
energy is assumed to be absorbed by the suppression of the primary containment was one of the more
pool water. Finally, no credit was taken for the dominant release sequences in WASH 1400. The
drywell and wetwell heat sinks. IDCOR analysis and BMI-2104 also reviewed

sequences in which the suppression pool scrubbing
Consideration of 100% fuel clad metal water action was not obtained in the release pathway.

reaction results in a peak pressure of about 75 psig.
The governing service level C (for steel portions not In order to review the .mportance of suppression
backed by concrea)/ factored load category (for pool bypass pathways, the potential mechanisms,
concrete portions including steel liner) pressure probabilities and source locations were reviewed to
capability of the containment structure is 97 psig identify where fission products might be released
which is the internal pressure required to cause the outside of the containr2ent. The analysis has conser.
maximum stress intensity in the steel drywell head to vatively focused on the station blackout event
reach general membrane yielding according to service because it leads to a higher likelihood of suppression
level C limits of ASME-III, Division 1, Subarcticle pool bypass and because it is considered one of the
NE-3220. Therefore, the ABWR is able to withstand more probable initirting events for core damage
100% fuel clad metal water reaction as required by sequences.

10 CFR 5034(f).
The principle conclusion of the review is that, with

the exception of certain lines addressed in
19Fl33 Suy,wssion Pool Bypass Faths containment event trees of the PRA, suppression

pool bypass pathways do not contribute significantly
19E.233.1 t roduct?m to risk. Comequently, the probabilistic risk

assessment does not require a separate evaluation of
This section reviews the potential risk of certain bypass sequences, unless the sequences develop

suppression pool bypass paths and demonstrates that, during the course of an event, for example, as a
with the exception of the wetwell drywell vacuum result of low suppression pool water level. Such
breakers, and certain other lines, bypass paths present cases are considered in Season 19D.5.7.
no significant risk following severe accidents.
Because of this insignificance, only the vacuum Nevertheless, certain bypass lines which result
breakers and the other lines require further from piping failures outside of the primary
consideration in the ABWR PRA. The approach containment are i ^' ' " reviewin order to
used in this evaluation is similar to that submitted to assess their significance.

| the NRC in support of the GESSAR (Reference 14)
review. (2) Mechanisms for Suppression Pool Bypass

The results of the evaluation is that bypass lines Alllines which originate in the reactor vessel or
evaluated contribute no more than about 10% of the the primary containment are required by sections of

10CFR50 to meet certain requirements for contain-
meet isolation. Lines which originate in the reactor

Amendment 2 19E.2-28
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CN vessel or the containment are regt. ired by General

is Design Criteria 55 and 56 to have dual barrier
\- protection which is generally obtained by redundant

isolation valves. Lines which are considered
non-essentialin mitigating an accident are also
required to automatically isolate in response to
diverse isolation signals. Other lines which may be
useful in mitigating an accident are considered
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f exceptions to the General Design Criteria (NUREG pathways will be insignificant.

( 0800, Section 6.2A) and are permitted to have remote
"

manualisolation valves, provided that a means is The justification for this approach is as follows:
available to detect leakage or breaks in these lines
outside of the primag containment. Risk = Total [ Event Frequency x Consequence] (30)

A potential mechanism for suppression pool =F xCnbp + Fbp bp
xC (31)gp

bypass is the *Ex-containment LOCA* which results
from the combined failure of a line outside of the where: F The total core damage=

"Pprimary containment along with the failure of its frequency of non-b pass3

redundant isolation valves to close. If this events
combination of events occurs, the operator is made

The consequence of a non-aware of the situation through leakage detection C =

alarms and is instructed by plant procedures to bypass event
manually isolate the lines, if possible, when the sump
water levelin areas outside containment exceeds a F = The total core damage

bp
predetermined point. frequency by bypass events

which .tre equivalent to a
Because of these provisions the probability of complete bypass of the

suppression pool bypass occurring from the suppression pool
*Ex-containment LOCA* is extremely small since it
requires the simultaneous failures of a piping system, C The consequence of a=

bPredundant and electrically separate isolation valves complete bypass ewnt
and the failure of the operator to take action.
Subsection 19E.2.33.4 summarizes an evaluation of If the total bypass risk is to be insignificant, the
the core damage frequency from ex-containment last term in equation (31) must be much less than the

_[ LOCAs. first, or:
\

The plant design criteria ensure a highly reliable F C
nbPsystem for coursment isolation. Nevertheless, even 4 (32)

though there is diversity in the types of valves, all F CgP
t3 pes have experienced failures at operating nuclear
plants and certain events, such as station blackout The total bypass and non-bypass event frequencies
event, may make the early isolation of some lines (F) noted above are the total tore damage
impossible. This section evaluates the significance of frequencies for these events assuming that all events
bypass paths in order to justify that no additional have the same consequence. Since this is seldom the
treatment in the PRA is neccessary. case, the bypass frequency must be defined such that

the proper consequence is applied. This is accom-
plished through evaluation of flow split fractions (f)
as discussed below.

The total bypass frequency can be expressed as:
(3) Methodology for Evaluation of Suppression Pool

fPBypass F F x ( )=
ed cbpi

The evaluation of suppression pool bypass
pathways is based on a methodology which evaluates where: F The total core damage fre-=g
the potential relative increase in offsite consequence quency
from bypass events over those events with
suppression pool scrubbing. Then, knowing this P6i= The total conditional proba-

Pamount of increase, if it can be shown that the bility of full suppression pool
probability of bypass is sufficiently low as to offset the bypass path i, given a core

O)( increased consequence, the added risk from these damage event.
v
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9The conditional probability of full bypass can be If equation (36) is satisfied, then the total bypass risk
further refined by the expression: is insignificant.

P x f. (34) (4) Criteria for Exclusion of Bypass Sequences inP = ,

bpicbp. is
the PRA

'
where: f. = The fraction of fission products gener-

*
ated during a core damage event which As noted previously,if it can be shown that the
pass through line i (subseetion probability of bypass is sufficiently low as to offset ;

19E2333 (1) discusses this term in the increased consequence, the risk resulting from
more detail) release through bypass pathways will be insignificant.

The flow split fraction (f) is defined as To establish a threshold for this frequency, the
the ratio of the flow rate which passes consequence ratio (right side of equation 36) was '
out of the bypass pathway to the total evaluated using the MAAP 3B-ABWR and CRAC
flow rate of aerosols generated during codes to establish the approximate order of magni-
the core melt process. The line flow tude for evaluation purposes. To establish a
split reduces the consequence associ- threshold for this frequency, the consequence ratio
ated with smaller lines due to inherent [right side of equation (36)] was evaluated using the
flow restrictions in those lines as com- MAAP 3B-ABWR and CRAC codes to establish the
pared with the consequence of larger approximate order of magnitude for evaluation
lines. The flow split fraction accounts purposes.
for this consequence reduction by re-
ducing the equivalent bypass probabil- For non-bypass case, the offsite dose from normal
ity. containment leakage following core damage was

used as a basis. "NCL", described in Appendix 19P,
and Pb .= The conditional probability of bypass in is the consequence from normal containment

PI
line i (Section 19E2333 (2) discusses leakage; * Case 7" may be used as an approximation
this term in more detail). of the full suppression pool bypass consequence.

.

The conditional probability of bypass is The corresponding ratio based on values in Table
established through a detailed evalua- 19P.2-1 is 8.4E-4 dich can be used in the evaluation
tion of each potential bypass pathway, of pool bypass significance. Further evaluation of
establishing the failure which must "Ex-containment LOCA* suppression pool bypass
occur for a bypass path to develop and paths in the PRA is not necessary if it can be shown
assigning a probability to that failure. that the total bypass probability is significantly less

than this consequence ratio.
Core damage events result in essentially two types

of release: releases which bypass the suppression 19E.233.2 Identification and Description of
pool and those that do not. With this simplification, Suppression Pool Bypass Pathways
the total non-bypass frequency can also be defined as:

Identification of the potential suppression pool
F =FM-F (35) bypass pathways was based on information in the

ABWR Standard Safety Analysis Report and
Insertmg equations (33), (34) and (35) into equation supporting piping and instrument diagrams. The
(32) yields- potential pathways are shown in matrix form in

Table 19E.2-18.;

bp. x f. < < nbp/CbpP C (36)
s i

Table 19E.2-1 summarizes the results of resiewing
Assuming F s much less than F which would the ABWR design for lines which are potentialb g

be consistent Eith the basis for containment pathways. For each line the table provides the line
| isdolation. sizes, pathways and type of isolation up to the second
j isolation valve. The bypass lines identified in Table i

! 19E.2-1 were derived from a systematic resiew of the .

!
ABWR P& ids and other drawings. I
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/ Several lines in Table 19E.2-1 were excluded from W= the vent flow rate in a single line (SRV

( further consideration on the basis of a variety of or drywell vent) which passes to the
judgements discussed in the table notes. In general, suppression pool
the exclusion was based on deterministic rather than

n = the number of flow paths to the suppres-probabilistic arguments. For instance, the RWCU
return line to feedwater and LPFL Loop A were sion pool
included in Table 19E.2-1 and excluded from further
analysis because the bypass path is protected by the This can be simplified into the form:
feedwater check valves.

f'/1+f' (38) |f =

The remaining lines are considered potential
sources for significant fission product release where f' = W./nW

3 k
following severe accidents. Although the probability
that these lines could release a significant amount of From the formula for turbulent compressible fluid flow
fission products is extremly small, they are reviewed (Reference 15)
further in Subsection 19E.2.3.3.3 to assess the
importance of these releases. W= 1891 Yd [(dP)/KV]1/2 (39)

2

where W = j or k (Ib/hr)
Y = Expansion factor
d = Internal diameter (in)

19E.23.33 Evaluation of Bypass Probability (dP) = Differentialpressure(psid)
K = Resistance coefficient = f"L/D + K'

Equation (36) of Section 19E233.1 establishes f" = friction factor
the need for evaluation of the flow splits and failure L/D = pipe length to diameter ratio, including
probability for each line not excluded in corrections for valves, bends ,

Table 19E.2-1. This section provides the basis for the K' = additional factors for entrance and exit
evaluation of each of these factors. effectsv

Specific volume of fluid (cf/lb)V =

(1) Evaluation of Bypass Flow Split Fraction (f)
Soh-ing for f',

To assess the fraction of aerosol release which
/1891 nyk k [dp/KV]IIbypass the suppression pool a flow sphl fraction is f *= 1891 Y.d. [dp/KV] I d

JJneeded, the flow split fraction (f) is defined as the
ratio of the flow rate which passes out of a bypass = Y.d.2[dp/K]@/nY dk k [dp/K]W (40)

33pathway to the total flow rate of aerosols generated
during the core melt process. Two generalized bypass Equation (40) may be rearranged to show-
paths have been evaluated: 1) a path from the RPV

f' = (1/n)[Y;/Y lid /d ] x[dP;/dP lwhich passes to the reactor building with the k j k k
remainder passing to the suppression pool through
the SRVs and 2) a path from the drywell to the [KgK.]1/2 (43)
reactor building with the remainder passing to the
suppression pool through the drywell vents. The expressions in equation (41) were evaluated nu-

merically for the actual line configurations to arrive at
The flow split fraction may be defined as: the flow split fractions used. The following assumptions

were made in this analysis:

| f = W./W. + nW (37) 1. Containment pressure following the core melt is
3 3 p

assumed to be at an average of 45 psig during the
post core melt period. Although the containment

where W. = the flow rate which passes through the pressure could eventually increase to a higher level,
3p bypass pathway the average is used to assess the total amount of

I I release since a release would be occurring
throughout this period. This pressure is typical of

Amendment 2g 19E.0-31
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| those calculated in severe accident analyses (see the drywell sources, the path to the suppression pool
| Figures 19E.2-2 through 19E.2-12). is estimated to be 5 ft. (1.5 M)

2. Prior to RPV melt-through, the reactor pressure Other values used in the calculation are listed
vessel (RPV) is maintained at a relatively low below:
pressure (100 psig) by the automatic depressuriza-
tion system or equivalent manual operator action. Parameter Assumed Value Basis
Four ten inch safety relief vahes (ADS valves) are
conservatively assumed to be open to release RPV Resistance Coefficient (K= P'L/D)
efBuent to the suppression poot This is consistent
with the minimum instructions in the EPGs. Ten Friction Factor .011 to .018 Ref 14 (pg A-25)
24 inch drywell vent paths are consistent with the Size dependent)
ABWR design configuration. For conservatism
the vents are assumed to be one quarter Line Diameter (D) Various Line size (see
uncovered. Table 19E.2-1)

3. The pressure drop in the bypass path between the Other Resistances (K) Ref 14 (pg A-30)
fission product source and the release point is a

|
function of whether the line produces sonic or Gate vah'e 13

| sub-sonic velocities. For RPV sources, an average Check valve 135

| 100 psig internal RPV pressure is assumed during Globe vahe 340
| the core melt process. This is based on an Entrance effects .5

average 45 psig drywell pressure and an assumed Exit effects 1.0

SRV design which closes the SRV when a differ-
; ential pressure of about 50 psid exists between the Expansion Factor (Y) 4 to .9 Ref14 (pg A022)

| main steamline an the SRV discharge line. (dP, K dep.)

| Depressurization of the RPV or containment Table 19E.2-19 shows sample results (f ' from equa-

| through the bypass path is not considered. The tion 41) for a line with two motor operated valves. In
assumption is made that pressure is continuously the evaluation of individual bypass lines the actual
generated during the sever accident in sufficient configuration is used. The evaluation of flow split
quantity to uncover the SRV discharge or drywell fractions is considered to be conservative for several
vents. reasons:

| 4. The pressure from in the non-bypass path be- (a) Bypass release paths would normally be expected
tween the fission product source and the suppres- to be more restricted than evaluated due to
sion pool release point depends on the suppres- smaller lines, more vahes and pipe bends, valves
sion pool level. The suppression poollevelis being partially closed or pipe breaks being
assumed to be higher than normal because of the smaller than the piping diameter.
depressurization of the RPV to the Suppression
pool through the SRVs. For RPV sources, the (b) No credit is taken for additional retention of
SRVs experience about a 20 foot (6.0M) elevation fission products in the reactor building, in piping

| bead over the SRVs during the core melt process. or through radioacthe decay.
For drywcIl sources a 15 foot (4.5M) elevation'

head is experienced over the upper horizontal (c) For drywell sources, a higher than analyzed
vent. For the station blackout sequence, the effect differential pressure should exist between the
of ECCS system operation on suppression pool drywell and wetwell. This will lead to lower flows
level has been ignored. through the bypass pa'.h.

5. The length of lines discharging to the suppression
pool and through the bypass paths affects the
resistance coefficient Equation (39). Based on the
ABWR arrangement drawings this length is
estimated to be approximately 85 ft. (25 M). For
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(2) Evaluation of Failure Probabilities (P )

The failure probabilities used for the detailed <

calculation of the bypass probabilities are summarized
i

in Table 19E.2-20. The bases for these probabilities'

are provided below.

(a) Current operating plant MSIV failure to closc
probability is about 4E-3/ demand with a common
mode failure probability (P;) of about IE-4/de- i

mand. For this evaluation the common mode |

I

| | failure probability of IE-4 is assumed for failure

| of both valves in a single line to close.

.

(b) Current operating plants evaluate MSIV leakage
| against a leakage requirement of 11.5 SCFH per

valve. About 50% of the valves typically fail this
localleak rate test at this level and about 10% are
believed to typically exceed the 640 SCFH level
allowed by ABWR proposed te.chnical specifica-
tions. The leakage probability (P2) used in this

,

| analysis was based on three leakage groups:

Probability
Group leakace Per Valve Per Line

I (,m
.

\ G1 <11.5 sefh .5 .5

\ G2 11.5 to 640 scfh .4 .2

G3 >640 scfh .1 .01

|

|

!

,-mt

{
t.
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| The MSiv leakage probability (P2) is assigned a among check valves was considered for lines i

|Q value of.71 to conespond to the total line leak- containing redundant series check valves. Only

| age probability. Flow split fractions were deter- Feedwater and the SLC paths contain more than
' mined for each of the groups and a weighted one check valve. For these lines a Beta factor of

| average flow split fraction (weighted by the line .18 was used for the failure of the second valve.
leakage probabilities) was determined for use in |

the evaluation. (h) When power is available, some normally closed
valves open during an event in response to an

| (c) The probability of flow passing to the main con- injection signal, even though the actualinjection
denser is judged to be governed by the failure of fails (a requirement for a core damage to
the bypass valve to close. This probability (P3) occur).

,

| is taken at 4E-3 from Reference 16. Once flow!

Ipasses to the main condenser, the condenser is The probability that ECCS valves are not closed
assumed to fail (P4) via the relatively low by an operator (P10) is considered remote

,

I positive pressure rupture di.sks. during a severe accident. A value of 0.5 is
judged reasonable especialy considering the

,

(d) The main steamline break probability (P5) was potential for room environment degradation.'

|
line break probability (P15). For station blackout events, since the valves do

not open, these lines do not contribute to
| (e) Normally open pneumatie (P6) and DC motor potential bypass risk.

.

l

i operated valves (P7) have failed to close.
Causes include improper setting of torque (i) Some normally closed valves may be open at the
switches leading to valve stem failure, beginning of the event. The failure probability
undetected valve operator failures and improper (P11) for these valves assumes they are open 4
packing materials or lubricants. GE has issued hours during a 7000 hour operating cycle and

|[_}
several service information letters on valve that the operator fails to recognize the open ,

'

| problems and recommended actions to prevent path and close the vale. A 0.5 probability is
|v recurrence of the failures. The industry failure judged reasonable for the operators failure to
| rates for motor operated valves is about act during the core damage event.

3.6E-3/ demand and 4.1E-3 for air operated
valves. These failure rates are not significantly (j) Some valves may be opened by the operator
affected by the valve cavironments. A common during the course of the event. Such action may
cause failure among air operated valves was be in compliance with written procedures or it
considered for lines containimg redundant series may occur due to confusion in following a proce-
valves. For these lines a Beta factor of.18 was dure. The probability that valves are inadvert-
used for the failure of the second vahe. ently opened (P12) is considered a violation of

planned procedures. A value of 1E-3 isjudged
(f) AC solenoid and motor operated valves are reasonable during a core damage esent.

subject to a common mode failure (P8)if motist
power is unavailable such as during a Station (k) Pipe rupture is extremely rare in stainless steel
Blackout event. For station blackout events piping. However, carbon steel piping has been
these valves will have a conditional failure obsened to fail under certain conditions. The
probability of 1.0. For this analysis a failure frequency of these failures has been widely
probability of 1.0 was conservatively assumed. studied and shown to be in the range of IE-7

; events / year. The probabilities ofline rupture as

| (g) Check vahes have been obsened to fail in such a function of line size (P13, P14, P15) are taken
a way as to permit full reverse flow, a condition from Reference 14. Four line segments outside I
necessary to permit suppression pool bypass for of the containment are assumed for each bypass

,

! some lines. Maintenance errors associated with line. The intermediate line size (3 to 6 inches)
testable check valves have also been observed. probability is assumed to be twice that of the
The industry failure rates for check valves large line size (greater than 6 inches).

Q allowing complete reverse flow (P9), based on
7000 hours of operation per operating cycle,is For pipe failures in an individual bypass line,it

s
i' | about 8.4E-3 per cycle. A common cause failure was presumed that an undetected break in an

Amendment 3 19E.2 ~l3
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unpressurized line could occur at any time. both slows the break flow and terminates any long

Therefore, the conditional probability of a term release from the break. Therefore if the EPG
bypass path was then taken to be the same as actions are taken, no additional consequence of the

the failure rate during a one year period (which event occur.
was estimated to be 7000 hours). This approach
of estimating pipe failure probability is judged to The system arrangement routes the RWCU lines

be consernthc. above the core to avoid a potential siphon of the core
inventory. In the event of an unisolated RWCU line

The failure probabilities used in the evaluation break, lowering the RPV level to below the
should be considered conditional probabilities, given shutdown cooling suction and depressurizing the

a core melt. In general the above probabilities are RPV would be sufficient to terminate the break flow

not affected by the core melt process itself and can without causing core damage. This action should be
-

therefore be considcred independent of the event possible prior to any impact on other ECCS
equipment. These actions are included in Sectionprocess.
19D.7.

Whether the bypass path is the initiator or
occurs simultaneously with the event is inconseq. (3) Evaluation of Bypass Probability
centialin the evaluation based on the following
discussion. The approach taken in the bypass study Table 19E.2-21 summarizes the results of these

is to consider the presence of a bypass path as an evaluations. For each potential bypass pathway,it

independent event from the events which caused the shows the flow split fraction based on the line size

core damage in a specific sequence. This approach is and valve configuration, the equation to calculate the

acceptable because for large breaks the associated bypass probability, the results of the probability |
systems are not in general relied upon to prevent calculations using the data from Table 19E.2-20 and

core damage and no consequence of these failures the bypass fraction for the line. The table also
have been identified which would affect the systems includes reference to the sketch (Figure 15E.2-19)

preventing core damage. Therefore whether the which illustrates the potential pathways. The evalua-

break is an initiator or consequential does not affect tion is based on the conservative assumption of a

the final evaluation. Similarly, none of the systems station blackout event since it is believed to be the
associated with the smaller bypass lines are dominant core damage sequence and gives the high-

associated with preventing core damage. Therefore est bypass fractions.

they too are not associated with the cause of the core
melt.

The ACRS has expressed concern regarding the

failure of the RWCU suction in combination with
failure of the isolation valves to close. The concern
is that there may be a flooding situation that could
have a high consequence if it leads to an eventual
loss of suppression pool and CST inventory or
flooding of other ECCS rooms. Such an event would
not be consistent with this presumed independence
of the assumed conditional probabilities.

If a break in the RWCU suction line were the
postulated LOCA, the containment isolation varves
would be expected to close, terminating the event.
NRC concerns over Motor Operated Valve (MOV)
closure capability are being addressed as an industry
acthity. In this evaluation it was assumed that the
valves fail to close due to a Station Blackout event.
Furthermore, should the isolation valves fail to close,
the system arrangement assures that the core is not
uncovered and EPGs require depressurization which

19E.2-33.1
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(4) Evaluation ofResults

pipe break frequency is provided in Appendix
Section 19E233.1 (4) provides a conservative 19E.2333 (2)(k).

justification that bypass paths with a total bypass X
Line Isolation - The conditional probability ofraction less than 8.4E-4 do not substandally increase 3 f

the offsite risk. As is shown in Table 19E.2-21, the automatic isolation valves failing to close given
' bypass probability is about 3.0E-5 for a!! potential the ex-containment LOCA. Values used and
paths not addressed in the Containment event trees. the manner in which probabilities were
This totalis well within the goal. combined are shown on Table 19E.2-21.

P
Oper. Action - The conditional probability thaPotential bypass through the Wetwell-Drywell 3 t

Vacuum Breakers ar. included in the containmentoperator fails to act to manually isolate the
event trees. (Section 19D.5). ex-containtnent LOCA. Such a failure to act

could be due to a lack of instrumentation
Based on the above discussion, it can be availability or mechanical failure. For most

concluded that suppression pool bypass paths and bypass paths considered, the very conservative

Ex-Containment LOCAs not addressed by the assumption was made that no operator action is
taken.

Containment event trees do not contribute a For ECCS discharge lines and warmup
significant offsite risk and do not need further lines the operatoris assumed to act to close an
evaluation in the PRA. open valve, if needed. The basis for the value

chosen (P10 in Section 19E.233 (2)) is based on
19E.233.4 Evaluation of Ex containment LOCA general operator awareness of the potential for
Core Damage Fnquency these paths to be unisolated. Although the leak

detection system is adequate to alert the
(1)1ntroduction operator of a break in the system,

instrumentation failure is not considered to
To provide a separate assessment of the provide a strong contribution to the failure

importance of bypass paths, a more comprehensive probability.

analysis of the frequency of core damage from
0 Second Division not Affected - For most lines itLOCAs outside containment was conducted using 3

event tree and fault tree techniques. is conservatively assumed that the LOCA affects

the division in which the break occurs. This
Conservative and simplified event trees of factor represents the conditional probability that

LOCA outside containment events were developed the LOCA also affects the required makeup for
and included as Figures 19E.2-20a through core cooling from a second electrical disision. It

19E.2-20c. These trees show that the total coreis assumed that such failure results from
damage frequency due to LOCAs outside of environmental effects from flooding or
containment is about 13E-S per year. The end-point

pressurization effects.

for thes: trees is core damage with or without bypass
of the containment. A systematic evaluation of potential cold

flooding due to ex-containment breaks was
(2) Assumptions summarized in Appendix 19R, Probabilistic

Flooding Analysis. Flooding in the reactor
The following definitions and considerations were building is noted to disable the system affected
applied in development of the trees. and potentially flood the Reactor Building

corridor, but not disable other makeup
Line Break Outside - The frequency of piping equipment due to the water-tight doorsV

3

breaks in small, medium or large breaks outside contained in the design. The analysis of an
of containment and which cornmunicate directly unisolated RWCU break in subsection 19R.4.5
with the reactor vessel. The lines are grouped by shows that no cooling systems will be damaged.
type of isolation. The basis for each event
initiation frequencyis the line size and the total Compartment pressurization and environmental

number of lines considered. The basis for the effects of high pressure LOCAs in secondary
containment were considered in the
development of Figures 19E.2-20a through c.

Amendment E
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For LOCAs which occur in the reactor building,

Equipment in the ABWR design is arranged the event is assumed to fail the division in which
with consideration of divisional separation. A the break occurs. For other LOCAs, such as
high energy line break in a division would cause LOCAs in the turbine building, no divisional
the blowout panels from the division to relieve impact is assumed.
the initial pressure spike to the steam tunnel.
Subsequent pressurization of the room could Consideration of inventory depletion due to the
eventually cause a release of the energy into the LOCA outside containment is addressed by EPGs
next adjacent division in a clockwise progression which specify that coolant makeup sources using
through the reactor building. inventory sources outside of containment be used

as the preferred source. In the ABWR design
As doors from the corridor and penetrations are smallbreaks can be accommodated by any of the
forced open, the emironment of the adjacent high pressure coolant makeup systems (RCIC,
divisions could be affected by the presence of HPCF B and HPCF C) which are in separate
steam. However, the qualification of the divisions and which draw water from the
equipment to 212 degrees F and 100% humidity Since condensate iscondensate storage.
makes the probability of further system effectively an unlimited supply and makeup
unavailability unlikely. Where a LOCA could capability exists, no additional concern is
occur in an area adjacent to a separate division, necessary for the small break LOCAs outside of
a value of IE-3 was assumed for O , based on3 containment.conservative engineering judgement, to
represent the remote possibility for failure of Medium and large breaks outside of containment
these adjacent systems. can be accommodated by any of the three

divisions in the short term following a break
For line breaks in the turbine building the effect without concern for inventory loss in the RPV.
of the break would not impact the divisional All penetrations, except the RPV/RWCU bottom
pow r distribution and, for these sequences, the head drain (a unique situation addressed ,.

O value wasjudged to be negligible. separately in Section 19.9.1 by an event specific iy
procedure), are above the top of active fuel so that ,

Although line routing are not specified, the core uncovery due to inventory depletion is not a >
analysis assumes that breaks inside reactor concern. In the longer term, the break will
building equipment rooms affect the dhision in depressurize the RPV which effectively reduces
which the breaks occur; LOCAs outside of the the loss of inventory from the break to a level well
secondary containment are not assumed to fail a within the makeup capacity of other available
division of equipment. systems which makeup from sources outside of

containment, such as firewater. Due to the
Coolant Makeup - Tbis factor represents the reduction in loss rate through the break,0
conditional probability of core cooling failure by significant time is available for operators to
all sources of cooling with consideration to those compensate for the usage of water and flooding in
affected by the ex-containment LOCA. The the affected area. Furthermore, operators are
values used are derived from an evaluation ofassumed to follow plant procedures in isolating
the PRA fault trees and are summarized below.-the break or lowering RPV level to a level below

the affected penetration,if necessary. Adequate
COOLANT MAKEUP FAILURE (0,) instrumentation and long term makeup from

BREAK SIZE firewater and condensate sources would normally
Small Medium Laree

Div.not Affected 2.2E-7 6.2E-7 6.1E-7 be available.

1 Div. affected L1E-6 8.6E-6 8.5E-6

2 Div. affected 3.6E-4 3.7E-3 3.7E-3 (3) Conclusion

For each of the event trees shown in Figures
The conditional probability when one or more 19E.2-10a through c the total non-bypass and bypass
electrical divisions are affected were derived by core damage frequencies are sbown and are
disabling the most limiting dhision in the LOCA

summarized below-event trees and then calculating the resulting
conditional probability.

19E.2-311
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/^ Core Damage Frequency (events /yr),

( Non-Russ Russ Total

SmauLOCAs 1.258 1.159 1368
a Intermediate L,0CAs 23510 12510 3.5510

large LOCAs J.OR10 48513 20510

TOTAL 1.258 1259 1.358

Ex-containment LOCA events without bypass
,

; represent a small fraction of the total core
damage frequency (1.6E-7) are therefore
justified as not being further evaluated in the
PRA.

'

Although the consequence from bypass events is
greater than for non-bypass events, the total
frequency of bypass events concurrent with core
damage is extremely small. The core damage
frequency of ex-containment LOCAs with

'
bypass is less than 1% of the total evaluated
core damage frequency. Large LOCAs can be
excluded from further consideration on the basis
of low probability. Exclusion of Medium and
Small bypass sequences is based on the

4 additional consideration of the reductions in
consequences of the ex-containment LOCAs
due to the flow splits provided by restrictions

'

due to line sizing. Tl is is discussed in Section
19E.2333.

|
4

In addition, since significant margin exists |-

between the current PRA results and the safety;

goals,it can be concluded that the bypass events
do not significantly contribute to the offsite

,
exposure risk.

:
a

19E.233.5 Suppression Pool Bypass Resulting from
External Events j

<

The effect of external events on the Suppression
Pool Bypass evaluation is discussed in Appendix 191
to determine if a significant potential for bypass'mg
the suppression pool results from component failures
induced by a seismic event. Only seismic events were
considered to provide a significant challenge to the
creation of bypass paths beyond that already
considered in the PRA.

i
b
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[N wall resulting from a postulated break of the RHR

%' pump discharge pipe were estimated using applicable
j test data. This wall runs parallel with the discharge

| pipe at a distance of approximately 4 ft. The length
j of this wall is 43 ft, the height is 20 ft. The RHR

purnp discharge piping is assumed to run 2 ft abovej

the equipment room, with the rupture located exactly'

opposite to the middle of the wall (worst case).
19E.23.4 Effect of RHR Heat Exchanger Failure in
a Seismic Event The dynamic loads result from the discharge of

the containment atmosphere through the broken
,,

A failure of the RHR heat exchanger mounting, pipe into the water pool in the RHR equipment'

| can conservatively be postulated to shear the pipe room. It was conservatively assumed that the entire

| between the RHR pump discharge and the RHR heat volume of the equipment room was flooded with the
i exchanger. About 30 minutes is available for the suppression pool water.

operator to close the RHR suction valve to the
,

| suppression pool. If no power is available, or if the The gas discharged from the broken pipe will bc

| operator failed to close the suction valve (s), the initially almost pure nitrogen,later a mixture of

| suppression pool will drain to the RHR equipment nitrogen and steam with decreasing nitrogen content,
and finaUy, after all the nitrogen is purged out of thej rooms.

! containment, pure steam. The mean ficw rates
through the broken pipe will be a function of

| This subsection describes the analysis of these pressure in the containment, which in turn will
sequences which concludes that structural integrity of initially depend on the accident scenario. In the long
the RHR equipment room will be retained and that, term, however, the mass flow rate will be driven by
in effect, the suppression pool scrubbing is transferred the steam generated from the decay heat. It is

|O from the suppression pool to the RHR equipment assumed that there will be no pressurization of any

| rooms. airspace remaining in the RHR equipment room.
!
'

19E.23.4.1 RHR Equipment Room Flooding This situation is similar to the discharge of the
drywell atmosphere through the drywell vents into

The RHR equipment room drains to a sump the suppression pool during a LOCA. The test
room below. This sump room also receives drains results from LOCA tests conducted by GE for a wide
from the HPCF equipment room (in two cases) and range of break sizes demonstrate that the highest
from the RCIC room (in one case). The design of wetwell pressure loads due to this discharge are
these drains is assumed to have a device to prevent experienced late in the event during the * chugging"
one sump from filling and backflowing up to the regime charagterized by low mass fluxes
HPCF or RCIC rooms. The device is assumed to (<10 lbm/s-ft ) and high steam / air ratios
function without AC power. This prevents the loss of (<1% air). At higher mass fluxes the condensation
HPCF or RCIC resulting from RHR equipment room oscillation regime) and higher air contents, the loads
flooding. were substantially lower.

The analysis of the resulting loads in the RHR To estimate the chugging loads on the RHR room
equipment and the basis for concluding that the room wall, the Mark III PSTF test data were used. The
will remain intact is described in the following Mark III data were chosen because of the horizontal
paragraphs. orientation of the vents and because no

pressurization of the airspace above suppression pool
19E.23.4.2 Dynamic Loads Induced by Chugging which approximates the situation in the ABWR

RHR room. The highest chugging loads on the vall
The dynamic loads on the RHR equipment room seen during the Mark III experiments were 100 psi.

These pressures were observed on the drywell wall

c. adjacent to the vent exit into the pool. Because of

( the close proximity of the pressure sensor to the
u
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source of the pressure disturbance (the collapsing which leads to the heat exchanger mounting failure
steam bubble) this pressure can be considered to be causing the postulated room flooding. No structural
the actual bubble pressure. damage is predicted, although some concrete

cracking is inevitable. After the carthquake, the wall
The period between the pressure spikes was would be structurally sound to withstand the loads

typically 1 to 5 seconds or more. Following the peak imposed by flooding as described below.
pressure spike, a series of lower amplitude pressure
oscillations were observed, with frequencies that The seismic-induced flood imposes loadings to the
were in the rarge of the natural frequencies of the room in the form of hydrostatic and hydrodpamic
vents and water pool. The maximum amplitude of nressures. It is assumed that no damaging
these oscillations was typically less than 10Fo of the aftershocks would occur during flood. From the
maximum pressure spike. above discussion the most significant hydrodynamic

load is caused by chugging. The pressure transient
Given the RHR equipment room geometry, and on the wallis idealized by a sharp pressure spike

using a conservative pressure attenuation rnodel with a maximum amplitude of about 4 psig preceded
(supported by the Mark III experimental data), it by a half cycle sinusoidal and followed by a decay
was calculated that the peak, spatially averaged, sinusoidal with much smaller amplitudes.
dynamic wall pressure will be below 4 psi, if the
maximum bubble pressure of 100 psiis assumed. To find the dynamic effect on the wall response,
With higher flowrates and higher non-condensable the wall was modeled as an equivalent single degree
contents in the discharge, the loads are expected to of freedom system subjected to the pressure
be lower. Therefore, this conclusion should also transient described above. The results show that the
cover a range of revere accidents during which maximum dynamic amplification factor is 0.26. The i

non-condensable gases (e.g., H , CO.,) are equivalent static chugging pressure is thus about 1 )
2

generated from metal-water reaction a'nd/or psig.
corium-concrete interaction.

Under the combined hydrostatic pressures of a
19E.23.43 RHR Equipment Room Structural fully flooded condition and equivalent static chugging |

Integrity pressure uniformly distributed over the entire wall,
the stress analysis was performed by treating the wall

The structuralintegrity of the RHR equipment as a flat plate with fixed supports along the edges.
room structure was evaluated for the loads resulting The resulting maximum moment is found to be
from the seismic-induced flood. The RHR room is about 567o of the ultimate moment capacity in
located at the reactor building basemat level in each accordance with the ultimate strength design method
of the three divisions. The most critical wallin a for reinforced concrete. The maximum shear stress
typical room was chosen for this investigation. This is within the ACI-349 code allowable. The leaktight
wall runs along the 90 -270 direction of the reactor RHR room access door was also evaluated and is
building and connects to the exterior wall and the found to be structurally sound against flood loadings.
containment at both sides. The wallis approximately
13 m (43.64 ft) wide,6.5 m (21.32 ft) tail, and 0.5 m In summary, the structuralintegrity of the RHR
(1.64 ft) thick. room can be maintained for the seismic-induced

flood. This ensures that fission products can be
The wall was examined for its ability to withstand scrubbed by the entrapped water.

a 2g earthquake which is more severe than that

O
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! V 19E.2.3.5 Potential for Flashing During the wetv*ll will conservatively be underestimated. If
| Venting one furtner neglects the effects of any temperature
, change which results from the blowdown (a second
'

The adoption of the Containment Overpressure order effect), the rate of depressuruation is-

| Protection System (COPS)in the ABWR design limits

| the potential release from the containment in the dP 0.665ARTQPp*
i unlikely event that containment failure is immanent. In (.12)-=

| the absence of significant suppression pool bypass, the dt V M.,w
fission products will be scrubbed as they pass through

| the suppression pool. The predominant conditions in where: P Pressure,=

| the suppression pool yield very high decontamination

| factors for all fission products except the noble gasses. A Rupture Disk Flow Area,=

Given the extremely low releases from the gas space,

which result from suppression pool scrubbing before R Universal Gas Constant,=
; the rupture disk opens, the potential release resulting

from the rapid depressurization at the time the rupture Density of Gas,
disk opens must be considered. ps =

Volume of wetwell airspace,VComparison of the time constant for blowdown =w

with the time constant for the pressure wave
Molecular weight of gaspropagation around the wetwell demonstrates that the M,,w =

suppression pool acts as a one-dimensional body for the species in werwell.
purpose of this analysis. Tuis allows the calculation of
the pool swell height. Comparison of this level to the Conservatively assuming the wetwell vapor space

- location of the containment penetration indicates that has only steam, for a blowdown from 0.65 MPa to
there is no potential for water to enter the COPS atmospheric conditions, the assumptions above yield a ,

| c piping. This eliminates the need for consideration of time constant on the order of 9 minutes. A typical time !

| ( both water loads on the COPS piping and of fission constant for a pressure wave going around the torus
'

product transport with water. It is also necessary to which comprises the wetwell is about 0.5 seconds.| s

; consider the potential for water carried into the piping Comparison of these two numbers indicates clearly that ,

l to become entrained out of the COPS at the stack. 'the entire suppression pool will participate in the
Calculation of entrainment at the surface of the blowdown. Thus, two dimensional effects may be
suppression pool is also considered using the work of neglected.
Rozen, et. al. (Reference 17) and is found to have an
insignificant impact on fission product release. 19E.2.3.5.2 Pool Swell j

19E.2.3.5.1 Critical Time Constants for In order to maximize the potential level in the
Blowdown Response suppression pool, the analysis assumes that the

firewater system has added enough water to fill the pool
The time constant for the depressurization of the to the level of the bottom of the vessel (Elevation 0.0

wetwell airspace is calculated from critical flow meters). The two sources of steam which may lead to
considerations. Comparing this value to the time level swell are included in this discussion. The first
constant for propagation of a pressure wave around the steam source is the flow from the drywell through the
wetwell annulus allows one to determine if non. connecting vents into the suppression pool. The second
uniform effects in the suppression need to be considered source of steam which could lead to level swell is the
in calculating the suppression pool response. flashing of the poolitself as the system depressurizes.

The depressurization time constant for the wetwell 19 E.2.3.5.2.1 Pool Swell due to
airspace is estimated based on the critical flow through Suppression Pool Flashing
the rupture disk opening and the ideal gas law. There;

| are two sources of steam to the werwell airspace: the Pool swell due to the flashing of the suppression
blowdown through the vent system of steam and non- pool may be estimated by use of a drift flux model. A

!

condensible gas from the drywell, and the boiling or uniform void generation rate is assumed at each point
steaming of the suppression pool which results from in the liquid. The average void fraction is then giveng

[ the pressure decrease. If both of these sources are
by~( neglected, the time constant for the depressurization of

|

!
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I= (43) pool ev$1 n ip e, n be c.1 d in )P ~g
E relationship in Equation (46). However, the difficulty |-

'

in applying these equations to the case wnh flow from
(Reference 1) where the mass flow rate, W,, at the top the drywell is the determination of the appropnate area*

of the pool determines the superficial gas velocity- which participates in the pool swell. Therefore, in order
to determine if pool swell is a concern, the problem is

j, = W, / Ap8 (44) considered in reverse. That is, the increase in pool
height needed to raise water to the elevation of the

,

vents is assumed to be present. This allows the
and the dnft velocity, U., is given by- calculation of a void fraction and effective area for flow.

If one then assumes that there is a semi-circular region

p, _ p' C
* of influence around each of the vents, the entica! radius

U_ = 1.5 o (45) may be dezemunei,

P n.

f2Ar = T 10:tsurface tension ofliquid,where: o =

i
acceleration due to gravity, If this value is less than the distance between theg' =

1 inner and outer walls of the suppression pool, then ,

density of hqmd. pool swell is not expected to lead to carryover of waterP1 =

; into the COPS.
Then, by assuming the mass of the pool is

approximately equal to the initial pool mass, the 19E.2.3.5.2.3 Steam Source
average void fraction is used to calculate the average'

pool height The gas flow through the rupture disk comes from
three possible sources: the wetwcIl vapor space, the,

h= (46)
dryweH vapor space and flashing of the suppressionE

Eg +(1-E,)p3 pool. In this calculation of pool swell, the wetwell
vapor source is neglected. This results in a somewhat

..
conservative estimate of the pool swell. In order to'

imtial pool height. detemune the htion d now from ead d the sources,where: ho =

the response of the suppression pool and the drywell to
19 E.2.3.5.2.2 Pool Swell due to Flow From a change in wetweB pressure is calenla&A Comparison
Drywell of these values allows the ratio of the flow rates from

the suppression pool flashmg and dryweH throughilow
A drift flux model is also used to determine the to be h ,-M

void fraction in the region of the pool above the
honzontal vents due to flow from the drywell. The The pool flashing rate is determined by
horizontal vents are located at the inner wall of the consideration of the conservation of energy equation in.

suppression pool torus. If quenching of steam in the the suppression pool-
suppression pool (which is subcooled at the onset of
the blowdown) is neglected, the void fraction in the d
region above the vents is a constant praphy) = Wph, (49)

J' / U'" mass d water in theu= @ where g =

1 + Cr,j, / U_ suppression pool,

specific enthalpy of saturated(Reference 1) where the terms are analogous to those hr =

defined for Equations (43) through (45), but now refer liquid,

to drywell conditions. Comparison of Equation (47) to
specific enthalpy of saturatedEquation (43) indicates that the pool swell elevation is h =g

much more sensitive to through flow from the drywell vapor.
than it is to flashing of the suppression pool.

19E.2 36.2% %:g
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Taking the derivative on the left hand side of the alone will not lead to flooding of the COPS4 '

equation and introducing the derivative of enthalpy penetration.4

along the saturation curve, one concludes that'

i. If the pool level were to rise an additional 3.28
g meters near the outer wall of the suppression pool duef

i "P to flow from the drywell, the COPS penetration coulddP*,P * (50) be flooded. A void fraction of 20% due to through flow
h'5 from the drywell is required for this additional pool

a swell. Applying Equations (47), (48) and the upper
: The ideal gas law is used in the drywell to derive bound value from Equation (52), one arrives at an j

the reladonship: radius of 0.78 meters for the region affected by flow
'

'

i from the drywcII. This area would be located near to the :

Wo = PV M,,p/RTo (51) horizontal connecting vents at the inner wall of the !j p
! suppression pool. Since the distance between the inner

and outer walls of the suppression poolis 7.5 meters,
where all terms were defined previously and the one may safely conclude that pool swell will not

1 subsenpt D refers to the conditions in the dryweIL threaten the COPS under these conditions.*

e

! De ratio of the flow rates from the drywell to pool 19E.2.3.5.3 Carryover due to Entrainement
flashing as found by combining Equations (50) and

.j (51) The entramment of water droplets by the steam
flow through the suppression pool is potentially a

hD = V M* D '' (52) concern since the water could carry fission productsW D
j

W dh through the COPS to the envuonment. A very simplefP RTo pm,
j dP estimate analysis based on the work by Kutateladze

] (Reference 18) indicates the poten'ial entramment for a
1 Pool swell is of chief a>ncern for cases in which pool of water sparged from below.De threshold for the

the firewater a&hten system has been used to add water entrainment of a droplet is based on the velocity of the

i to the contamment. De suppression pool mass for this steam from the surface of the suppression pool-
j case is about 7.0E6 kg. An upper bound estimate of the !

i mass flow ratio assumes that the drywell contains - r
P' ~ P' y

u4

i nitrogen at relatively low temperature (100 C) and that U " =2.7 og (53)
p,2- the suppression pool is hot (160 C). Under these

- ' 64 conditions the flow rate ratio is 0.065. These
conditions will not occur in the ABWR, since the ,

i drywell cannot be cool when the containment pressure Asstunmg the pmpernes d steam at the ruptme
disk setpomt, the threshold velocity is about 6 m/s.is high. However, this value is useful to gain an

' understanding of the trye of Equation (52). De De superficial velocity from the surface of the,

; bounding calculation shows that less than 10% of the supprc.ssion pool is 0.02 m/s, assuming all of the flow

flow through the COPS is being drawn through the through the COPS was passed through the wyppon

horizontal connecting vents. Therefore, the primary pool. Dus, there is more than two orders of magmtude
,

'

1 contributor to pool swellis nadimg of the suppression between the superficial velocity which would be
observed under the conditions of interest and the

~! pooi~
threshold for entramment. This indicates there will be
no signi6 cant entrauunent h se W d se pool

19E.2.3.5.2.4 Application to ABWR
A more @W analysis is possible using the

Pool swell is maximized at high pressure and d Rozen, et. al. @eference 17) to esdinate even
temperature conditions. It is presumed that the rupture very low amounts d entranunent. His mesod uses~

disk has just opened. Since the pool swell elevation is be stiperncial velocity M steam rising from the poolmore sensitive to flow from the drywell, the upper and se presstare d se system to detennine se typical
bound value for the mass flow ratio found abave is
used. For this condition, the average void fraction due dmpkt, size and 6e rado d Equid snass to vapor mass'

which as entrained from se & d 6e poolMsing
: to pool flashing is about 4%. This results in a pool dus concladon, se ratio d Equid mass to vapor mass

m swell of about 0.59 meters. Since the bottom of the is about 4E-6. If one considers an energy balance on se
! i COPS penetration is at 3.87 meters, this mechanism
i 'j suppression pool before and after the rupture disk

opens, it can be determined that just over one tenth of+

.

'

19E.2-36.3Ammhmt %
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the suppression pool flashes to steam during the
blowdown. Thus, the fraction of suppression pool
liquid which mi ht be transported from the suppressiont

pool as a liquid is 4E-7.

The fission products in the suppression pool will
exist as a dissolved salt and as sediment on the bottom
of the pool. Therefore, the fraction of the fission
products which can be carried out the COPS by
entrainment will be some fraction less than the ratio of
the liquid entrai:a! from the pool surface. However, a
release fraction of 4E-7 will not lead to significant
offsite dose.

O

|

I

O
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19E.2A Analysis for Recovery Sequences

product release would be negligible. Although the

In order to determine the sensitisity of the PRA later time of release might argue for delaying the

to various assumptions made in both the deterministic initiation of the firewater system, the effect on risk is
and probabilistic portions of the analysis a series of judged to be outweighed by the simplicity of telling

the operator to initiate the firewater system as soonsensitivity studies were performed using MAAP. as possible in all circumstances.Additionally, some sequences with unusual
characteristics, such as those having no containment
structural failure are considered in this section.

The operator is instructed to initiate the firewater
addition system as soon as it is determined that the
water levelin the vessel cannot be maintained using

19E.2A.I. Time of Drywell Spray Initiation other systems. However,if the firewater system is
not initialized quickly, the passive flooder will open

The drywell spray initiation times used in the allowing the lower drywell to be flooded from the

base analyses are simply assumptions used for the suppression pool. Thus, the assumed time for

purpose of the study. This subsection examines th:. initiation of the firewater addition system does not

possible variation in accident progression which have a significant impact on the accident progression

would result if the time of spray initiation is varied or on any eventual fission product release.

from that assumed in the base studies.

For exarnple, in some cases the firewater system
is not initiated for 2 hours. As a consequence of the
accident progression, as modeled in the CETs,it is
known that the operator failed to initiate the firewater
injection system. Thus, it is logical to assume that the
operator does not initiate the system immediately
after vessel failure. If the system were operated
immediately, the containment water lesel would reach

the level of the bottom of the vessel somewhat sooner
(a maximum of two hours earlier in this example). At
this time the operator would be directed to terminate
injection. As seen in Figure 19E.2-3A, the
containment pressure rises at this time eventually
leading to opening of the rupture disk. The change in
time of rupture disk openingin this case would be
about two hours earlier than that in the base analysis.

On the other hand,if the operator did not initiate
the firewater addition system in the assumed two hour
period, more of the water imtmuy in the lower drywell
would boil off. Eventually, the debris in the lower
drywell could begin to heat up. This would lead to
actuation of the passive flooderin the lower dr3well.
This would quench the debris and keep the drywell
cool. If at some later time the firewater system in
initiated, the thermal mass of the suppression pool
would be increased as in other sequences with
firewater addition. Since the containment water level
would reach the bottom of the vessellater than in the
nominal case, the firewater injection would be
terminated later, leading to later opening of the
rupture disk. The effect on the magnitude of fission

%
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damage if injection is begun within "X) minutes after
the loss of injection.

In MAAP,it is not possible to halt core damage
once the first channel region has blocked. Since this
occurs very shortly after the onset of core damage, it
is very difficult to determine the effects ofin.srssel
recovery on fission product release directly.

However, the salient feature of core melt arrest in
the vessel is suppression pool scrubbing. If the core

meh is arrested in the vessel then all of the fission
products which leave the vessel must do so via the
SRVs. These discharge through quenchers at the
bottom of the suppression pool, ensuring fission
product scrubbing.

Fission product scrubbing is also provided if the
release is from the wetwell airspace, as would occur
if the weswell airspace were provided with a rupture
disk. The release fractions assoaated with this type

of release is mminM in Subsection 19E.2.4.8. The |
results of that study are applied to this case in the

|effects analysis of Section 19E3.

19E.2.43. System Recovery after Vessel Failure and
NormalContainment Leakage

This subsection describes the determination of
contamment leakage when pressures are be!ow the
uhimate pressure capability of the containment.

The majority of accidents for the ABWR do not

lead to containment structural failure. In these
19E.2.4.2 In-Vessel Recovery accidents the RRR system is recovered to cool the

containment following core damage. These
This subsection examines the in vessel recovery sequences are indicated by the characters HR in the

sequence to determine how fission product scrubbingfifth and sixth digits of the accident sequence
should be modeled for these sequences. designator in the containment event trees. Although

there is no structural failure of the containment in
The potential for recovery of vesselinjection these cases, there will still be a small release of

systems before vessel failure occurs is believed to befission products due to normal containment leakage. ,
an important feature in the mitigation of severe These sequences are binned as NCL in the
accidents. The sequences with fifth and sixth containment event trees.

,

characters IV in the accident sequence designator in

the containment event trees have core meh arrest inTo estimate the fission product release associated
the vessel. For the ABWR any of the ECC systems or with normal containment leakage following core
the firewater addition system is capable of adding damage a sensitivity study was performed using
sufficient water to the vessel to prevent core damage, MAAP. A loss of all core cooling with srssei failure
and in theory, to hah the core meh progression once at low pressure case was chosen for the analysis.
it has begun. It is expected that the ECC systems can The transient was run for two days. The drywell
prevent core damage if uijection is delayed up to halfhead failure pressure was raised to prevent
and hour. The firewater system prevents core contain:nent rupture. The containment leakage area

was chosen such that the leak rate was equal to the

19 C -38
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technical specification limit of 0.4% per day at rated much higher than ihat ior the base easc ,

pressure. (LCHP-PF.D-H) Fission product release begins at j

the time of vessel failure (L4 hours). The noble gas |

The average pressure during the transient is release is very slow since most of the noble gasses !
?

0.55 MPa (65 psig). The first appreciable fission are trapped in the werwell. After % hours only 85%
product release occurs at 23 hours. After 50 hours of the noble gasses have been released to the ;

the release fraction of noble gasses is 0.54% The environment. The volatile fission product release is I

release fractions of the volatile fission products are predominantly governed by the revaporization of the |L

much lower,5.2E-6 and 3.SE-6 for CsOH and CsI, fission products from the vessel internals. After ;

respectively. The resuhs of this analysis is used in the 72 hours this revaporization is nearly complete. The ;

consequence analysis of section 19E3 with the Csl and CsOH release fractions are both about 47% |
'

sequence name NCL
Since the fission product release is significantly |

higher than that for the base case, this information !

| 19E.2.4.4. Early Drywell Head Failure will be included in the consequence analysis of j
' Section 19E3.

'

This subsection describes the modeling of fission |
!product release for cases with early drywell head

failure resulting from a high pressure core melt. 19E.2.4.5. Suppression Pool Drain ;

In section 19D.5 the probability of the vessel This subsection describes the modeling of
failing at high pressure leading directly to loss of sequences in which the suppression pool water drains i

Icontainment integrity was estimated. These to the RHR pump rooms.
sequences are indicated by the character E in the j
seventh digit of the accident sequence code. This The draining of the suppression pool following a

'|
sensitivity study enmmn the potential fission product seismic event has been proposed as a potential

mechanism for the loss of containment integrity |
jrelease associated with such an event. Only two types

following a seismic event. These sequences areof sequences can lead to this occurrence: aloss of all '

core cooling with vessel failure at high pressure designated with the seventh digit S in the accident ,

(LCHP), or a concurrent ATWS and loss of all core sequence code. The water from the suppression pool |
cooling with vessel failure at high pressure (NSCH). would flood the pump rooms as discussed in

,

|
The LCHP event was chosen to represent this case as Subsection 19E.23.4. This analysis indicates that the

| it has a higher probability of occurrence. pump room integrity will not be lost.
r

The history of this event until the time of However, there is a pipe chase that leads up from
containment structural failure is identical to the the top of the pump room which has no capacity to
LCHP events described in Subsection 19F ? ? ? until withstand high pressure. There is no effective fission
the time of vessel failure. At this time it is assumed product holdup if heat exchanger failure and
that the drywell head fails. There is no significant suppression pool drain occur. This sensitiity study
effect of the drywell failure on the entrainment of evaluates the fission product release associated with
corium into the upper drywell, or on the opening of this structural failure mode.
the passive flooder.

Since this failure is caused by a seismic event it is
The pressure in the containment remains low, assumed that if one heat exchanger fails, causing the

usually less than 0.2 MPa (15 psig). Just before the 2 suppression pool to drain into the RHR pump rooms
hour mark MAAF predicts that the drywell tear then all three heat exchangers fail. A comparison of
becomes plugged by aerosols using the Morowitz the total floor area of the pump rooms to that of the
plugging model The pressure rises to a peak value of suppression pool shows that the water level in the
03 MPa (29 psig) before the aerosols are blown out pump rooms was nearly equal to the initiallevel of
and the containment pressure falls to about 0.2 MPa the water in the supprereion pool Therefore, the
(15 psig). suppression pool may be envisioned as being

displaced to the pump rooms rather than being lost.
The fission product release for this sequence is

19E.2 39Amendment g
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Any release of fission products to the atmosphere
must pass through the RHR suction line, into the
pump room, and are then scrubbed in the pool now
located in the pump room.

For simplicity, the fission product release
following heat exchanger failure and suppression
pool drain was modeled by assuming a large opening
in the wetwell above the normal water level. No
significant pressure head was allowed to develop in
the werwell. A loss of all core cooling event with
vessel failure at low pressure and pass:ve flooder
operation was chosen (LCLP-PF) to model the
transient. Dryout of the lower drywell, which could
occur if no water was added to that region, was not
modeled since the suppression pool elevation in this
analysis was sufficient to prevent this occurrence.

The fission product release occurs as fission
products are released from the fuel. The fission
products exit the vessel through the SRVs. Scrubbing
occurs as the fission products are blown through the
pool. The only delay associated with any release of
fission products which are not trapped in the pool is
the dilution effect brought about by a large wetwell
gas volame.

The release of fission products begins as the fuel
begins to melt at about 0.5 hours. The noble gas
release was essentially complete at 8 hours. The
release of volatile fission products was very small due

. to scrubbing. The final release fraction after 84 hours

( was less than 1.E-5.
|
|

|
|

O
"
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0 19E.2.5 Identification and Screening (3) Systems Behavior / Operator Actions
of Phenomenological Issues

Twelve events defined operator actions and
he first step in perfonning an uncertamty analysis systems availability during the course of the

is to identify the key phenomena and their associated accident progression including whether hydrogen

uncertainties. To do this, GE has surveyed these ignitors were available, the status of containment

various sources (References 19 through 27). sprays and whether the contamment was vented.
These event questions were generally asked prior
to core damage, during core damage, at vesselne following provides a summary of the key
failure and late after vessel failure. Other eventsliterature reviews. Some of the severe accident issues

are screened c=tt as not being applicable to the ABWR considered were RV pressure during core damage,
upper pool dump. SRVs sticking open, anddesign. At the end, a list of sensitivity issues will be
restor 5ttion of in-vessel injection durmg corepresented for investigation in the ABWR PRA.
damage.

19E.2.5.1 Review of NI' REG /CR-4551 (4) AC/DC Power AvailabilityGrand Gulf and Peach Bottom Analysts

Six events were related to AC and DC powerne ABWR containment shares some similarities availability / recovery durtng core damage,
,

in design to the Mark III BWR containment. The
NUREG-Il50 study of Grand Gulf was used to identify IOU *i".g vessel failure and late in the accident

Progression.phenomena and issues which may need to be addressed
in the ABWR uncertainty analysis. In addition, the

Crin. lityPeach Bonom (Mark 1) analysis was also reviewed for (5) ca

insights. The results of the NUREG-1150 Grand Gulf
and Peach Bonom containment analysis are presented One event assessed whether the debris would be in

D below. a critical configuration after core injection

') recovery.
kJ 19E.251.1 Grand Gulf

(6) Hydrogen Related Phe=vWissues
ne Grand Gulf accident progression event tree

(APET) consists of 125 event headings. The events Forty-eight events in the GG APET were related

treated in the Grand Guli APET can be grouped into ten to assessing the impact of hydrogen production
categories based on similar accident progression and combusuon on containment and drywell
phenomee or characteristics. This grouping is integrity. Dese hydrogen event questions were

summanzed on Table 19E.2-22 along with the Grand asked at nurnerous time periods throughout the

Gulf APET events which fall into each group. A accident i=0phE during core damage, at vessel

summary of the phenomena and issues addressed by failure, following vessel failure and late in the
each event group are ^= nued below: accident sagneme

(1) Plant Damage State Grouping Events The hydrogen production event questions
considered hydrogen production in-vessel during

The first fiften eventsin the GG APET and Event core damagre and that released at vessel faihire ani

20 were sorting type events which summanzed the during core concrete interactions (CCI). Several
events were included to assess tM 'ransientplant damage state for a sequence based on the

availability of varie 5 core i~njection and concentrations of hydrogen, oxygen and steam in

containment rystems, the timing of core Arnage, the drywell and containment throughout the

the availability of AC and DC power and the accident progression and to determine if regions
were inert (or non-inert) to deflagrations or

vessel pressure.
detonations during vanous time penods.

(2) Strucunal Capa-ity/ Initial Containment Status
For distinct time periods throughout the accident
Progression the probability of ignition ofFour events (Events 16 - 19) summanzed the early hydrogen diffusion flames, uncontrolled

status of containment integrity and pool bypass

(C) deflagrations, and detonations were consideredand defined the structural capacities of the along wie se cEaciencies of me hs and seV containment and drywell to quasi-static and
Peak burn pressures (and detonation impulseimpulse loading.

.
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loads). Additional events compared these loads 19 E.2.5.1.2 Peach Bottom
with the containment and drywell structural ,

capacities and determined if failure or leakage The major phenomena considered in the Peach
would result. Bottom APET which were not addressed in the GG

APET were liner melt-through and over temperature
(7) Containment /Drywell Pressurizariai and Failure failure of the containment (drywell) penetrauons.

Twenty-two events assessed containment and 19 E.2.5.1.3 Application of NUREG/
drywell pressure and level of leakage resulting CR-4551 Results to ABWR
from a combination of loads (gradual
overpressurization from steam - and non- Since the ABWR containment is inened. the GG
condensible gases) not directly associated with APET events associated with details of hydrogen
hydrogen combustion. This set of events also production and combustion are not relevant.
assessed the response of the reactor pedestal and
drywell to the pressure loads resulting fmm The remaining GG APET areas are ger.erally
energetic events which may occur at vessel failure considered applicable to the ABWR. Insights from the'

including steam explosions and rapid steam GG APET have been factored into the ABWR
generation in the reactor cavity, blowdown of the containment event tree analysis considering differences
reactor vessel from high pressure and high between the two designs.

!,
pressure melt ejection.

ne design of the ABWR lower drywell is very
(8) Core Concrete Interactions / Pedestal Failure different than the Peach Bottom pedestal cavity. He

manway used to gain access to the lower drywell is
Seven events were directed at assessing the about 5 meters above the floor. The liner, which

,

behavior of debris in the reactor cavity following represents the containment boundary, in the lower
,

vessel failure. These events determined whether drywell is protected by one meter of sacrificial concrete.
there was a water supply to the debris, whether Derefore, the debris will not come in contact with the
the 6ebris was coolable, (and if not) the nature of liner in a manner which could lead to liner melt-'

the resulting CCI and whether the CCI would through. Therefore, liner melt-through is not addressed
result in pedestal failure. in the ABWR analysis.

;

(9) Steam Explosion Related However,in the unlikely event of vessel breach
with the sessel at high pressure, it is considered;

Five events assessed the likelihood and possible that debris transpcrted into the upper drywell
consequences of steam explosions occurring in- may threaten containment integrity as a result of a'

vessel or ex. vessel in the reactor cavity. In-vessel general heatup of the upper drywell annosphere if the
steam explosions which failed the upper reactor drywell sprays are not available. As discussed in
vessel head, drywell and conramment (alpha mode At:achment 19EA, the debris will not be transported as'

failure) or which failed the lower head of the a contiguous mass. Therefore, the formation of a debris
vessel were considered. The probability of large pool in the upper drywell is not a credible event.
ex-vessel steam explosions occurring and failing However, there may be some debris in the upper
the pedesut! (by impulse loading) were also drywell which could lead to long-term high temperature'

evaluated. failure of the ec,ntainment. The effects of high upper
drywell temperature are considered in the CET in

,

(10) Core DamageFic msscaandVesselBreach assessing the probability of drywell Mure.4 s

Four events were related to assessing the geneml 19 E.2.5.2 Review of NUREG.1335
in-vessel accident progression and vessel failure
characteristics.Dese events evaluated the amount Table A.5 from NUREG-1335 is included here as
of core debris in the initial core slump, the Table 19E.2 23. This table includes a list of the

,

amount of debris mobile in the lower head at parameters identified by the NRC to be addressed in an
vessel failure, the mode of vessel failure and IPE. All of these will be addressed in the final list of
whether an HPME occurred. sensitivity analyses to be carried out for the ABWR

except for t!'ose discussed below-

(1) Combustion in Containment i

i

19E.2 423
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| ( As noted above, the ABWR contamment is 19 E.2.5.4 Resiew of ALWR
|

inerted and, therefore, combustion will not result Requirements Document
in a chalhnge to containment.

The EPRI ALWR Requirements Document
.

(2) Induced Failure of the Reactor Coolant System includes a top-level section referred to as the Key!
! Assumptions and Guidelines (KAG) which defines the

| nis is mainly an issue for PWRs. The thin walls manner in which a probabilistic risk assessment is to

| of the reactor coolant system outside of the vessel be performed for advanced plants. Paragraphs 6.2 and

| may fail to due extended exposure to elevated 6.3 address those parar eters which could be important

i temperature and pressure. For typical conditions for the containment response:

| in a BWR dunng an accident, induced failures are

|
judged to not occur. (1) Parameters related to hydrogen burns,

! (3) Direct Contact of Debris on Containment (2) Core Delns Coolability,
|

Due to the configuration of the ABWR cavity, (3) Pressure capacity and failure location of the
under a low pressure vessel failure scenario, core contamment,

debris will be retained in the cavity and will not
come in direct contact with the containment (4) High Pressure Melt Ejection,
boundary. For a high pressure melt scenario,
debris that is entraired into the upper drywell will (5) Ex-vessel combustible gas generation.

| be dispersed and will not result in the coherent
flow of debns to the cm Nnment shell needed to (6) Operatar Actions,
cause containment failure.

*

19 E.2.5.3 Review of Recommended
(% Sensitivity Analyses for an Individual Plant (8) lodine composition and revaponzation.

j \ ) Examination using MAAP 3.0B (EPRI).
v

As stated previously, hydrogen burning is,

|

This document was reviewed to ensure that there precluded in the ABWR design by use of an inerted
were no new issues that had not previously been comamment. Operator actions are being considered in a
identified in the above documents. In this document, separate study. He remainder of these issues are
the following key issues are highlighted for BWR included in the ABWR sensitivity and uncertainty
sensitivity analyses: analyses.

(1) Hydrogen Gerieration in-vessel- 19 E.2.5.5 Summary and Conclusions

| (2) Mass of Molten Core released at vessel failure, Table 19E.2 24 is the list of issues to be
investigated in an ABWR sensitivity analysis and has !

(3) Cs1 re.vaponzation, been derived from the hats described above. |

(4) Debris Coo! ability,

(5) Containment Failure Mode.

I All of these issues are being addressed in the ABWR
sensitivity and uncenainty analysis. Some issues are

|

| being considered indirectly in the framework of the
| phenomenological issues they affect. For example. the
I mass of molten core teleased at vessel failure is

considered in tenns of the impact on high pressure melt
ejection, direct containment heatmg and core detris

fm coolabiEty.
I b,
+
b/

l
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19E.2.6 Sensitivity Analysis and and two at high pressure (LCHP-PF-P-M and LCHP-

Scoping Studies for Phenomenological PS-R-N). Rese cases were identical to their respective
base cases, described in Section 19E.2.2, except that

SSues the model parameter for blockage and hydrogen
generation (FCRBLK, see Reference 1) was set to

Sensitivity studies are perfonned for the ABWR prevent blockage and to cause the metal-water textion
response to severe accident phenomena m order to to continue past the eutectic temperature of the corium,
detennine those issues which may have sigmficant

,

impact on the offsite risk associated with the ABWR For the cases at low pressure, the amount of
design. Given tins goal, the ultimate measurement of zirconium oxidation increased from 6 3% of the active

,

sensitivity is the offsite dose. At a given site the clad to 15.8%. nc time of vessel breach decreased from
primary factors which influence the dose are the 1.8 hours to 1.1 hours. For the dominant case with
magmtude and time of release. Derefore, changes in the firewater system operating, the nipture disk opens
these parameters will be used to determine the need for at 30.6 hours as compared to 31.1 hours for the base
detailed uncertainty analyses. The issues, to, be case. The Csl release to the environment increases
investigated m the ABWR sensitivity analysis is given si ghtly to about 1.E-6; however, the release is still
m Table 19E.2-24. negligible and will not affect the offsite dose. For the

case with passive flooder operation, the time of rupture
19 E.1.6.1 Core Melt Progression and disk opening decreased from 20.2 heurs to 16.7 hours.
Hydrogen Generation ne change in the magnitude of fissian pmduct release

This subsection examines the effect of the MAAP
core melt progression modeling on the hydrogen The blockage model had a more pronounced effect
genenom due m metal-water reacun. on the amount of zirconium oxidized for the high

pressure cases. The fraction of zirconium oxidized for
The progression of a severe accident during the the no blockage case was 35.9%, tnereased from 5.1%

period when the core is meltmg is important in for the case which included the blockage model. For the
predicting the amount of hydrogen prodoced during the LCHP-PS-R-N case, the time to rupture disk opening
core melt. The standard meh progression using MAAP is decreased from 25.0 to 20.0 hours. The impact on
is charactenzed by molten corium forming blockages in the magnitude of fission product release is negligible.
the channels which prevent steam from flowing in the
channels. This model has two major effects on the melt However, for the LCHP-PF-P-H case the effect of
Progression. First, once a region has been blocked, it is an increase in pressure is more significant because
impossible for that region to be cooled since no water tenhge through the movable penetrations is assumed to
can flow into the channel to arrest the core melt. occur at 0.46 MPa (52 psig). He time fission product
Therefore, a core melt can not be arrested in the vessel release begins for this case is reduced from 18.1 hours
after the onset of core damage. Secondly, the blockage in the base case to 7.1 hours with increased hydrogen
of the channel prevents steam from flowing past the production. Additionally, the magnitude of the Csl
hot, uncovered ponion of the fuel. This serves to limit release fraction at 72 hours is increased from 8.7% to
the treta!-water reaction which can o:: cur in the vessel. 12.5%.

Me:al water rea: bon in a BWR is dommated by the The difference in the effects of blockage on
oxidation of zirconium. This reaction has two hydrogen production can be best explained by
important consequences in a severe accident. First, the considering the steam flow past the hot fuel cladding.
reaction is exothermic, that is it adds energy to the For cases with vessel failure at low pressure, the
contamment. Second, as oxygen from the steam is operator blows the reactor down before significant
consumed r:' the oxidation reaction, hydrogen gas is heatup of the cladding has occurred. Although the
generated which adds to the panial pressure of the nm- blockage model does not predict complete blockage
condensable gasses in containment. Both of these until shortly before vessel failure, the loss of water in
effects terd to increase the presrurtzation rate of the the core region which occurs durmg the blowdown
con:ainment and shonen the time to fission pmduct effectively terminates the metal-water reaction after |

release- only 6.3% of the active claddmg has been oxidized.The !
!conditions found in the high-pressure vessel faihare

A sensitivity smdy was performed to determine the cases arc more conducive to hydrogen generation for
effects of the blockage model on hydrogen generanon. three reasons.
Four cases were examined, two at low pressure ]

'

(corresponding to IILP-FS-R-N and LCLP-PF-R-N)

|
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V| Higher steam temperature in the vessel prior to the suppression pool earlier. This will result in more\
(1)

vessel failure, efficient scrubbing of the fission products.

(2) A greater mass of water in the co:e region, and The effe 1 of the release rate can be modeled in
MAAP-ABWR by use of the variable SCALFP

(3) A longer time before vessel failure. (Reference 1) which decreases the release rate. Since
early releases will result in lower releases from

Despite these conditions, the blockage model containment, this possibility will not be examined. In

causes slightly less of the zirconium to be oxidized by order to investigate the sensitivity of the dose to the

MAAP-ABWR for base cases with vessel failure at
release rate from the fuel, the LCLP.PF-R-N sequence

high pressure than for cases with vessel failure at low
was run with SCALFP changed from its nominal value
of 1.0 to 10.0. His reduces the rate of release by an

pressure. The blockage model used in the base cases
order of n-dpresumes that molten material fonns blockages in the

core which prevent steam flow past the fuel cladding.
This terminates Itre,uium oxidation and limits De behavior of the noble gases is not noticeably

hydrogen production. The core is fully blocked in the altered by the slower release. Some variation of the -

high-3ressure melt sequence at 1.2 hours, while in the volatile release is observed. He most risk signific ant

low-pressure sequence full blockage is delayed until of the volatile fission products, Csl, is used as the
measure of the behavior of the fission products. In te1.8 hours.
nominal case approximately 65% of the rtssion

When the blockage model is disabled, the effect of Products are carried into the suppression pool shortly

the blowdown becomes more apparent. De lower water after vessel failure. A small percentage of the Csl is

level in the low-pressme core melt sequence results in found in the drywell at this time, but the majority of

less stean, generanon froen decay heat and less hydrogen the remaining fission products remain in the vessel

ww&ica. nerefore, much more bydrogen is generated where they are slowly reugized. Fina!!y, after the

in the high-pressure case which has more steam rupture disk opens, the flow through the vessel is
sufficient to cause vaporization of the remairdng 25%

[_)'N
available for metal-water rescuon.

Csl in the vessel. The final release fraction of Csl
%

in summary, the blockage and eutectic cutoff through the rupture disk to the environment is hss than
1.E-7.models used in MAAP reduces the hydrogen generation

by a factor of 2 to 7 eyecd to the cases where these
models are not used. For the more dommant LCLP-FS-

ne same basic trends may be observed in the

R-N, LCLP-PF-R-N and LCHP-PS-R-N sequences behavior of the sequence with SCALFP equal to 10.

there is very linie change in release and time to rupture
However, the amount of matertal in each location

disk operation. The only case which resulted in a varies substantially during the progression of the
accident. At the time of vessel failure only 25% of the

significant impact on the timing and magnitude of
fission product release is the LCHP-PF-P-H sequence. Cs1 has been swept to the suppression pool About

However, exammation of the containment event trees 20% of the Cs! is still present in the carium which

in Section 19D.5 in6e the probability of this event relocates to the lower drywell. ne remammg 55% of
the material rematus in the vessel, either in fe fuel

is very small. Derefore, it is judged that the ABWR
itself or on the various cool surfaces of the vessel.severe accident performance is not sensttive to in-vessel
Slo v release of Csl from the vessel then occurs untilhydrogen pcicias.
the time of the rupture disk opening when the fraction
of Csl in the vessel and that in the suppression pool are

19 E.2.6.2 Fission Product Release from both about 40E ne amount of fission products in the
Core drywell remains relatively unchanged dunng this period.

As in the nominal case, the rema.n Csl leaves the
The base sequences shown in Section 19E.2.2 use vessel soon after the rupture disk opens. The final

the Cubiccioni model for fission product release from
release fraction of Csl to tre envuonment is also 1.E-7

the fuel. If the release from the fuel occurs later than for this case.
the time predicted by the MA/.P model then there could
be more airborne fission products available for release

Despite the large variations in the location of thefrom the containment. Also, as the accident progresses,
fission products within the containment during the

the decontamina'. ion factor associated with the accident, there is no appreciable variation in release
suppression pool will decrease as the pool hears up. from the containment due to the presence of the

i J Conversely,if the release is more rapid, the fission containment overpressure m the design. Derefore, no
products will pass through the SRVs or the drywell to' ~'

19E.2-424
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Grfurther investigation of the impact of fission product plenum water pool is very small. Consequently, the
release from the fuelis required. lower plenum is nearly full of water at the time of core

plate failure.

19 E.2.6.3 Csl Re-evaporation
Due to the large amount of core debris poured into

An imponant aspect of fission product behavior is the vessel head at the time of core plate failure, local

the propensity of the aerosols to adhere to the relatively failure of the instrument tubes is predicted very soon

cooler surfaces of the vessel and containment. While after debris enters the lower plenum. Therefore, there is

the deposition process is fairly well understood, there is insufficient heat transfer to the corium to quench it in

considerable uncertainty in the revaporization of the the vessel; and, molten corium and water are relocated

fission products. MAAP assumes that the fission to the lower drywell. Figure 19E.2-2E shows that
products are revaporized such that the local vapor approximately 200,000 kg of water falls into the lower

pressure is consistent with the temperature of the drywell at the time of vessel failure.
surface. However, it has been proposed that chemical
reactions may occur on the deposition surfaces u hich in other melt progression models the molten fuel
bind the fission products. This could result in delayed drips down the fuel rods in a process called candling.
revaporization as the heat sink temperature slowly rises Under this assumption, it is possibic for molten
due to the decay heat of the fission products. corium to be relocated in the lower plenum slowly,

where it ir quenched. Vessel failure could then be
In the vessel of a BWR, most of the fission delayed until all water in the lower plenum is boiled off

product deposition occurs on the steam dryers. After the and the corium is reheated. His delay allows more time

fission products are deposited, they slowly begin to for operator action which could prevent vessel failure
heat the dryers due to the decay heat they carry. As the from occurring.

temperature of the dryer increases,the fission products
are revaporized. Thus, the impact of chemical bmding During the time when the water in the lower
of fission products to the dryers may be simulated by plenum is boiling, steam would continue to flow past
assuming a larger dryer mass. This causes the dryer the fuel rods which could result in increased hydrogen
temperature to rise more slowly, which in tum slows production. The impact of hydrogen production on the
the re< volution process. For this study, the dryer mass containment response is discussed in Subsections
was doubled and the base sequence LCLP-PF-R-N was 19E.2.3.2 and 19E.2.6.1 vhich conclude that increased
recalculated. metal-water reaction will not have a significant impact

on the offsite risk.
As in the discussion of fission product release in

Subsection 19E.2.6.2, the Csl will be used as the More important than the hydrogen generation is
representative fission product compound. There is no the behavior of the fission products assuming this type
real difference in the timing of the key events. of core melt progression. As modeled in the MAAP
However, comparison of the results of this calculation program, a significant fraction of the volatile fission
to the base sequence described in 19E.2.2.1 shows that products are not swept into the suppression pool as
there is 2% to 5% more Csl in the vessel at any time they are released from the melting fuel. Rather, they are
during the transient. Nonetheless, there is not a retained on the relatively cool surfaces in the vessel
substantial difference in the release fraction from the such as the steam dryers. Later, as these structures heat

containment. In both cases the release fraction of Csl at up, the fission products are revaporized. If the vessel is
72 hours is about 1.E-7. Based on this small release still intact, the fission products will be swept directly
fraction, no further consideration of Csl re- into the suppression pool via the safety relief valves
evaportzation is necessary, where most of the volatile species will be retained.

19 E.2.6.4 Time of Vessel Failure For typical sequence; using MAAP-ABWR, up to
80% of the volatile fission products are deposited on

| The detailed progression of a care melt during a vessel surfaces just prior to vessel failure. These fission

severe accident is subject to considerable uncertainty. pioducts would be released to the drywell atmosphere

i The core melt progression assumed in MAAP retains very slowly and would only be swept into the
the corium above the core plate until local core plate suppession pool gradually as steam is generated in the

failure occurs, resulting in a large pour of core debris drywell and the containment pressurizes. A sequence
into the lower plenum of the vessel. Before this time, was rerun with a modified version of MAAP-ABWR in
water in the lower plenum has very liule impact on the which vessel failure was delayed until the water in the

accident progression because heat transfer to the lower lower plenum had been boiled dry. In this sequence,
'

|
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\') only about 30% of fission products remained m the here are several mechanisms which tend to reduce
vessel at the nme of vessel failure. This indict'es that the potential that the core becomes critical. First, when
MAAP-ABWR base analysis may overpredict the the cold water is injected into the hot core, it is likely
airbome fission products in the drywell. This could that the any fuel which had been at very high j

I

result in a significant conservatism for sequences in temperature will shatter and form a rubble bed.
which the drywell head is presumed to fail. Therefore, Analyses performed by PNL (Reference 29) indicate
the base analysis is conservative as regards the in-vessel that the rubble bed geometry is subcritical since it is
effects of debris coolability in the lower head and time undermoderated. Similarly, if there has beer. substantial

of vesselfailure. relocation of fuel from the upper part of the core, the
lower portion of the core will be undermoderated and

De assumed core melt progression model will will probably be subcritical. Finally, if recriticality
have minor impact on the long-term ex-vessel portion occurs, boron can be injected via the SLC system to
of a severe accident. In the base analyses shown in return the core to a suberitical state.

Section 19E.2.2, there is an initial quenching of the
corium in the lower plenum followed by a period of Presuming that the core recriticality occurs as a
time in which the water in the lower plenum boils off. result of in-vessel recovery, the power level would rise
The corium then reheats and the passive flooders open. to a level determined largely by the rate of injection.
The influx of water through the iknders quench the Thus,in effect, a parnal ATWS condition develops. As

corium. If the conum is retained in the vessel until the with any ATWS condition, voiding in the core tends to
water from the lower plenum was boiled off, then the limit the power generation. Thus, the more injection
initial querching of debris in the lower drywell will not available to the core, the higher the power level.
occur and the passive flooder will open earlier relative Depending on the precise configuration of the core and
to the time of vessel failure. However, this will not control material, it is possible that some of the fuel is
have a signi5 cant effe-t on the overall plant response to damaged locally. However, since coolant is necessary
a severe accident. for power generation above the decay heat level,

widespread melting of the fuelis inconsistent with the

/ ) The potential for the debris to be ccoled in the mcreased power level associated with recruic dity.

( / lower plenum may have an important effect on some of
the phenomena which are important immediately after The steam generated in the core would flow"

vessel failure. If the debris is not coolable, as was through the SRVs to the suppression pool which
assumed in the base analyses, there may be a large would begin to heat up, pressurizing the containment.
amount of molten debris at the time of vessel failure. De emergency operatmg procedures direct the operator
if, on the other hand, the debris is cooled in the lower to inject boron via the SLC system and to reduce the
plenum, the penetrations may be expected to fail when water level. Boron injection terminates the recriticality
only a small fraction of the material is mohen. Both of event. Lowering the water level reduces the power
these possibilities are considered in the direct generation to a level which can be removed from the
containment heating and debris coolability uncertamty containment via the containment heat removal system. '

studies contained in 19E.2.7. If no steps are taken to reduce the power level or to (
terminate the event, the containment will continue to

19 E.2.6.5 Recriticality During In Vessel pressurize leading to opening of the rupture disk and

Recovery possibly to containment failure. In either case, any
fission products released from the fuel in the period in |

A potential challenge to the comainment has been which the core was melting and not retained in the |

identified for accidents in Mtich the core meh ;s arrested suppression pool could be released from contamment.

in the vessel. Experiments have ir,dicated the potential
for the baron carbide in the control bladet to form a In order to examine the potential for recriticality to ,

'

eutectic with steel at 1500 K and relocate (Reference the ABWR containment a low-pressure core melt'

|
28). This is considerably less than the temperature at sequence was exammed in detail to estirmte the length
which the fuel relocates (2500 K). Thus, as the core of time in which recriticality is possible. Qualitative

j
heats up and begins to melt there may be regions of judgements are made about the potential for fuel

i

the core which are uncontrolled. If the vessel were shattering and the effects of fuel relocation.
reflooded after the onset of control blade relocation there Additionally, a transient was run using a modified
is a potential for regions of the core to become critical version of MAAP-ABWR to provide a conservative

/ raising the power level. His could increase the rate of estimate of the minimum time available for the

(O) contamment pminon and could potentially lead to injection of boron should recriticality occur.
's operation of the rupture disk or to containment failure.

19E.2 42.8Amendment 28
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19 E.2.6.5.1 Potential for Recriticality Qu, = (FA)So,o%,,3 -fs,,) (2)

In examining the potential for recriticality it is
Effective area for radiation heatwhere: FA =

imponant to recognize that the heating and relocation
of the core does not occur uniformly. Variations in the transfer,

time of uncovery, heat transfer to other structures and
Stefan-Boltzman coefficient,o =the decay power cause the core heatup to progrese from

the top central portion of the core to the outer and
lower regions. In general, once a portion of the core T Temperature.=

begins to heat up, it heats qui;kly until it reaches its
melt point and begins to relocate. The view factor from the control blade to the fuel

is taken to be one which neglects the effects near the
A MAAP-ABWR calculation of a low. pressure center of the cross. These assumptions tend to

core melt sequence was examined in detail to minimize the temperature difference. Assuming a decay

investigate the heatup and melting behavior of the core, heat level of 2% rated power and incipient melting of
The ABWR core has been modeled using a mesh of ten the control blades, the lower bound on the temperature
axial and five radial nodes such that each cell has equal difference between the fuel and the control blades is
volume. Each node is assumed to have a single about 15 K. Even if different assumptions were made,
temperature. The relocation of the boron carbide is not maximizing the temperature difference, the fuel and
modeled in MAAP. However, judicious examination of control material temperatures would be very close to
the MAAP analysis can give useful insights, each other at these high temperatures. Therefore, the

use of a single temperature for the fuel and the control

Before looking at the MAAP-ABWR analysis, blade is a reasonable assumption.

consider the possibility for temperature differences
between the fuel and the control blades. The source of A MAAP-ABWR calculation of a low-pressure
energy for the heating of the core is the decay heat in core melt sequence was examined to determine the core
the fuel. This leads to the observation that the heatup and relocation characteristics. The core was
temperature of the control blades should be less than nodalized using 5 radial rings and 10 axial levels.
that of the bulk of the core. Any temperature difference About 48.ninutes after the start of the accident, the
between the control matenal and the fuel would tend to temperature in the inner rings of levels 8 and 9 exceeded
decrease the time window for recriticality. In order to 1500 K, the temperature at which relocation of the
estimate the temperature difference, a simple radiation control material might begin. Within a minute levels 6
calculation is performed which neglects heat transfer to and 7 also exceed 1500. At 52 minutes, the fuel exceeds

the steam and assumes that the heat transfer between the temperature for zirconium melting (2100 K); and,
the fuel and the control blade will cause both to heat up by 55 minutes, there is widespread melting of the core
at the same rate.Thus, in this region.

Q (me,)"* After the fuel exceeds the melt point for zirconium,

D."'y (1) any remaining cladding will be highly oxidic. It is-

(mc )% +(mc )w +(mc )c= judged to be highly likely that the rapid addition of coldp p p

water to the vessel would resuh in local shattering and

Rate of heat addition, relocation of the fuel. Thus, one would not expect awhere: Q =
region which has exceeded the zirconium melt point to

** **0'i*IC"I'
Thennal mass.mc =

p

As time progresses, the region which might be
Using approximate values for the thermal masses, devoid of control material moves downwards. At the

only about 10% of the decay energy will go the control same time, fuel from the upper regions of the core also
blade. relocates filling these regions with fuel. This reduces

the mass ratio of the moderator to the fuel redacing the
For an indication of the temperature difference potential for recriticality. Iherefore, it is judged that the

*

between the blade and the fuel whern the blade begins to critical interval for recriticality is a period of about 7
melt, a simplified radiation heat transfer calculation is minutes.
performed. The channel box walls are neglected and
black body radiation is assumed. The probability of recovering core cooling in this

interval is fairly small. In order for recriticahty to

Amendment M 19g,2 42.9
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V occur, there must be a system (or operator) failure that

deprives the core of all cooling for about 50 minutes,the gerator has ample indication that the reactor isthen injection must be recos critical since the containment pressure is rising ver
about seven minutes. Based i

N a time wiridow of rapidly, y
umdard moiels for

recovery of systems r.nd operau.,r sor,it is corcluded
that the probability of this occurrence is small. This estimate overpredicts the power level and,
Therefore, the probability of a recriticality event thus, underpredicts the time until the rupture diskoccurring is small. might open for several reasons:

19 E.2.6.5.2 (1)Implications of Recriticality As discussed above, it is expected that only a
small region in the core will become critical.

Despite the judgement of a low potential for Most of the core will t,e shut down. Thus, the
reenticality, an assessment of the effects of a bulk of the core will generate power at decay heat
recriticality event are examined. If vessel injection is level. The Chexal-Layman correlstion represents
recovered and some partion of the core tecomes entical, the condition where the entire core isthe power level would rise above the Gecay heat level uncontrolled. Thus, the power level associated
As long as core injection continues, the fuel would be. with reenticality will be a & action of the ATWS
cooled, thus, no significant fuel damage would occur. powerpredicted by Cherai-Layman.
However, the additional power genention could increase
the rate of containment pressurization. The operator(2) The Chexal-Layman correlation is based on
could terminate the recriticality event by initiation of conditions at rated reactor pressure. At low
the SLC system or mitigate the event by controllingpressure, the void fraction will be considerablythe vessel mjection flow rate. higher. This causes the power level to be<

substantially reduced at low pressure. Many of the
To bound the impact on the containment, a recovery scenarios will occur with the vessel at

calculation was performed to determine the earliest timelow pressure. For these cases, the use of Chexal-
at which the rupture disk could open given a Layman is conservative. If the vessel is at highO
recriticality event. This time indicates the time pressure, the LPFL systems will not have!

available to terminate recriticality via the stand.by sufficient head to inject and the power level willk
liquid control system or, as a minimum, to reduce the be lower than that calculated here.
power level via flow control and slow the rate ofpressunzauon. (3) It is highly unlikely that the all of the ECC

*

systems will be recovered at the same time. As
MAAP was not designed to analyze recovery shown in Sectian 19D.5, the dominant core

scenarios. The model does not contain criticality damage event in the ABWR is initiated by a
models, nor can it assess power associated with a transient with fainre of all core cooling (Classes
degraded core configuration. However, with or,e minorIA and ID). These sequences represent about 70%
modification, it is possible to force an ATWS to occur of all core damage events. The simultaneous
late in an accident which, in effect, is a recriticalityrecovery of all ECC systems is not credible for
event with the entire core uncontrolled. MAAP-ABWRthese scenarios. At a given pressure the power
includes the Chexal-Layman correlation for power level is directly proportional to the flow rate.
during an ATWS. This result will bound the power Thus, the power should be about one fifth that
generation in a recriticality event. given here since it is highly likely that only one

ECC systemis recovered.

The low-pressure core melt scenario discussed
above was used to esumate the time to ruptus disk(4) Esen if all injection systems were to inject, the
openmg during a recrm*y event. It was assumed that operator is instructed to reduce the core flow if the
recovery of injection occurred at approximately 50 power rises above decay heat level. Studies of
minutes. In order to determine the minimum time toATWS at high pressure have shown that tbc use
upture disk operation, all of the LPFL and HPCF of flow control will reduce the power to about

r
s
ystems were presumed to be available. A full ATWS 4%. Analysesperformed for the s' cess criteria inx
ondition was forced at the time of injection recovery.Subsection 19.3.1.3.l(2) show that the

c
B

ased on the Chexal-1.ayman correlation MAAP- containment can be maintained below ServiceA
BWR predicts a power levt.1 of 15E The containmentLevel C by use of flow control and the
ressurizes to the rupture disk serpoint about 55 containment heat removal system (Reference 30).

q p
x} minutes after recovery of injection. During this time

:

Amd q
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Thus, one hour is a very conservative estimate of coolant interactions are most likely to challenge the

the ume until the opening of the rupture disk. It is containment when molten debris falls into water.
I

Examination of the containment event trees indicatesexpected that the actual time until the containment that only 03% of all sequences lurce water in the lower
pressure reached the rupture disk setpoint would be drywell before vessel failure. Both the i npulse andseveral hours. If the operator initiates SLC injection as

static loads are considered. Fuel coolant interactionsdirected in the Emergency Procedures, the recriticality
(FCI) may occur either at the time of vessel failureevent would be terminated. Therefore, the risk when corium and water fall from the lower plenum of

assocuued with a recri:icality event is not judged to be the vessel, or when the lower drywell flooder opens
significant.

after vessel failure has occurred.

19 E.2.6.SJ Conclusions
Fuel coolant interactions were addressed in the

The potential for recriticality, as well as the
early assessment for the ABWR response to a severe
eccident. Subsection 19E.23.1 examined the

implications of its occurrence, was examined. It was
concluded that the ume window in which recriticality

hydrodynamic limitations for steam explosions and
concluded that there was no potential for a large scale

could occur is very small and that only a small portion steam explosion.The pressurization of the containmentof the core could become critical at any time of from non-explosive steam generation was calculated in
recovery of injection. A very conservative calculation the analyses for the accident scenarios. The following
was performed which assumed that the entire core was sections examme the available experimental data base
uncontrolled and all ECC systems were used. This for its relevance to the ABWR configuration, and
boundmg calculation indicates he containment does not provide a simple, scoping calculation to esumate the
exceed the rupture disk setpoint for at least one hour ability of the ABWR containment to withstand a large,
after recovery. It is expected that the acmal time until
rupture disk operation would be several hours. This

energetic fuel coolant imeracnon.

allows ample time for the operator to terminate the
Four potential failure modes are considered. The

ennt by use of the stand-by liquid control system or to transmission of a shock wave through water to the
mitigate the event by reducing the rate of injection to structure may damage the pedestal. Similarly, a shockthe vessel and initiating containment heat removal.
Thus. it is concluded that recriticality does not pose a wave through the airspace can cause an impulse load.

However, since the gas is compressible, the shock
significant threat to the ABWR design. wave transmitted through the gas will be much smaller

than that which can be transmined through the water.
19E.2.6.6 Debris Entrainment and Direct herefore this mechanism is not considered here. Third,
Containment Heating loading is caused by slugs of water propelled into

containment structures as a result of explosive steam
if a core melt accident occurs in which the reactor

pressure vessel is at high pressure at the time of vessel
generation. Finally, the rapid steam generation may
lead to ovew.mha:ionof thedrywell.

failure, the debris may be ent-ained out of the lower
drywell. If the debris is finely fragmented as it is The details of the analysis are presented in
dispersed, the pressure in the containment can rise Attachment 19EB. The studies show that the limiting
rapidly. This process is called direct containment loading mechanism is the shock wave transmitted to
heating (DCH). The magnitude of the pressure rise is the structure. Using a conservauve bound for the
dependent on the amount of debnis involved in the impulse load capability of the pedestal, the structureevent. If a large fraction of debris panicipates in the

can withstand the loads associated with a steamDCH event the containment may be challenged. Since
explosion involving 9.5% of the core mass. This is

j
1

this would lead to an early failure of the containment
three times the mass of a credible fuel coolantstructure in the drywell. De fission product releases interaction in the ABWR. Therefore, the ABWR

from this type of scenario are judged to be high.
herefore,it was decided to bypass the per*mse of a pedesta! is very resistant to fuel coolant interactions.

His failure mechanism need not be considered furthersensitivity study for this case and perform a detailed in the containment event trees or the uncertainty
uncertainty analysis. He results of this uncertainty
analysis can be found in Subsection 19E.2.7.1.

analysis.

19E.2.6.7 Fuel Coolant Interactions

Challenges of the containment durmg a severe
accident may result from fuel coolant interactions. Fuel

19E.242.11
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( ,l 19E.2.6.8 Core Concrete Inte action and containment have an estimated failure pressure of

Debris Cootability 180 psig. Thus, it is expected that most fission
product releases will be via the rupture disk.

The issue of debris coolability has lor,g been an
area of considerable uncertainty in the progression of a A fragility curve for the drywell head Figure
core melt accident. In de ABWR design the lower 19FA-1, shows the uncertainty in the failure pressure

drywell floor area is large in order to facilitate the for the drywell head. The uncertainty of the rupture
spreading of the core debris. The firewater addidon pressure for the COPS is very small as discussed in
system, as well as the passive flooder design, ensure Subsection 19E.2.8.1.1 and 19E.2.8.1.2. Integrating
that debris will always be covered by water in the event over these two distributions, one can determine the j

of a severe accident. probability that the drywell head fails before the COPS ;

iactuates. Because of the pressure difference between tfu

However, experiments performed to date have been wetwell and the drywell, two cases must be considered.

unable to provide conclusive evidence th31 these For sequences in which the firewater system is used and

features cool the debris sufficiently to prevent core water is added to the containment, as described in

concrete interaction from occurring. If core concrete Section 19E.2.2, there is approximately a 5% chance !

interaction were to continue unabated, there are two that the drywell head will fail. For sequences without |

possible challenges for the ABWR containment design. water addition to the containment, the drywell head |

First, the generation of non-condensible gas would failure probability is about 2%. These probabilities are |
contribute to the slow pressurization of the used in the quantification of the containment event trees ;

containment, even if cantainment heat removal is in Section 19D.5. !

available. Second, if the concrete were eroded to a
sufficient depth, the pedestal walls could be weakened 19 E.2.6.10 Fission Product Release Flow ,

to the poast that the vessel was no longer sufficiently Area |
supported. If the vessel then tipped or fell, the piping |

attached to the vessel could cause the containment The presence of the COPS serves to substantially ;
I( penetrations to tear, most likely in the drywell region reduce '.he uncertainties associated with the flow area for

of the containment. release of fission products from the containment. In the i

unlikely event that fission products are released from !g
%

The time of fission product release from the the containment, the release will almost always be via j

containment for either of these mechanisms would be the COPS. Since this is an engineered feature of the l
'

fairly late but is dependent on the heat transfer from the plant, the uncertainties associated with the available
corium to the overlying pool of water. Additionally, flow area are very small. The COPS is designed to
continued core concrete interaction can lead to an allow steam flow equivalent to 3% rated power. Since
increase in the amount of fission product ielease. Since the decay heat level will be less than 1% at the time
core concrete interaction can lead to a mode of drywell COPS operation is required, it is judged that the
failure and because of the high visibility of this issue, containment response is hm ensitive to any small !

it was decided to bypass the sensitivity study and to variation in the COPS effective flow area. 4
'

perform detailed uncertainty analysis for the dual issues
I

of detris coolability and core concrete interaction. However, for the few cases discussed in Subsection
19E.2.6.9, the pressurization of the containment leads

19 E.2.6.9 Fission Product Release Location to failure of the drywell head. For these cases there is
substantial t.ncertainty in the failure area. ~1herefore,

The adoption of the rupture disk in the ABWR two sensitivity cases were analyzed. In the first case the
2

containment design serves to significantly reduce the nominal failure area of 20 square inches (.0129 m )
uncertainties in the timing, location and area of any was increased by a factor of two. In the second case the

|
fission product release. As discussed in Subsection failure area was divided by two.This broad range should

i

| 19E.2.8.1, the Containment Overpressure Protection bound any possible variations in the failure flow area.

! System (COPS) is highly reliable. The setpoint of the
rupture disk,90 psig (0.72 MPa), was selected such The results for the three cases are identical until the
that there is a very small probability that the time of drywell head failure. After drywell head failure
containment structur: fails. As shown in Appendix the basic trends of the dMa are unchanged. The

j 19F.3.1, the weakest portion of the ABWR containment pressure is larger for cases with the

!
containment is the drywell head. The median failure smaller failure area than for those with larger areas.

[ pressure of the drywell head is estimated to be 134 psig There is also a small variation in source term for the
|| ( ,j (1.03 MPa abs). The other portions of the three cases. In the nominal case the release fraction of

(

!
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Csl is 9.7%. For the larger flow area, the release (5) Bypass leakage is present from the beginning of
fraction increases to 12.6%; while, for the smaller flow the accident and the operator initiates the firewater
area, the release drops 4.2%. Considering the upper spray system.
bound, doubling the flow area increases the release by
only 30%. Since less than 5% of all releases are a Suppression pool bypass can lead to a significant
result of drywell head failure, the change in offsite increases in fission product release. Releases can be on
consequences will be small. Therefore, no further the order of 10% for a fully stuck open vacuum breaker.
consideration of containment failure area is necessary. For sequences in a hich the firewater addition system is

used in spray mode, the time to release is not
19E.2.6.11 Suppression Pool Bypass significantly affected. However, for sequences without

sprays, the time from the beginning of the accident
The BWR containment is designed such that all until the onset of the release can be significantly

gas generated in the vessel and the drywell passes reduced. The use of the Morowitz blockage model

through the suppression pool. This serves to quench results in a significant improvement in the calculated
the steam in the gas stream, which substantially risk associated with suppression pool bypass.
decreases the pressurization rate of the containment. In Nonetheless, there is a substantial increase in
addition, any fission products carried in the gas stream consequences associated wis large bypass areas.
are scrubbed and retained in the suppression pool. Since Therefore, suppression pool bypass is examined with a

the ABWR is designed such that any fission product detailed uncertainty analysis in subsection 19E.2.7.

release is from the wetwell airspace, this substantially
reduces the risk in the unlikely event of a severe 19 E.2.6.12 High Temperature Failure of
accident. Subsection 19E.2.3.3.3(4) examined Drywell
mechanisms which could result in suppression pool
bypass, and determined that the only pathway which One of the failure modes identified for the
could significantly increase risk is vacuum breaker containment was the degradation of the seals for the
failure or leakage. The results of a sensitivity study moveable penetranons in the drywell due to high
performed to examine the impact of vacuum breaker temperature (Subsection 19F.3.2.2). In the base
performance is summarized in this subsection. Details analyses discussed in Section 19E.2.2, the only
of the analysis can be found in Attachment 19EE.3. sequences which exceeded the threshold temprature of

533 K (500 F) were those in which debris was
ne dominant severe accident sequence [ Loss of all entraired into the upper drywell and sprays were not

core Cooting with vessel failure occurring at Low available. In these cases the debris can radiate directly to
Pressure (LCLP)] was chosen to evaluate plant the upper drywell structures. For the other sequences,
performance. MAAP-ABWR runs were made with the debris is covered by water so elevated temperature in
effective vacuum breaker arca, A/VK, varying from 0 to the upper drywell is dependent on heat transfer from

22030 cm2 (315 in ). The upper bound corresponds to remaining fuel in the vessel to the upper drywell.
one fully open vacuum breaker. Five variations were
analyzed, in each case the overpressure relief ruptute To ascertain the sensitivity of the drywell
disk opened when the wetwell pressure reached 0.72 temperature to parameters which could affect it, several
MPa (90 psig). De five scenarios were: sensitivity studies were performed. All of the studier

were performed using a low-pressure core melt
(1) Bypass leakage begins after passive flooder sequence. The LCLP-PF-R-N sequence, with passive

activation; aerosol plugging is neglected. flooder operation, was selected since cases with
firewater spray available are not expected to result in

(2) Bypass leakage is present from the beginning of high drywell temperatures.

the accident; aerosol plugging as neglected.
In the first calculation performed, the mass of

(3) Bypass leakage begins after passive flooder equipment in the drywell was decreased to reduce tne
activation; aerosol plugging of the vacuum thermal mass in the upper drywell. The mass was
breaker opening is considered, arbitrarily dhsed to half of the nominal value used in

the base analyses. The temperature in the upper drywell

(4) Bypas, leakage is present from the beginning of at the tirne the rupture disk opened decreased from its

the accident; aerosol plugging of the vacuum nominal value of 500 K (441 F) to 487 K (418 F).
breaker opening is considered. Whi!e this result is somewhat counterintuitive,it can

be easily explained. In the early stages of the accident,
the temperature in the drywell is higher in the

8 19E.2-42.13Amendment $
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C sensitivity case. This results in a small increase in the
amount of fuel which tr;elts and relocates into the lower pool for all species of interest except the noble gasses

which have a DF of 1.0.
drywell. Consequently, there is less heat generation in
the vessel and less radiative heat transfer to the upper
drywell. The overall containment performance is not in order to investigate the sensitivity of the offsite/

affected by the slight decrease in temperature. consequences of a severe accident to the suppression
pool decontamination factor, a simple sensitivity study,

A second analysis was then performed in which the was performed. The MAAP-ABWR code was modified

mass of equipment in the upper drywell was increased to allow a constant DF to be input for al! species
by a factor of two. In this case the upper drywell except the noble gasses. Two calculations were then

temperature at the time of rupture disk opening is
repeated assuming a conservative DF of 100. None of
the other fission product removal mechanisms were

virtually unchanged from the nominal case. In the very affected by the change.
long term, well after the rupture disk opens, there is a
slight increase in temperature compared to the nominal
case as one would expect based on the previous result. The two cases selected for study were both low-

However, there is no significant impact on containment pressure core melt sequences. In the first sequence,
perfonnarx:e LCLP-FS-R-N, the firewater system is assumed to be

available, while in the second case, LCLP-PF-R-N, the

The final sensitivity case performed considered the passive flooder operated to cool the debris. Both cases

impact of increasing the convective heat losses from indicated a significant increase in the fission product

the vcssel to the drywell 50% above its nominal value. release. For the case with the firewater system
A slight increase in the upper drywell gas temperature

available, the fraction of Csl release increased from

was observed in this case. At the time the rupture disk 1.5E-7 to 1.2E-3. For the case with the passive flooder

opened. the upper drywell temperature was 505 K the results were similar, the Csl release increased from
1.2E-7 to 1.6E-3.

(450 F) as compared to 500 K (441 F)in the nominal
case. The overall containment performance is not4

affected by this slight change. CRAC cases were run in order to determine the
t effect of these changes on the consequences of release.

In summary, the three sensitivity studies performed The resuhs of this calculation are shown in Figure\

to assess the sensitivity of the drywell temperature to 19E.2-21. Case 1 is the nominal case and Case 4 uses
the detailed modeling assumptions indicate that the the release fractions from this sensitivity study. The

ABWR is not sensitive to those parameters which conditional probability of exceeding the offsite dose
indicated on the x-axis is shown. The probability of theaffect drywell temperature. Therefore, no further study
dose is dependent on the weather. The curve shows thatof this area is necessary.
there is virtually no impact until a conditional

19E.2.6.13 Suppression Pool probability of 0.04. Thus, there will not be a
Decontamination Factor significant impact on offsite dose, even for this very

conservative DF of 100. Thus,it has been shown that
the consequences of a severe accident are not veryFrom the standpoint of severe accidents, one of the sensitive to variation in the suppression pool

rnost important features of a pressure suppression
decontamination factor. No further consideration of thiscontainment is the suppresAion pool. The suppression phenomena is required in uncertamty analysis.

pool not only quenches any steam which enters it,
reducing the rate of containment pressurization, it also
traps the fission products carried with the gas flow.
' Itis piecess, known as scrubbing, significantly reduces
the amount of fission product aerosols available for
release from the containment.

The efficiency of the scrubbing process is typically

charactenzedi terms of a decentamination factor (DF)
defined by the mass of debris which enters the pool
divided by the mass of debris which leaves the pool.
MAAP-ABWR uses correlations based on the SUPRA
code to calculate the DF. These correlations typically
result in very high retention of fission products in the\,
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failure due to DCH is very low, there is no ceasurable
19E.2.7 Detailed Phenomenological

impact on offsite dose.
Uncertainty Studies

19E.2.7.2 Debris Coolability

19 E.2.7.1
Direct Containment Heating

The issue of debris coolability has long been an
Direct Containment Heating (DCH) is the sudden area of considerable uncertainty in the progression of a

heatup and pressunzation of the containment resultingcore melt accident. In the ABWR design, the lower
from the fragmentation and dispersal of core matenalin drywell floor area is large in order to facilitate the

,

the containment atmosphere. DCH is a concern for spreading of the core debris. The firewater addition
sequences in which the vessel fails at high pressure system, as well as the passive flooder design, ensure
since the steam flow from the vessel provides the that debris will always be covered by water in the event

motive force for entrainment. In the event of aof a severe accident.
sufficiently large DCH event, the containment could
fail at the time of vessel failure. This would lead toHowever, experiments performed to hte have been

very high releases to the emironment. In the ptst DCHunable to provide conclusive evidence that these
has been addressed for Pressurized Water Reactors.features cool the debris sufficiently to prevent core
BWRs have very reliable vessel depressurization concrete interaction from occurnng. If core concrete
systems. Thus, the frequency of accidents with the interaction were to continue unabated, there are two
vessel remaining at high pressure is extremely low. Possible challenges for the ABWR contairunent design.
However, with the many sources of low-pressure First, the generation of non-condensable gas would
injection available to the ABWR to prevent core ca ribute to the slow pressurization, even if
damage, the frequency of all core damage sequences %containment heat removal is available. Second, if the
very low. Herefore, high pressure core melts appear as concrete were eroded to a sufficient depth, the pedestal
contributors to the total core damage frequency, albeit walls could be weakened to the point that the vessel
wnh a very low probability. was no longer sufficiently supported. If the vessel then

tipped or fell, the piping attached to the vessel coulo
A detailed uncertainty analysis utilizing cause the containment penetrations to tear, most likely

decomposition event trees (DETs) was performed to in the drywell region of the containment. Additionally,
assess the peak drywell pressure resulting from a DCH continued core concrete interaction can lead to an
event. His analysis is given in Appendix 19EA. A in Jease in the amount of fission product release.

large number of calculations were performed to
determine the impact of DCH on the probability of A detailed uncertainty analysis utilizing
containment failure and offsite risk. The analysis decomposition event trees (DETs) was performed to
investigated uncertamties in a variety of phenomena. detennine the potential for continued core concrete

interaction and its impact on the contamment response.

(1) Mode of vesselfailure, This analysis is given in Appendix 19EC. A large
number of calculations were performed. These

Mass of molten core debris at the time of vesselcalculations addressed uncertainties in the following
(2)

failure, parameters-

(3) Potential for high pressum melt ejection, 0) Amount of core debris,

(4) Fragmentation of debris in the containment. (2) Debns-to-water heat transfer,

Additional sensitivity studies were performed to (3) Amount of additional steelin the debris,
examine other phenomena which could affect DCH.
The study concluded that a deterministic best esttmate (4) Delayed floodmg of the lower drywell,
for the peak pressure from DCH would not lead to

(5) Fire water injecuon instead of passive flooder.containment failure. Consideration of the uncertamtics
in the phenomena lead to an estimated CCFP of 0.1%
for all core damage events. Additional sensitivity The conclusion from all of these uncertainty
analyses were considered which ind.icate that an upper calculations were:
bound on the impact of DCH is 1.5%. Even in this I
limiting case, the probability of DCH failing For the dominant core melt sequences that release0)containment is well below the goal of 10%. core material into the containment,90% result in j

Furthermore, since the probability of containment

19E.2-42.15
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no significant CCI. An insignificant number of low probabilities of occurrence. No leakage and, '' <

i
sequences are expected to experience dry CCI. correspondingly, no impact on plant risk is expected to

occur for almost all (approximately 98 percent) of the I
'

(2) Even for those low frequency cases with accident demands. Small amounts of leakage have a

significant CCl, radial erosion remains below the probability of 1.8 percent per event, and can result in i

structurallimit of the pedestal. After consideration medium volatile fission product releases (one to ten

of uncertainties only 1.5% of the sequences with percent of initial inventory). Volatile fission product

significant CCI will suffer pedestal failure. releases on the order of 10 to 20 percent of initial

Combining this conclusion with the first. only inventory can result when large amounts of suppression

0.15% of all core melt sequences with vessel pool bypass are present. However, the impact on plant

failure will lead to additional drywell failures as a risk is still negligible because the pmbabili y of larget

resultof CCI. leakage is only 0.39 percent. e

(3) The time of fission product release is not ,

sigmScantly affected by continued CCI. ,

(4) The fission product release is dominated by the
noble gasses when the containment overpressure
protection system operates. This conclusion is
utiaffected by assumptions on debris coolability.

t |
; Therefore, the offsite dose for sequences with
! rupture disk operation is not impacted by core |

!

concrete anack.

These conclusions would indicate that the ,

uncertamties associated with CCI have an insignificant
influence on the containment failure probability and ;

i

risk.

19E.2.7.3 Suppression Pool Bypass ;

Suppression pool bypass (the passage of gas and
vapor from the drywell directly into the wetwell
airspace) can lead to increased fission product releases.

.

As shown in Subsection 19E.2.3.3.3(4), the only mode
of suppression pool bypass that has the possibility of
significantly increasing risk is vacuum breaker leakage.
Attachment 19EE determined the probabilities and
consequences for vacuum breaker leakage areas from
zero to that corresponding to one vacuum breaker stuck
fully open.

F;ssion product release fractions were determined
with MAAP-ABWR using the dominate accident
sequence [ Loss of all core Cooling with vessel failure
occurrmg a Low Pressure (LCLP)] modified to include
a path between the drywell and the wetwell atrepace.
Plugging of leakage paths by fission products was
considered for small pathways. Tr*ye probabilities
were determined by reviewing recent operadng
experience of werwell to drywell vacuum breakers in
BWRs with Mark I, II and III containments.

Suppression pool bypass does not significantly add
to the risk associated with the ABWR because them
bypass areas resulung in increased releases are offset by

19E.2 42.16Amendment L
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19E.2.8 Severe Accident Design penetrations in the drywell rather than drywell head |

Feature Considerations failure.). To compare the consequences of severe
accidents resulting in fission product releases via
drywell head failure to those with releases through the

Ahhough the frequency of core damage is very low COPS, MAAP was used to simulate a series of severe
in the ABWR design, features were added to the desicn
to ensure a robust response of the containment to'a

accident sequences for both release mechanisms. These
severe accident sequences are described in Section

severe accident. This section discusses the important 19E.2.2. Failure pressure of the drywell head was
iconsiderations for the severe accident design features. assumed to be equal to its median ultimate strength, i

1.025 MPa (134 psig). The results of these runs show !

19E.2.8.1 Containment Overpressure re cases of volatile fission products, after 72 hours, for !

Protection System the COPS cases to be several orders of magnitude less'

than for the corresponding drywell head failure cases.
ABWR has a very low core damage frequency. The Csl release fractions are compared in Table*

Furthermore, in the unlikely event of an accident 19E.2-25. Most accident sequences show this large
resulting in core damage, the fission products are difference in releases between drywell head failure and
typically trapped in the containment and there is no COPS cases..

release to the environment. Nonetheless, in order to
,

mitigate the consequences of a severe accident w;hich 19E.2.8.1.1 Pressure Setpoint
results m the release of fission products and to limit the Determination

,

effects of uncertainties in severe accident phenomena,
ABWR is equipped with a Containment Overpressure Several factors were considered in determining the
Protection System (COPS). His system is intended to ptimum pressure setpoint for the ruptnre disk. The i

provide protection against the rare sequences in which results of the previous analysis shov that it is desirable
'

structural integrity cf the containment is challenged by to avoid drywell head failure. This can be assured by
overpressurization..it has been determined that these providing a rupture disk pressure setpoint below the
rare sequences comprise only 16 percent of the pressure that would begin to challenge the structural ,

hypothesized severe a::cident sequences. integrity of the containment. However, as the pressure
setpoint is reduced, the time to containment failure and '

ne COPS is part of the atmospheric control fi3si n product release is also reduced. Thus, the
system and consists of two 8-inch diameter setpoint of the rupture disk must optimize these
overpressure relief ruptme disks mounted in series on a Compenns factors: minimizing the probability of
14-inch line which connects the wetwell airspace to the drywen head faHure wMe maxu,nizing ume W

,

stack. The COPS provides a fission product release fission product release to the environment.
point at a time prior to containment structural failure.

. iThus, the containment structure will not fail. By he service level C capabih.ty of the contamment ;

engineering the release point in the werwell atrspace, smes as one indication of the structural imegrity of the
the escaping fission products are forced through the c ntainment. As shown in Appendix 19F, the service

,

sty pression pool. In a core damage event initiated by a level C for the ABWR ts 97 psig, hmited by the
,

transient in which the vessel does not fail, fission drywell head. Thus, tt is desirable to set the rupture
products are directed to the suppression pool via the disk setpoint below this value.
SRVs, scrubbing any potential release. In a severe

; accident with core damage and vessel failure or in a He distribution of drywell head failure pressure
LOCA which leads to core damage, the fission prodacts and the distribution of rupture disk burst pressure were

'

will be directed fmm the vessel and drywell through the'

also considered m, determmmg the burst pressure. As
drywell connecting vents and into the suppression pool stated , Anachment A to Appendix 19F, the drywellm
again insuring any release is scrubbed. Eventually, if head failure pressure is assumed to have a lognormal
the containment pressure cannot be controlled, the distribution with a median failure pressure equal to its
rupture disk opens. Any fission product release to the ultimate strength of 1.025 MPa (134 psig). The
environment is greatly reduced by the scrubbing variability of rupture disk opening pressures is best
provided by the suppression pool modeled with a normal or Gaussian distribution.

,

Typical high quality rupture disks exhibit a tolerance of
In the absence of the COPS, unmitigated 5% of the mean opemng pressure. Tests have showm

overpressurization of the containment will resch in that this 5% tolerance spans 2 to 12.5 standard
failure of the drywell head for most severe accident deviations of the rupture disk population.Th,s analysisi

scenarios (Some high-pre-sstue core melt sequences of the Containment Overpressure Protection System
result in fission product leakage through the moveable

19E.2 42.17
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conservatively assumes that only 12 standard deviations The elapsed time to rupture disk opening was
are included within the :S tolerance. within 0.8 hours of the base case value of 20.2 hours

for bcth cases tested. Higher rupture disk temperatures
A critical parameter in determining the risk of (i.e. lower pressure setpoints) reduce the time to rupture

drywell head failure before rupture disk opening is the disk opening and lower rupture disk temperatures (i.e.
pressure difference between the drywell and wetwell. higher pressure setpoints) increase the time to rupture
Late in an accident the drywell is at higher pressure disk opening. There were no significant changes in
than the werwell. For a given rupture disk serpoint, the fission product release. For both cases the Csl release
probability of drywell head failure increases as the fraction at 72 hours remained less than IE-7.
pressure difference increases. The maximum drywell to
wetwell pressure difference is 0.1 MPa (14 psi). This Another parameter affected by the variation in the
pressure difference occurs for cases in which firewater rupture disk temperature is the probability of drywell
spray was activated after vessel failure but terminated head failure prior to rupture disk opening in a severe
before containment failure. Cases without firewater accident. Using the rupture disk and drywell head failure
spray have pressure differences of no more than 0.05 distributions,it was determined that the probability of
MPa (7 psi). drywell head failure prior to rupture disk opening (

increased from about 2% for the base case to about 3%
A rupture disk setpoint of 0.72 MPa (90 psig) at for the case with the rupture disk temperature of 311 K

366 K (200 F) was chosen. The residual risk of drywell (100 F). With a rupture disk temperature of 422 K
head failure may be calculated by combining the two (300 F), the probability decreased to about 1.5%. The
distributions with an offset corresponding to the rupture disk temperature variation has a similar effect
pressun difference between the wetwell and the drywell. on the severe accident sequences in which the firewater
A 90 psig serpoint results in a 5% probability of spray system is activated. The probabiiity of drywell
drywell head failure prior to rupture disk opening for a head failure prior to rupture disk opening increases fro.u
0.1 MPa (14 psi) drywell to wetwell pressure about 5% for the base case to about 6.5% for the case (difference. For a drywell to wetwell pressure difference with the rupture disk temperature of 311 K (100 F) and \

I
of 0.05 MPa (7 psi), the drywell head failure decreases to about 4 % for the case with the rupture disk
probability prior to rupture disk opening is 2%. This temperature of 422 K (300 F).
is judged to be an acceptable level of risk.

The results of this sensitivity study show that
19 E.2.8.1.2 Variability in Rupture Disk vriations in rupture disk temperature, which cause
Setpoint small variations in rupture disk opening pressure, have

a minor effect on the performance of the ABWR
Nickel was chosen as the material for the rupture Containment Overpressure Protection System.

disk for evaluation purposes due to its relative
insensitivity to changes in temperature. At 19 E.2.8.1.3 Sizing of Rupture Disk
temperatures above room temperature the opening
pressure of a typical nickel rupture disk will decrease oy The size of the rupture disk has also been
about 2% for a 56 K (100 F) increase in temperature. optimized. If the rupture disk is too small, it could be
Thus, in order to estimate the uncertainty due to incapable of venting enough steam to prevent further
variations in the temperature of the ABWR rupture containment pressurization. On the other hand,if the
disk, a sensitivity study was performed in which the rupture disk is too large, level swell in the suppression
pressure setpoint of the rupture disk was varied. pool could introduce water into the COPS piping. If

this were to occur, the piping could be damaged or there
The nominal pressure setpoint of the rupture disk could be carryover of waterborne fission products from

is 0.72 MPa (90 psig) at 366 K (200 F). Two cases the containment.
were examined using MAAP in this sensitivity study.
For both cases the LCLP-PF-R sequence was used as An eight-inch rupture disk was selected. This is
the base case. First, the rupture disk pressure setpoint sufficient to allow 35 kg/sec of steam flow at the
was reduced to 0.708 MPa (88 psig) which corresponds opening pressure of 90 psig (0.72 MPa-a) and
to a rupture disk temperature of 422 K (300 F); and, corresponds to a energy flow of about 2.4% rated
second. the pressure setpoint was increased to 0.735 power. For vinually all severe accident sequences, the
MPa (92 psig) which corresponds to a temperature of rupture disk would not be called upon until about 20
311 K (100 F). This temperature range, from 311 to hours after scram. The decay heat level at this time is][; 422 K (100 to 300 F), bounds all anticipated rupture less than 0.5%. Thus, there is ample margin in the> disk temperatures. sizing of the rupture disk for severe accidents.

~
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An additional accident was considered in the
drywell head failure. In the 3.9 hours between rupture '

selection of the rupture disk size. In the event of an
disk opening and hypothetical drywell head failure for

ATWS with the additional failure of the standby liquid
the LCLP-FS sequence, the probability of recovering
RHR capability is only 4% (see Subsection 19.3.2.7).

control system, the operator is directed to lower water This represents the probability that the COPS was
level to control power. Analysis has shown that the

opened unnecessarily since RHR would have been
RHR system is capable of removing the cnergy recovered in this time period.
generated by the ATWS from the containment <

(Subsection 19.3 1.3.1). If the additional failure of
containment heat removal is assumed, a simple

For cases with passive flooder operation, the

calculation indicates that an the rupture disk area is just fission product release occurs about 6 to 8 hours sooner

sufficient to Itmit the containrr."it pressure below than it would have if the drywell head was allowed to
pressurize to 1.025 MPa (134 psig). For the range of

service level C. severe accident sequences described in Section 19E.2.2,

Calculations were also performed to investigate the the probability of RHR recovery in a similarly defined
time window is about 11%.potential effects of pool swell and fission product

carryover at the time of COPS operation. These For both cases, there is a small probability that f
analyses (Subsection 19E.2.3.5) indicate that pool

RHR will be recovered before the time at whichswell does not threaten the integrity of the COPS
piping and that no significant entrainment of fission

containment would fail if the rupture disk setpoint has
been surpassed. In light of this fact and given the

products will occur due to carryover. difference in magnitude of the fission product release,it
is clearly preferable to direct the fission products

19E.2.8.1.4 Comparison of ABWR
Performance With and Without COPS

through the rupture disk. =

The results of the MAAP calculations for the 19 E.2.8.1.5 Suppression Pool Bypass

various accident scenarios were investigated in Section

19E.2.2 and the releases are summarized in
A comparison of performance 1er cases with

Table 19E.2-25. Comparisons of Csl release fraction at suppression pool bypass flow through an open vacuum

72 hours show large differences between the COPS and breaker valve was also considered. Cases were run with2

drywell head failure cases. Csl release fraction at 72 bypass effective area varying from 5 to 2030 cm
(.0054 to 2.19 ft ). A fu!!y open vacuum breaker has2

hours for drywell head failures is on the order of 0.1%
to 15%. For all cases with release via the COPS, an effective area of 2030 cm . 7he dominant the Loss

MAAP predicts release fractions of less than IE-7. of All Core Coolant with Vessel Failute at Low
Table 19E.2-26 summarizes several critical parameters Pressure sequence was considered with Passive Flooder

for the dominant low pressure core melt scenario. Operation since previous analysis hts shown that the
firewater system is capable of mitiganag bypass.

There is, of course, some reduction in the elapsed
time to fission product release for the COPS cases No credit was taken for aerosol plugging of the

when compared to the drywell head failure cases. For bypass leakage in this analysis; and, therefore, the

the dominant accident sequences in which the operator results are conservative. Also, it was assumed that the

initiates the firewater spray system prior to bypass leakage was present from the beginning of the

overpressurization, the time difference between rupture
accident sequence. As the bypass area increases, the

disk opening and drywell head failure is only 3 to 4
fraction of fission product aerosols which pass through

hours. A typical example is the Loss of All Core the suppression pool decreases. Thus, the benefit of a

Coolant with Vessel Failure at Low Pressure with
wetwell release of fission products is significantly

Firewater Spray addition sequence (LCLP-FS), as reduced as the bypass area increases.

described in Subsection 19E.2.2.1. For this sequence 2
the werwell pressure will reach 0.72 MPa (90 psig) and For bypass effective areas less than 50 cm (.054

ft ), Csl releases at 72 hours from the COPS cases2
the rupture disk will open at 31.1 hours. Without the
rupture disk, the drywell will reach 1.025 MPa (134 were smaller than for the corresponding drywell hold

failure cases. However, the differences in Csl releases at
psig) at 35.0 hours. 72 hours were only factors of 2 to 4 rather than several

The potential for increased risk due to the rupture
orders of magnitude. The time difference between

disk opening early has been considered. It is assumed drywell head failure and rupture disk opening was 4 to 8

that recovery of RHR capability is sufficient to hours for these small bypass areas. For bypass effective
22 (.054 ft ), Csl release

terminate containment pressurization and prevent areas greater than 50 cm

19E.2-42 M
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fractions at 72 hours are on the order of 10% for both reduced as a result of the COPS implementation into' '
the drywell head failure cases and the COPS cases. One the design.
the other hand, the time difference between rupunt disk

,

I

| opening and drywell head failure is only 2 to 4 hours 19 E.2.8.2 Lower Drywell Flooder
i for these larger bypass areas. These relatively small

! time differences will not significantly affect the 19 E.2.8.2.1 Introduction
magnitude of the offsite dose. Attachment 19EE has a
complete discussion of suppression pool bypass flow This section provides the bases for sizing the lower
through vacuum breaker valves. drywell flooder system.Re system is described in detail

in Section 9.5.12 of the ABWR SSAR.
19 E.2.8.1.6 Summary

The lower drywell flooder provides an alternate
A wetwell presstue serpoint of 0.72 MPa (90 psig) source of water to the lower drywell once it contains,

|

for the overpressure relief rupture disk meets the design core debris. nc primary water source is the firewater
goal.ne probability of containment structural failure addition system. Water present in the lower drywell
is mmimized while maximizing the time to fission cools the core debris and establishes a water pool above

|
product release in a severe accident. The 5.1% the debris. Water absorbs heat by first heating up to
maximum probability of containment structural failure saturation conditions and then boiling away. Debris
if the pressure reaches the rupture disk setpoint in a cooling requires that the water absorb the heat generated
severe accident. combined with the already low core in the debris bed and the latent and sensible heat released
damage frequency and reliable containment heat by the debris as its temperamre decreases. Quenching
removal, produces an extremely low probability of prevents or mitigates core concrete interaction (CCl).:

significant fission product release. 'n addition, the An oserlying water pool also scrubs fission products
! elapsed time to rupture disk opening is greater than 24 which may be released from the debris bed.

hours for most severe accident sequences.
The flooder system is comprised of ten piping

[s\ The net risk reduction associated with the lines. Each line originates in one of the ten vertical

| implementation of the COPS system in the design of pipes which are part of the drywell to wetwell
I the ABWR is summarized in Table 19E.2-27 and connecting vent system. The vents are arranged

Figure 19E.2-22. All sequences which would result in symmetrically around the perimeter of the lower
COPS operation were assumed to lead to failure of the drywell. The flow through each flooder line will be
drywell head. This may slightly overpredict the initiated by triggering a fusible plug at the line exit
probability of drywell head failure since there will be (lower drywell side). Since four inch diameter fusible
somewhat more time available for the recovery of disks may be commercially available, the flooder line
containment heat removalif the COPS system were diameter was chosen as fourinches.
not present. Table 19E.2-26 indicates a low probability
or RHR recovery in the interval between the time of ne teflon disk resides between the stainless steel
COPS initiation and the time of drywell head failure if disk and the fusible plug in the flooder valve. Its
COPS were not present. For the case with firewater purpose is to insulate the fusible plug from the ;

addition to the containment, the probability of RHR relatively cold suppression pool water. If insulation ;

recovery during the period of interest is 4%. Therefore, was not provided, melting of the plug might not be l

no significant error is introduced into the calculation. uniform and operation of the flooder valve might be
impatred. De disk will not melt or stick in the valve

Table 19E.2-27 indicates that the probability of because teflon has a softening temperature of
drywell head failure increases by a factor 50 for approximately 400'C and a maximum continuous
sequences with core damage (Classes I and III) if the operating temperature of 288 C both of which are
COPS system is not present. For Class II sequences * above the plug melting temperature of 260 C.
the loss of containment heat removal may lead to cme Furthermore, teflon has high chemical resistance and
damage for those sequences which have drywell head will not adhere to the stainless steel plug nor the
failure. Since the probability of drywell head failure fusible plug.
increases by a factor of 100 without the COPS system,
the core damage probability associated with Class D Re minimum acceptable flow rate for the flooder
events also increases by a factor of 100. Figure system corresponds to the flow rate which cr.n just

O 19E.2 22 shows the probability of exceedence versus absorb the heat generated in the debris bed. Minimum

( whole body dose at 1/2 mile for the ABWR and for the acceptable flow is calculated in Section 19E.2.8.2.2.
L ABWR without the COPS system. The offsite dose is ne expected flow rate in the flooder system can be

19E.2 42.20
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The expected flow rate in the flooder system can be acuve, this system flow corresponds to a minimum
obtained by applying Bernoulli's equation to the flooder individualline flow of 2 liters /sec.
geometry. This calculation is presented in Section
19E.2.8.23. 19E.2.8.2.3 Expected Flooder Flow Rate

19 E.2.8.2.2 Minimum Acceptable Flow The flow rate through the flooder system will be
Rate govemed by the flow area, the hydrostatic driving head

and head losses in the lines.
Heat is generated in the debris bed by fission

product decay and zirconium oxidation. Any flooder De flow area depends on the diameter of the flooder
flow in excess of the amount required to remove lines and the number of lines that are participating.
generated heat will participate in quenching the debris Assumi'g that one flooder fails to operate, the flow area
and establishing a water pool above the debris bed. As is
shown in Attachment 19EC, the time required to quench
the debris is not a critical parameter in detennining

n ,iAr = 7 ng (1)dcontainment performance. Therefore, the minimum
acceptable flow rate for the lower drywell flooder system
is the rate which will completely absorb all the heat 2
generated in the debris bed. = 0.073m

The decay heat generation rate at the time when where dr = diameter of lines (0.1016 m. 4 in), and

debris is expected to first enter the lower drywell during
credible accident scenarios is approximately one percent n, = number of lines (9, assuming one fails).
of rated power (39 MW). Thirty-nine megawans can be
used as a first approximation of the decay beat ne elevadon of the flooder line exit below the
generation rate of the debris bed in the lower drywell. water level in the drywell-to-wetwell connecting vents
This assumption is highly conservative because the determines the hydrostatic head, see Figure 19E.2-23.
entire core mass will never completely relocate into the Due to steaming in the drywell, the drywell pressure is
lower drywell. Furthermore, noble gasses and volatiles greater than the wetwell pressure and the water level in
will escape from the molten debris, carrymg away the the drywell-to-wetwell connecting vents is assumed to
decay heat associated with these two constituents be depressed to the bonom of the first row of horizontal
(approximately 20 percent of the total). vents. This leaves a hydrostatic head, az, of 0.375

meters to the inlet of the flooder lines.
Heat can also be generated in the bed by exothermic

reactions of the debris constituents. The most energetic Form and frictional head losses decrease the flow
reactions involve oxidation of zirconium by water vapor through the flooder lines. Form losses are due to
and carbon-dioxide. The only source of significant entrance and exit effects as well as the 90 elbow and
amounts of oxidizing agents is the concrete beneath the valve. A loss coefficient, k, of 3 conservatively
debris bed. The water above the bed will not contribute accounts for all the head losses in the flooder system.
significantly to oxidation because the surface of the bed
will form a crust which will quickly be depleted of Applying Bernoulli's equation to steady,
zirconium. NUREG-5565 indicates that a typical irrotational flow and assuming that the level of the
ablation rate for concrete is two inches per hour. The suppression pool does not change (sine. $ .:rface area
generation rate, assuming that the H O and CO2 of suppression pool is much greater than the flooder2

,

' released during ablation completely react with flow area) yields a flooder flow iate of
zirconium, is 3.6 MW. Combining these two sources
of heat yields a debris bed heat generation rate of 43 2gaz

i = Ar (2)MW. n 1+k
Thc heat absorption capability of the suppression

3 3pool water is 2,350 hU/m . Therefore, the minimum = 0.099m /sec
acceptable flow rate for the lower drywell flooder system

3is 0.018 m /sec (18 liters /sec). Assuming a four inch where i is the total volumetric flow rate through ninetthroat as discussed in Section 19E.2.8.2.3, this flow lines and g is the acceleration of gravity. For a liquid
can be provided by two lines of the lower drywell density of 980 kg/m , this corresponds to a system3

flooding system. Alternatively,if nine flooderlines are flow rate of 97 kg/sec and an individual line flow rate

19E.2 42.21Amadmmt g
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O of 10.8 kg/sec. This is the expected flow rate through
Ito the flooder water, the rate and time to fill the lower

the flooder system assuming complete expulsian of the drywellare a
fusible plug and minimum hydrostatic driving head. y

tra, = 0.080m' /sec 4
19 E.2.8.2.4 Time to Fill Lower Dryuell 3

Water that enters the lower drywell provides te,, = 21 minutes
.

cooling to the debris bed. It also establishes an ,

overlying liquid layer. Neglecting u e subcooling of the The maximum heat flux from the surface of a 4

flooder water, heat transfer from the debris bed to the debris bed that has been experimentally observed (see i
2water will result in vaporization. The amount of flooder Section 19EB.2.2) is 2 hpV/m . He lower drywell has

"

flow which is vaporized is a surface area of 8825 m . Thus, the maximum cooling
rate of the debris bed, Qmn,is 177 MW. For this heat

g transfer rate, the rate and time to fill the lower drywell
0,,,= (3) ae .

Lhpgg
8

i .m. = 0.022m /sec _g
whme = volume rate at w hich flooder water is ,,,,

.

vaponzed. tu.m., = 1.3 hours
_

= heat transfer from the debris bed to in practice, this high heat flux is not expected to be
the flooder water, maintained as the debris is quenched. Noratheless, the <

time to fill the lower drywell to the elevation of the d
hrg = latent heat of vaporization of water, flooder exit will be bounded by these two values,21 (

minutes and 1.3 hours. This difference in timing will i

9 = density of water. not have a significant impact on the fission product ?
F pg

release from the containment since the steam produced 5

' 7e' amount of flooder flow which can contribute to
during debris quenching will cany any fission i products
released during this time into the suppression pool.

filling the lower drywellis

19 E.2.8.2.5 Consequences of One Flooder k
#2 * *n ~ b=P Line Opening First %

C
The time to fill the lower drywell to the exit of the Core debris that enters the lower drywell will be 1;

flwderis distributed fairly uniformly. He lower drywell floor 1
was designed so that debris spreading would not be =

-
hindered. The temperature of the lower drywell air space :2b @ and structures should be even more uniform because oft

pg
convective and radiative heat transfer from debris
material. Cooler regions will tend to absorb more heat fwhere Vs is the volume of the lower drywell below ann T N S r Su 8 n temperature edauon. 4the flooder exit. 'Ihe flooder exit will be 1.15 meters

above the lower drywell floor. The surface area to the However, if highly non-uniform debris dispersal
lower drywell floor is 88.25 m .Rus' occurs, it has been postulated that one flooder line could k

open and its operation could delay or even prevent the
3

Vs =101.5m other lines from activating. In the worst physical case. ?
the initiation of one flooder line causes crust formation _1

Flooder actuation is expected to occur without completely quenching the debris. The crust ,

approximately five hours after reactor scram durmg limits heat transfer from the surface of the debris bed. p
most severe accident scenarios.The decay heat level at Core-concrete interaction (CCI) will occur if surface ;
this time is approximately one percent (1ek) of the rated heat transfer is reduced enough.

-

power. Assuming the entire core relocates to the lower [
drywell, the debris bed will have a decay heat generation CCI results in large quantities of gases being -

9 rate,Q4, of 39.26 MW. If all of this heat is transferred formed under the surface of the crust. The gases will 6

increase in pressure due to continued generation i til 4
X,
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the crust ruptures or they escape from the edges of the expels the remainder of the plug, the stainless steel dtsk
bed. In either case, the gases will pass from the debns and the teflon disk.
bed into the lower drywell airs;nce. The passage cither
will be unobstructed with gasses exiting the debris The valve opening time is the time required to melt
above the water elevation or through an overlying layer the fusible metal in the annular groove. To estimate the
of water. Since only one flooder line is presumed active, opening time, a calculation has been made for a pure
the water layer, if it exists, will be thin and no bismuth plug. Bismuth was used because it has the
significant amount of heat will be transferred from the closest melting point to 533 K.
gas to the liquid.

Heat transfer from the surrounding stainless steel
Concrete has an ablation temperature of pipe to the plug is by conduction. Heat transfer from

approximately 1500 K. The released gases from core steam in the lower drywell to the stainless steel pipe is
concrete interaction will be at least at this temperature. by convection. The pipe also receives radiative heat
Higher temperatures may be reached by the gases as from the debris on the lower drywell floor. Heat transfer
they interact with debris material in their exit. Thus, to the bottom of the valve was neglected. The debris bed
gases enter the lower drywell air space at very high surface temperature and lower drywell gas temperature
temperature. The CCI gases will increase the were estimated using a representative MAAP.ABWR
temperature of the lower drywell air space. More flooder sequence. Using these assumptions, the valve opening
lines will become active as the lower drywell time was calculated to be less than approximately 10
temperature increases. For this reason, the activation of minutes depending on the steam absorbtivity. This is a
a single flooder line is transient condition at worst and representative time from when the lower drywell gas
is not expected to adversely affect the operation of the space reaches 533 K until the flooder line beco~mes
other lines. active.

19 E.2.8.2.6 Valve Opening Time 19E.2.8.2.7 Estimation of Net Risk

The fusible plug valve is designed to open when in order to assess the net risk of the passive 21ooder
the lower drywell temperature reaches $33 K. The system, a sensitivity study was performed using three
fusible material is made up of an alloy mixure of two failure probabilities for the passive flooder node, P. in
or more of the following metals: tin, silver, bismuth, the contsinment event trees. In these cases, the failure
antimony, tellurium, zine and copper. Alloy contents probability of the passive flooder was increased from its
are chosen so that the plug melts when its temperature base case value of 0.001 to 0.01,0.1, and 1.0.
reaches 533 K.

As indicated in Table 19E.2-28, the overall results
The melting points of the individual metals are as are not sensitive to this parameter. Failure of the

follows- passive flooder leads to an increase in the probability of
Melting Dry CCI. Thus, the probability of Dry CCI increases

Mcial Pnim 00 by one, two and three orders of magnitude, respectively
for the three sensitivity cases. However, the base case

Antimony (Sb) 903 results for Dry CCI are so small that a three order of

Bismuth (Bi) 544 magnitude increase does not impact other results
significantly.

Copper (Cu) 1356

SilvdAg) H33 The principal conclusiotu of the sensitivity studies
are: j

Tellurium (Te) 722
(1) Pedestal failure does not increase since it is

Tin (Sn) 505 dnminataA by the Wet CCI sequences.

Zine(Zn) 692
(2) De only pmbabilistic output which shows any

The basic configuranon of the fusible plug valve is significant variation is drywell head seal
shown in Figure 19E.2-24. The plastic cap has a overteingwe leakage (Pen OT) which exhibits

melting point much lower than that of the fusible plug. a two fold increase for a two orders of magnitude

Flow initiation occurs when the small annular grove, merease m the passive flooder failure probability,

2.0 mm in depth, melts. Hydrostatic pressure then and a ten fold increase for a three order of
mngninde increase.He change m, sealleakage is

Amedmem 2g 19E.2 42.23
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much less than the change in passive flooder
failure probability since high RPV pressure he ABWR has two drain sumps in the periphery
sequences with entrainment of debris to the upper of the lower drywell floor which could collect core
drywell and failure of the upper drywell sprays debris during a severe accident if ingression is not
dominate the seal leakage sequences in the base prevented. If ingression occurs, a debris bed will form
analysis. in the sump which has the ptential to be deeper than

the bed on the lower drywell floor. Debris coolability
(3) Even for the case where the passive flooder is becomes more uncenain as the depth of a debris bed

assumed to be unavailable, the probability increases. Herefore, debris should be iept out of the
associated with the Dry CCI is only 3.5E-10. sumps.
Since only the Dry CCI cases have failure of the
passive flooder, this frequency represents an upper The two drain sumps have different design
bound for the imprt of passive flooder failure on objectives. One, the floor drain (HCW) sump, collects
offsite dose. water which falls on the lower drywell floor. The other,

the equipment drain (LCW) sump, collects water
Thus,it is seen that the lower drywell flooder does leaking from valves and piping. Both sumps have

not affect net risk for probabilities above 3E-10. pumps and instrumentation which allow the plant
Therefore, no chart of the impact on risk was created. operatcrs to determine water leakage rues from various
The value of the COPS system is not in a direct impact sources. Plant shutdown is required when leakage rate
on rist. Rather, it should be viewed as a passive limits are exceeded for a certain amount of time. A
system which serves to limit the impact of uncertamty more complete discussion on the water collection
in operator actions and allows the ABWR design to system can te found in Section 5.2.5.
mitigate a severe accident in a purely passive manner.

Debris will be prevented from entering into the
19E.2.8.2.8 Summary lower drywell sumps by shield walls (corium shields)

built around their periphery. The shields will be
O The passive flooder meets its design goal of constructed from material which will prevent or
\' preventing or, at least, mitigating core concrete minimize interactions with the core debris. The shield

interruon in the lower drywell. The flow rate required for the floor drain sump will have channels at floor
to remove the heat generated in the debris bed is level that allow nearly unrestricted water flow at rates

30.018 m /see which can be provided by two of the ten on the order of and sognewhat greater than the 1dve
3flooder lines. The expected flow rate is 0.099 m /sec limits. De channels will be sized so that they plug

(nine of the ten lines active). If the expected flow rate is with core debris during a severe accident; thus
achieved, a one-meter layer of water will be ech1W4 preventing debris ingression into the sump. The
above the bed in a time between 21 minutes and 1.3 equipment drain sump will be solid. A complete
hours after flow initiation. One flooder line opening description of corium shields can be found in
first is not expected to prevent the other lines from Aurhment 19ED.
opentng during a severe accident in which significant
amounts of core debris is present in the drywell. The
flooder lines will become active whhin ten minutes of
the lower drywell gas space reaching 533 K. The
passive flooder has negligible impact on the net risk of
the plant since it provides a redundant function to the
firewater achnn syssem.

.

19E.2.8.3 Corium Shield

During a hypothetical severe accident in the
ABWR, molten core debris may be present on the
lower drywell floor. He EPRI ALWR Requirements
Document specifics a floor area of at least

20.02 m /MW to promote debris coolability. His hasg
been interpreted in the ABWR design as :. requirement

2fcr an twicted lower drywell floor area of 79 m

J
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TABLE 19E.2-1

POTENTIAL SUPPRESSION-POOL BYPASS LINES

PATHWAY BASIS FOR
NUMBER SIZE (mm) ISOLATION EXCLUSION

DESCRIPTION OF LINES FROM IQ (1 in. = 25.4 rnm) VALVES (SEE NOTES)

Main Steam 4 RPV ST 700 (AO, AO) -

Main Steam Line Drain 1 RPV ST 200 MO, MO 3
Feedwater 2 RPV ST 550 CK, CK -

Reactor Inst. Lines 30 RPV RB 6 CK -

CRD Insert / Withdraw 103 RPV RB <1 CK, MA 1

HPCF Discharge 2 RPV RB 200 CK, MO -

HPCF Warmup 2 RPV RB 25 MO, MO -

HPCF Suction 2 SP RB 400 MO 2
| Supp PoolInstrumentation 6 SP RB 6 CK 2

SLCinjection 1 RPV RB 40 CK,CK -

ROC Steam Supply 1 RPV RB 150 (MO, MO) -

RCIC Discharge 1 RPV RB 150 CK, MO 5
RCIC Min. Flow 1 SP RB 150 MO 2

]
RCIC Suction 1 SP RB 200 MO 2
RCIC Turbine Exhaust 1 SP RB 350 MO, CK 2

' O RCIC Vac Pump Discharge
RCIC Turb. Exh Vac Ekr 1 SP RB 40 CK, CK 2

1 SP RB 50 MO,CK 2
RHR LPFL Discharge 2 RPV RB 250 CK, MO -

RHR Warmup Lines 2 RPV RB 25 MO, MO -

RHR Wetwell Spray 2 WW RB 100 MO 2,4
RHR Drywell Spray 2 DW RB 200 MO, MO 4
RHR SDC Suction 3 RPV RB 350 MO. MO 3 '

.

:

O
Amendment :28 19E.244
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TABLE 19E.2-1 (Continued)

POTENTIAL SUPPRESSION POOL BYPASS LINES

PATHWAY BASIS FOR
NUMBER SIZE (mm) ISOLATION EXCLUSION

| DESCRIPTION OF LINES FROM T_Q (1 in. = 25.4 mm) VALVES (SEE NOTES)

RWCU Suction 1 RPV RB 200 (MO, MO) -

RWCU Return 1 RPV RB 200 MO, MO 5

| RWCU Head Spray Line 1 RPV RB 150 CK, MO, MO 3
RWCU Instrument Lines 4 RPV RB 6 CK -

Post Accident Sampling 4 RPV RB 25 (MO, MO) -

RIP Motor Purge 10 RPV RB <1 CK, CK 1

| RIP CoolingWater 4 RPV RB 50 MO, MO 1

LDS Instruments 9 RPV RB 6 CK -

SPCU Suction 1 SP RB 200 MO, CK 2

SPCU Return 1 SP RB 250 MO, MO 2

| Cont. Atmosphere Monitor 6 DW RB 20 MA 8

LDS Samples 2 DW RB 30 (SO, SO) -

Drywell Sump Drains 2 DW RB 100 MO, MO -

HVCW/RBCW Supply 4 DW RB 100 CK, MO 1

HVCW/DWCW Return 4 DW RB 100 MO, MO 1
s
'

DW Exhaust /SGTS 2 DW RB 250 AO, AO 7 .

Wetwell Vent to SGTS 1 WW RB 250 AO, AO 2
DW Purge 1 DW RB 300 AO -

WW Inerting/ Purge 2 WW RB 550 AO 2

Instrument Air 2 DW RB 50 CK, MO 1

| SRV Pneumatic Supply 3 DW RB S0 CK,CK 1

Flamability Control 1 DW RB 100 (MO, MO) 3

ADS /SRV Dis .harge 8 RPV WW 300 RV -

ACS Crosstie 2 DW WW 550 AO, AO -

| WW/DW Vacuum Breaker 8 DW WW 500 CK -

Miscellaneous Leakage 1 DW RB - NONE 6
Access Tunnels 2 DW RB - NOhT 6

i

Amendment $ 19E2-45
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s TABLE 19E.2-1 (Continued)

POTENTIAL SUPPRESSION POOL BYPASS LINES
LEGEND AND ACRONYMS

PATHWAY significantly reduced due to decay and other
Source (From) Termination (To) removal mechanisms.
RPV Reactor Pressure Vessel W W Wetwe1I
DW Drywell RB Reactor Bldg 4. Some lines which originate in the primary
SP Suppression Pool WW Wetwell containment are designed for operating pressures

ST Steam Tunnel higher than would be expected in the containment
Isolation Valve Types during a severc sccident. These lines (with design

pressures greater than about 100 psig) were
AO Air Operated excluded since the probability of a break under
MO Motor Operated less than normal operating pressures and
RV Relief Valve coincident with the severe accident is extremely
CK Check Valve small.
MA Manually Actuated
SO Solenoid Operated 5. Some lines return to the feedwater line. These
() Common Mode Failure Potential (See pathways (such as LPCF loop A and RWCU) are

Section 19E2333 (2)) excluded since they are bounded by the evaluation
of feedwater.

Bases for Exclusion
6. Acceptable long term leakage from the dr>vell to

1. Closed systems such as closed cooling water the reactor building following a design basis
systems which do not directly connect to the accident is speciSed at .4% of dr)well volume per
RPV or containment atmosphere require two 24 hours. During severe accident conditions this
failures to become a bypass pathway: a leak leakage could be somewhat greater due to higher
or break within the cooled component and a than design basis containment pressure. However,
line break outside of containment. Very low the contribution of this leakage to overall risk is
flow is expected out of the break or leak at ignores because this leakage is through numerous
the cooled component is likely due to the tortuous passages of small diameter which prodde
high degree of restriction. These pathways ample opportunity for plateout and plugging
are not considered further on the basis of this effects (see subsection 19E2.13.4). A discussion of
very low flow rate. Similarly, extreme the drywell access tunnels is included in section
restrictions in CRD seals provides the basis 19F.
for excluding those lines.

7. Drywell purge lines are normally closed and fail
2. Pathways which originate in the primary closed. The potential for inadvertent opening is

containment wetwell airspace or the considered remote and is addressed by
suppression pool are excluded because fission Emergency Procedure guidelines.
product aerosols would first be trapped in the
suppression pool and would thus not be
available for release through the b pass path.3

3. Some lines are closed during normal plant
operation and would not be expected to be
opened in the short term following a plant
accident. These lines are excluded on the
basis of low frequency of use. Furthermore,
should a bypass pathway develop later when
the line is used, the fission product source
term would be expected to have been already

Amendment $ 19E.2-46
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TABLE 19E.2-2

ABWR PLANT ABILITY TO COPE WITH STATION BLACKOUT
FOR UP TO 8 HOURS

Plant Parameter Desien Basis Value Station Blackout Basis

a) RPV Level Core covered Core covered
RPV Pressure 50 psig RCIC trip >150 psig

150 psig RCIC rated flow

b) D.C. Battery Capacity 11,400 amp-hrs Sufficient with load
Div.1,2,3 & 4 shedding

c) RCIC Water Source 1) CST- 20 x 10 ft CST sufficient with

2) Suppresgiogpool- RPV pressurized
126 x 10 ft

d) RCIC Room Temperature 151 F < 151 F

c) DrywellTemperature 340 F < 340 F

f) DrywellPressure 45 psig <45 psig

g) WetwellTemperature 219 F <219 F

b) WetwellPressure 45 psig <45 psig

il Control Rooms

- M ain 122 F < 122 F

- Lower 122 F < 122 F

- Computer 122 F < 122 F

O
Amendment 22 19E.2-47

|
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) TABLE 19E.2-3
!

DEFINITION OF ACCIDENT SEQUENCE CODES i

Characters 1 to 4: General Condition Indicator

LCLP Loss of All Core Cooling with Vessel Failure occurring at Low Pressure

LCHP Loss of All Core Cooling with Vessel Failure occurring at High Pressure ;
!

SBRC Station Blackout with RCIC operating for S hours
|

LHRC Loss of Heat Removalin the Containment

LBLC Large Break IDCA with Loss of All Core Cooling

NSCL Transient without Scram and with Failure of All Core Cooling, Vessel Failure occurs at Low
Pressure

NSCH Transient without Scram and with Failure of All Core Cooling, Vessel Failure occurs at High
Pressure

NSRC Station Blackout without Scram, RCIC operates

Characters 5 and 6: Miticatine Features%)
00 No mitigating features operated

IV In-Vessel Recovery

PF Passive Flooder

FA Firewater Addition System Injects into the Vessel

HR Containment Heat Removal
i

PS Passive Flooder and Drywell Spray j
i

FS Firewater Addition System switched to Drywell Spray Mode

[h
I

k./
Amendment 22 19E N S
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TABLE 19E.2-3 (Continaed)

DEFINITION OF ACCIDENT SEQUENCE CODES

Character 7: Mode of Release

N Normal Containment Leakage

|P First release via leakage through Moveable Penetrations

R Overpressure Protection Relief Rupture Disk

D Drywell Head Failure

E Early Containment Structural Failure

S Suppression Pool Failure

Character 8: Macnitude of Release

0 No core damage, no fission product release

N Negligible: Less than 0.1% volatile fission products

L low: 0.1% to 1% vok tile fission products

M Medium: 1% to 10% volatile fission products

H High: More than 10% volatile fission products

O
Amendment n. 19E.249
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TABLE 19E.2-4'

Grouping of Accident Classes into Base Sequences

Accident Class Initiator Code Base Secuence Subsection Number

IA LCHP 19F ? ? 2

IB-1 LCLP 19F ? 7 I
LCHP 19E.22 2

IB-2 SBRC 19E 7 ? %

IB-3 LCLP 19E.22.1
LCHP 19E.2.2.2

IC NSCL 19E.2.2.6

ID LCLP 19E.2.2.1

IE NSCH 19E.2.2.7

11 LHRC 19E.2.2.4

IIIA LCHP 19E.2.2.2

IIID LBLC 19E.2.2.5

IV-1 NSRC 19E.2.2.8

OO
Amendment 22 19E.2-2
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TABLE 19E.2-5

Sequence of Events for LCLP-PF-R-N
|

| Loss of All Core Cooling with Vessel Failure at Iow Pressure
I eassive Flooder operates and Rupture Disk opens

Time Event

0.0 MSIV Closure
|

|
4.2 see Reactor Scrammed

! OA hr Indicated Water Level at 2/3 Core Height
; One SRV Opened by Operator
1

1.8 hr Vessel Failed

2.7 hr Water in lower Drywell Boiled Off |
'

Corium Heatup Begins
|

| '

| 5.4 hr Passive Flooder Opens |
| |
i 1

| 20.2 hr Rupture Disk Opens |

!

O\
l
I

,

|

i
,

|
|

|
|

9
Amendment 28 19E.2-51
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TABLE 19E.2-6 !
:

Sequence of Events for LCLP-FS-R-N j-

Loss of All Core Cooling with Vessel Failure at Low Pressure [

|
Firewater Addition System Injects and Rupture Disk Opens j}

i

| Time Eent _

0.0 MSIV Closure |

4.2see Reactor Scrammed
;

0.4 hr Indicated Water Level at 2/3 Core Height '

,

One SRV Opened by Operator
,

1.8 hr VesselFailed ;
,

2.7 hr Water in Lowr DrywellBoiled Off !
Corium Heatup Began ~!

; !

4.0 hr Firewater Spray Started |

7.0 hr Suppression PoolOverflows to j'

theIower Drywell

23.6 hr Firewater SprayStopped j
i

3L1 hr Rupture Disk Opened j

.I
56.6 hr Waterin Lower DrywellBoiled Off j

i
61.1 hr Passive Flooder Opened |

1

3 i

!
,

|

:

|

i

!
+

$

!

!

Amendment I 19E.2 52
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TABLE 19E.2-6

Sequence of Events for LCLP-FS-R-N
Loss of All Core Cooling with Vessel Failure at Low Pressure

|
Firewater Addition System Injects and Rupture Disk Opens

limg ht.

0.0 MSIV Closure

4.2 sec Reactor Scrammed
,

0.4 hr Indicated Water Level at 2/3 Core Height
One SRV Opened by Operator i

1.8hr VesselFailed
!

2.7 hr Waterinlower DrywellBoiled Off i

1 Corium Heatup Began - |
|

~

4.0 hr Firewater Spray Started !

l
7.0 hr Suppression PoolOverflows to |

1 thelower Drywell j.

:

!

23.6 hr Firewater SprayStopped j

3L1 hr Rupture Disk Opened

56.6 hr Waterin Lower DrywellBoiled Off !

61.1 hr Passive Flooder Opened !

l
i

f. ,

1

!

!

Amendment I 19E152

a
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Table 19E.2-7

| Sequence of Events for LCHP-PS-R-N
less of All Core Cooling with Vessel Failure at High Pressure

| Passive Flooder and Drywell Spray Operates, Rupture Disk Opens

Tj.nu: Event

0.0 MSIV Closure

4.2 see Reactor Scrammed

03 hr Core Uncovered

2.0 hr Vessel Fails
Corium and Water Entrained into Upper Drywell

2.0 hr Passive Flooder Opens

4.0 hr Drywell Spray Initiated

25.0 hr Rupture Disk Opens

.

O

|

|

|

9
*

Amendment g 19E.2-53

!
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Table 19E.2-8

| Sequence of Events for LCHP-PF-P-M ;

Loss of All Core Cooling with Vessel Failure at High Pressure |

| Passive Flooder Operates, Penetration Leakage Occurs
,

J

i

Time Event j
,

.!
a

O.0 MSIV Closure |
'

| |
4.2see Reactor Scrammed

03 hr Core Uncovered

2.0 hr Vessel Fails |
Corium and Water Entrained into Upper Drywell i

2.0 hr . Passive Flooder Opens
,

2.1 hr Seal Degradation Temperature Reached

18.1 hr leakage Begins through Moveable Penetrations
Fission Product Release Begins '

,l

t

,1

i'
1

i

. I

J |

!

Amendmentg ' 19E154'
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I Treble 19E.2-9
!

Sequence of Events for SBRC-FA-R-0!

' Station Blackout with RCIC Operational for 8 Hours
| Firewater Addition to Vesse! Used to Prevent Core Damage, Rupture Disk Opens

Time Event

'

0.0 MSIV Closure
,

I
l 4.2see Reactor Scrammed
i

! | 52 see RCIC Injection, Suction from CSP

13 hr RCIC Suction Switched to Suppression Pool

4.4 hr RCIC Suction Switched to CSP
|

i

! 8.0hr RCIC Failure
t

' 9.0 hr Suppression Pool began to overflow
to Lower Drywell

,
9.8 hr Manual ADS

9.9 hr Collapsed Water Level Fell to 2/3 core height
i Firewater Addition System Injection Began
|

|

323 hr Rupture Disk Opened

|

|
|

O
;_ _ . _ ,s

1 1

|
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i
i

| Table 19E.2-10
! | Sequence of Events for SBRC-PF-R-N'

{
Station Blackout with RCIC Operational for 8 Hours

| Passive Flooder Operates and Rupture Disk Opens ii
i :
i !

k !
'

! Time Event

l 0.0 MSIV Closure
i.

' 1i
' 4.2 sec Reactor Scrammed i

!

52 see RCIC Injection, Suction from CSP

f,

13 hr RCIC Suction Switched to Suppression Pool j;

; 4.4 hr RCIC Suction Switched to CSP j
;

!
8.0 hr RCIC Failure i

4 i
'

93 hr Core Uncovered

|
9.7 hr One SRV opened by operator |

123 hr Vessel Fails' j

21.1 hr lower DrywellWater Boils Away |
'

i

23.5 hr Passive Flooden Opens !

Rupture Disk Opensi ,

!
'

f

i
a

4

1

1

d

4

Amendment 3 19E.2-56
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Table 19E.2-11

! Sequence of Events for LHRC-00-R-0
Isolation with Loss of Containment Heat Removal

| Rupture Disk Opens

,

Time Event

0.0 MSIV Closure

4.2 see Reactor Scrammed

1.1 min RCICInjection

2.9 hr Manual Open 1 SRV

3.0 hr HPCFInjection

3.1 hr RCIC Trip on lowTurbine Pressure

21.7 hr Rupture Disk Opens

>72 hr Potential Loss of Core Cooling

O

,

O
Amendment af, 19E.2-57j

|
-.
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Table 19E.2-12 i

| Sequence of Events for LBLC-PF-R-N
ILarge Break LOCA With Loss of Core Cooling

| Passive Flooder Operates and Rupture Disk Opens i

+

I
?
'

Tung- Event

O.0 Main Steam Line Break

0.2 see High Drywell Pressure Signal j

!
4.4 see Reactor Scrammed |

!

14.9 see MSIV Closed ]
i

2.8 min Core Uncovered j
i

1.4 hr Vessel Failed j

i

5.7 hr Passive Flooder Opened t

|

19.1 hr Rupture Disk Opens
.

I
i

I

.

|

Amendment $ 19E2-SS

i

|
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TABLE 19E.2-13

Sequence of Events for NSCL-PF-R-N i

Concurrent Loss of All Core Cooling and ATWS with Vessel Failure at low Pressure

| Passive Flooder Operates and Rupture Disk Opens

Time Event

0.0 MSIV Closure >

3.7 min Core Uncovered

'

0.5 hr One SRV Opened by Operator

'

13 hr Vessel Failed

1.9 hr Water in Lcwer Drywell Boiled Off
;Corium Heatup Begins

4.4 hr Passive Flooder Opens

18.7 hr Rupture Disk Opens
,

O

|

!
i

O'
Amendment JE.2 59g

i

I

i
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l Table 19E.2-14
i

I Sequence of Events for NSCH PF-P-M |
f

Concurrent loss of All Core Cooling and ATWS with Vessel Failure at High Pressure ;

| | Passive Flooder Operates, Penetration leakage Occurs |

Time Event

0.0 MSIV Closure !

i

3.6 min Core Uncovered [

[

1.3 hr Vessel Fails |

Corium end Water Entrained into Upper Dnwell |
)
>

1.4 hr Passive Flooder Opens

1.4 hr Seal Degradation Temperature Reached ;

i

17.8 hr Leakage Begins Through Moveable Penetrations i

Fission Product Release Begins !
i

f
I

[. i

l !
:

I
-

4

!
:

I
'

:
I

$

| |
i

IAm am,m 19E.2-60

{
~

:

f

!
4

i
i
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Table 19E.2-15

Sequence of Events for NSRC-PF-R-N
Concurrent Station Blackout and ATWS

|
Passive Flooder Operates, Rupturc Disk Opens

Time Ewnt 7

0.0 MSIV Closure

4.1 min Core Uncovered

1.9 hr Suppression Pool Began to

Overflow to Lower Dr>well

3.6 hr RCIC Tripped

3.8 hr SRV Opened

5.6 hr Vessel Failed

8.6 hr Rupture Disk Opened
Fission Product Release Began

- O

I

I

|

9;
Amendment 2 19E.241

|
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i Table 19E.2-16 ;

i
:

| Summary of Critical Parameters for Severe Accident Sequences i
i .

1 h

l
.

!

4 Time of Fission Time of

| Vessel Product Rupture Disk End of Csl Release Fraction of

| Accident Failure ReleaseTime Openine Release Cs1 Ga' 72 hours ;

} |

1

j LCLP-PF-R-N 13 hr 20.2 hr 20.2 hr 100 hr < 1E-7 ,

i LCLP-FS-R-N 1.8 hr 31.1 hr 31.1 hr 76 hr < 1E-7 |

! i

j LCHP-PS-R-N 2.0 hr 25.0 hr 25.0 hr 50 hr < 1E-7 ,

' LCHP-FS-R-N 2.0 hr 50 hr* 50 hr* 125 hr* <1E-7*

LCHP-PF-P-M 2.0 hr 18.1 hr N/A 70 hr 8.8E-2 |

|
SBRC-PF-R-N 123 hr 23.5 hr 23.5 hr 100 hr < 1E-7 ;

:

I |

3 LBLC-PF-R-N 1.4 hr 19.1 hr 19.1 hr 125 hr < 1E-7 <

LBLC-FS-R-N 1.4hr 29.5 hr 29.5 hr 67 hr < 1E-7 ij

NSCl PF-R-N 13hr 18.7 hr 18.7 hr 105 hr < 1E-7 .

| NSCI FS-R-N 13hr 30.7 hr 30.7 hr 69 hr < 1E-7
1
4 ,

j NSCH-PF-P-M 13hr 17.8 br N/A 65 hr 73E-2

! NSCH-FS-R-N 13 hr 50 hr* 50 hr* 125 hr* < 1E-7* ,

NSRC-PF-R-N 5.6hr 8.6 hr 8.6 hr 110 hr < 1E-7

NSRC-FS-R-N 5.6hr 26.4 hr 26.4 hr 120 hr <1E-7
:

! -

1

!,
.

j Release parameters are approximate. See sequence discussion for more detail.

i
;

1
$

i

|

1

1

1

1
4

l

i
;

19E242Amendmeng
I
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Table 19E.2-17

Important Parameters for Steam Explosion Analysis

Symbol Value Description

m' 500 kg/s Mass Flow Rate of Corium from Vessel

30 0.056 m /s Volumetric Flow of Corium from Vessel

27.E-6 m /s Thermal Diffusivity of Coriume

!

c 480 J/kg-K Specific Heat of Corium

3q 9000 kg/m Density of Corium

1.0 N/m Surface Tension of Molten Coriumr

rh 390 W/m -K Heat Transfer Coefficient for Corium Droplet

T; 2600 K Initial Temperature of Corium Droplet

3o 1.1 kg/m Density of Airg ,

3g 1000 kg/m Density of Water

3v (P ,) 1.7 m /kg Specific Volume of Evaporation for Waterf

h (P ,) 2257 kJ/kg Specific Enthalpy of Evaporation for Waterf

L 5.5 m Height of Water in Lower Drywell *

A 88.2 mr Area of Lower Dr>well

H 6m Distance from Bottom of Vessel to Surface of Water in
Lower Drywell

i

O'
Amendment 22 19E.2-63

!
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/ Table 19E.2.18*

,V
Potential Bypass Pathway Matrix4

,

FROM
Wetwell Suppression

TO RPV Drvwell Airmace Pool

Drywell No NA NA NA
,

;

Wetwell , ,

Airspace Yes Yes NA NA
+

Reactor
Building Yes Yes Yes Yes

;

Turbine
Building Yes Yes Yes Yes

! /O i
'

.

The above matrix shows the paths that potentially
bypass the suppression pool

1

.

f

* Pathways which originate in the drywell and potentially release into
the wetwell are potential bypass paths if the containment is vented or
the wetwell fails during the severe accident.

,

, ~%'

,

Amendment 22 19E244
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Table 19E.2-19

Flow Split Fractions |

Une Size Flow Split Fraction

gra in RPV Source Dnwell Sourre

6 0.25 ISF 05 5.4E.QS

12 03 9.4E-05 3.4E 04

25 1 5.7F,04 2.0E-03

50 2 33FA3 1.2E 02

100 4 1.SFA2 6.2E 02

150 6 4.EFA2 15E-01

200 8 8.9F,02 23E-01

250 10 1.4E 01 3.6E-01

300 12 2.0FAI 4.6E-01

350 14 2.6F 01 5.4FA1

400 16 3.2E.01 6.2F 01
1

)
450 18 3.EFA1 6.7E-01

|

500 20 43FA1 7.2FA1

700 28 6.1FAI S.4E-01 9
l

1000 40 7.7F-01 9.2E.01

1

1
1

O
Amendment 5 19E.2-65
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g Table 19E.2-20

Failure Probabilities

'

Svrnbn1 Descrintion ProbEvent Eniji

P1 MSIV closure 1.0E-4 a

P2 MSIVleakage probability 7.1E-1 b

P3 Turbine Bypass Isolatic a 4.0E-3 e
;E

P4 Main condenser failure 1.0 c?

P5 MSL break outside containment 8.0E-6 d

P6 Air operated uhr (NO) 4.1E-3 e

P7 DC Motor operated vahr (NO) 3.6E-3 e

P8 AC Motor Operated vahr (NO-SBO) 1.0 f

a P9 Check Vahe 8.4E-3 g

P10 Motor operated rahrs (NC) 5.0E-1 h
.

P11 Motor operated vahes (NC) 2.SE-4 i

P12 Inadvertent opening 1.0E-3 j

P13 Smallline break 2.42-4 1;

P14 Medium line break 1.6E-5 k

P15 Large line break 8.0E-6 k

,

Artendment '4
19E.2-66

..

..

.

.
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Table 19E.2-21

Summary of Bypass Probabilities

IJnes from the RPV

Bypass
B pass FigureFlow Split Probability Bypass 3

Pathway Fraction Ecuation Prcbability Fraction 19E.2-19

Main Steam 6.7E-1 4*Pl*(P3* P4 + P5) 1.6E-6 1.1E-6 A

Main Steam leakage 2.2E-5 4'P2'(P3'P4 + P5) 1.1E-2 2.5E-7 A

Feedwater 5.2E-1 2*P9'P15 2.4E-8 13E-8 B

Reactor Inst. Lines 3.1E-5 30*P13*P9 6.0E-5 1.9E-9 D

HPCF Discharge 1.1E-1 2*P9'P10'P14 13E-7 1.5E-8 C

HPCF Warmup 1.0E-3 2*P10*P11*P13 6.7E-8 6.7E-11 C

!
SLCInjection 3.0E-3 1*P9'P13 3.6E-7 1.1E-9 B

RCIC Steam Supply 6.9E-2 1*P8'P14 1.6E-5 1.1E-6 E

LPFL Discharge 1.7E-1 2'P9'P10*P15 6.7E-8 LIE-8 C

LPFL Warmup Line 1.0E-3 2*P10* P11* P13 6.7E-8 6.7E-11 C

RWCU Suction 1.2E-1 1*PS*P14 1.6E-5 2.0E-6 E

RWCUInst Lines 3.1E-5 4*P13'P9 8.1E-6 2.5E-10 D |

Pod AccSampling L0E-3 4'P8'P13 9.6E-4 9.9E-7 J

LDS instruments 3.1E-5 9'P13*P9 1.SE-5 5.7E-10 D

SRV Discharge 6.9E-2 8'P14 13E-4 SEc-6 K

Total 1.4E-5

.

These lines may be excluded for station blackout events

O
19E.2-67

Amenoment 28
,

-
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Table 19E.2-21 I

Summary of Bypass Probabilities (Continued)

Lines from the Dnwell

Bypass

Pathwa
Flow Split Probability Bypass_ Fraction _Ecuation B pass Figure3Probability

Fraction _19E.2-19Cont Atmos Monitor 8.9E-4 6'P9'P13 1.2E-5 I1.1E-9 DLDS Samples
1.7E-3 2*PS'P13 4EE-4

8.2E-7 EDrywellSump Drain 3.0E-2 2*PS'P13 4.SE-4
DW Purge 1.4E-5 J

4.6E-1 1*P6*P11
1.1E-6

ACS Crosstie 53E-7 I
1.1E-1 2'P12

1.5E-6
*WW-DW Vac Bkr 1.6E-7 H

2.6E-1 8'P9
6.7E-2

1.7E-2 G

Totalexcluding racuum breaker
1.6E-5

Grand Totalexduding vacuum breaker
3.0E-5

Goal
8.4E-4

i

* Addressed on Containment Event Trees.

D
Amendment 26

19E.248
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Table 19E.2 22

NUREGICR-4551 GRAND GULF APET EVENTS BY CATEGORY
Event DescriptionNumber

Plant Damsce State Grottnine Events
InitiatingEventType

1
Station Blackout2 DCPower Availability

3
S/RV Fails ta Reclose4
HPCS Failure5 RCIC Failure Initially6
CRDInjection Failure7
Condensate System Failure

8 LPCS/LPCI Systems Failure9
RHR Failure10
Service Water /LPCI Crosstie Failure1I
FireProtection Crosstie Failure12
Contal:unent Spray Failure

13
VesselDepressurization

14
15 Tune Core Damage.

PlantDamage Stre Summary20

Smrtural Canacitv/ Initial con s.inment Stntus
Containment isolation (Pre-custing i nbre)

16 Extent of Pool Bypassinitially
Contamment Capacity (Quasi-static /Dymmic Loadmg)17

Drywell Capacity (Quasi-mtic/ Dynamic I nvimg)18
19

Systems Behaviorr),crator Attions
IgnuorsTumed OnBeforeCore Damage21
ContainmentVented Before Core Damage

22
SRV Vacuum Breakers StietOpen

23
RV Pressure During Core Damage
Status of HydrogenIgnitors Before Vessel Breach26

27
RV Injection Restored During Core Damage

28
Containment Spray Status30
Upper PoolDump
Containment Spray Status Following Vessel Breach53

Containment Vented Following Vessel Breach81
103

Containment Spray Status Late
106

ContammentVentedlate119

O
*

19E.2-68.1

M
Amendmexit

w
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Table 19E.2-2*
NUREGICR-4551 GRAND GULF APET EVENTS BY CATEGORY -

(CONTINUED) :
'

|
'

'

! Event
Number Description j

.

AC/DC Power Availability
|

| 24 ACPowerRecovered Dunng Core Damage ;

25 DC Power Available During Core Damage
. |

79 AC Power Recovered Following Vessel Breach |

80 DC Power Available Following Vessel Breach j

IN AC PowerRecoveredim |

105 DC Power Available Late |

|
Criticahrv ,

29 Core in Critical Configuration Following Injection I

Remvery |
!

Hydrtwen Reined Phannmena recnec jr

31 Amount Oxygen in Wetwell During Core Damage I
32 Amount Oxygen in Dryw ell During Core Damage :

33 Amount Steam in Containment During Core Damage l

34 Amount Steam in Drywell During Core Damages
35 Amount Hydrogen Released in-vessel During Core

Damage
36 levelIn-vessel Zucanium Oxidauon
39 Max. Hydrogen Concentration in Wetwell Before

VesselFailure
40 Extent WetwellInert During Core Damage
41 Diffusion Flames Consume Hydrogen Before Vessel

Becai
42 Max. Hydrogen Concentration in Dr>well Before

VesselFaihue
43 De% d- a in Wetwell Before Vessel Breach
44 De2nnatina in Wetwell Before Vessel Breach
45 Contamment Impulse Load Before Vessel Breach .

46 Hydrogen Burn Efficxacy Before Vessel Breach |
47 Peak Hydrogen Burn Containment Pressure j
48 Extent of DrywcIl t e* age Due to Early Detonation in |

Containment i

49 Extent of Containment trange Due to Early |

Detonation in Contamment
56 Extent Drywell Inert at Vessel Breach
57 Sufficient Hydrogen in Drywell for

Combusuon/Desonanon Before Vessel Breach
65 Detonation in Drywell at Vessel Breach
66 De agentina in Dr>vell at Vessel Breachn
68 Amount Hydrogen Released at Vessel Breach

(

Amendmenn 2E 19E.248.2

'
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| Table 19E.2-22
i NUREG/CR-4551 GRAND GULF APET EVENTS BY CATEGORY

(CONTINUED)

Event
Number Description

Hydmcen Related Phenomenakers (continued)

| 69 How Much Hydrogen Released at Vessel Breach
78 Hydrogen Concentration in Containment Immediately

After Vessel Brexh
82 Extent Wetwc!! Inert After Vessel Breach
83 Sufficient Oxygen in Containment for Combustion

| 84 Hydrogen Ignition in Containment at Vessel Breach

| 85 Hydrogen Ignition in Containment Following Vessel

! Bread
'

86 Hydrogen Detonation in Wetwell Following Vessel
Brexhi

! 87 Impulse Loading to Containment Following Vessel
Breat

88 Hydrogen Burn Efficiency Following Vessel Breach
89 Peak Containment Pressure From Hydrogen Burn at

| VesselBreach
91 Extent of Drywell Leakage Due to Detonation in

Containment at Vessel Breach
| 92 Extent of Containment Leakage Due to Detonation at

VesselBrexh
101 Hydrogen (and CO) Produced During CCI
102 level Zucanium Oxidation in Pedestal Before CCI
107 Late Concentration Combustible Gases in

Containment
108 Ixvel WetwellInert After Vessel Breach
109 Sufficient Oxygen in Containment for Late

Combustion
110 Hydrogen Ignition in Containment Late
111 Detonation in Wetwell Following Vessel Brerh

|

| 112 ContainmentImpulse Load Late
| 113 Hydrogen Bum Efficierv:y Late
'

114 Peak Contamment Pressure From late Hydrogen Burn
115 Extent of Drywell Leakage Due to Detonation in

Containment Late
116 Extent of Containment Leakage Due to Late

Detonation
117 Level of Containment Leakage Due to Late j

Combustion '

118 level of Drywell 12.akage Due to Late Combustion J

|

)
i
l
i

e
p-ad- 2g 19E.2-68.3
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Table 19E.2-22
NUREG/CR-4551 GRAND GULF APET EVENTS BY CATEGORY

(CONTINUED)

Event
Number Description

ContainmerWDrvwell Pressurization / Failure

37 Containment Pressure During Core Damage
38 Extent of Containment Leakage Due to Slow

Pressunzation Before VesselBreach
50 Level Containment i enbre Before Vessel Breach
51 Level of Drywell Leakage Due to Containment

Pressunzation
52 Level Pool Bypass Following Early Combustion

Events
55 Containment Pmssu e Before Vessel Breach
70 Drywell/Wetwell P essure Differential Resulting from

VesselBreach
71 Peak Pedestal Pressure at Vessel Breach
72 Drywell impulse Load at Vessel Breach Sufficient to

Cause Failure
,o 73 Drywell Pressurization at Vessel Breach Sufficient to
i )l Cause Failure
k. 74 Pedestal Failure Due to Pressurization at Vessel Breachi

! 76 Pedestal Failure Causes Drywell Failure
77 Containment Pressure at Vessel Breach Prior to

Hydrogen Burn
90 level Containment Pressunzation At Vessel Breach
93 level Ccritainment leakage Following Vessel Breach
94 Level of Drywell Leakage Due to Containment

Pressurization
95 Level Pool Bypass Following Vessel Breach
% Contamment Pressure After Vessel Breach
122 levelLate Pool Bypass
123 Lne Containment Pressure Due to Non-condensibles

or Steam
124 Late Containment Failure Due to Non-condensibles or

Steam
125 long Term Level Containment Leakage

| Core Con:vete Interactions / Pedestal Failum

| 54 Water in Reactor Cavity
97 Water Supplied to Debris Late
98 Waterin Cavity After VesselBreach
99 Nature of Core Concrete Interactions (CCI)
100 Fraction of Core Not Participatir!g in HPhE

Participates in CCI
120 Amount Concrete Erosion to Fail Pedestal

e m. 121 Time of Pedestal Failure

( )
| V
|
,

| Amendment $ 19E.2-6 *4

I
t S



ABWR
Standard Plant 23A6103AS

REV.A

Table 19E.2-22
NUREG/CR-4551 GRAND GULF APET EVENTS BY CATEGORY

(CONTINUED)

Event
Number Description

Steam Exnlesion Related

58 Alpha Mode Event Fails Vessel and Containment
60 Large In-vessel Steam Explosion
62 In-vessel Steam Explosion Fails Vessel
67 I.arge Ex-vessel Steam Explosion
75 Pedestal Failure From Ex-vessel Steam Explosion

Con Damace Pmeression and Vessel Breach

59 Fraction of Core Participating in Core Slump
61 Fraction Core Debris Mobile at Vessel Breach
63 Mode of VesselBrerh
64 High Pressure Melt Ejection

9

O
Amendment I 19E.248.5
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i Table 19E.2 23 ,

I NRC IDENTIFIED PARAMETERS FOR SENSITIVITY STUDY !
i

i FROM NUREG-1335 ;

Performance of containment heat remoul systems during core meltdown accidents 5.

In-vessel phenomena (primary system at high pressure)1 *

I
t

j - H2 production and combustion in containment |

!

j - Induced failure of the reactor coolant system pressure boundary

4

1 - Core relocanon charactensucs i

>

4

! - Mode of rextor vessel melt-through i
'

:

In-vessel pha- (pnmary system at low pressure) [I -

;
:

) - H2 production and combustion in containment

i - Core rekanon charactensucs i
l :
a ;

; - FueVcoolantinteracuons j
1 e

Mode of reactor vessel melt-through !j -

Ex-vessel phenomena (pnmary system at high pressure)]
-

! i

1 - Ducet containment heating concerns j

i '

Potential for early contamment failure due to pressure load jj -

i ;

j - Long-term disposition of core debns (coolable or not coolable) j

i
'

Ex-vessel phenomena (pnmary system at low pressure), .

- Potential for early contamment failure due to direct contact by core debris
,

t
- Water availability in cases with long-term core-concrete imeractions

Coolable or rot coolable; -

d

I

i ,

|

t !
4

1

$f

i

'
e
t

d

! Amendment I 19E.2-68.6
4

5
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| Table 19E.2-24

| ISSUES TO BE INVESTIGATED IN ABWR SENSITIVITY ANALYSIS

In-vessel

Hydrogen generation
Core Blockage and Melt Progression

,

| Fission Productrelease from core
Cslre-evaporation
Time of vessel failure
Recriticality following in-vessel recovery

Ex-vese.el

Debris entramment and direct containment heating
Mass of molten matenal at time of vessel failure

'

Mode of vesselbreach
Potential for pedestal failure

Steam explosions
Mass of molten material at time of vessel failure
Presence of water in lower dryw ell at vessel failure
Potentialfor pedestalfailure

.

Core concrete interaction and debris coolability|
| Debns to water heat transfer
| Debns to crust heat transfer
! Mass of molten material at time of vessel failure

Presence of water in lower drywell at vessel failure
Potential for pedestalfailure
Non-condensible gas generation

Containment failure location
Containment failure area
Poolbypass
High temperature failure of dr3well
Suppression Pool DFs

,

!

@

2 19E.248.7Ameninent

__
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Table 19E.2 25
COMPARISON OF VOLATILE FISSION PRODUCT RELEASES |

ICs! Release Fraction at 72 CsI Release Fraction at 72
Accident Sequence hours w/ COPS hours w/o COPS

]
'

LCLP-PF < IE-7 4.8%

LCLP-FS < IE-7 3.7%

LCHP-PF 8.8%* 8.8%

LBLC-PF <IE-7 03 %

LBLC-FS < 1E-7 0.6%

NSCL-PF <IE-7 5.4%

NSCL-FS < 1E-7 4.2%

NSCH-PF 73%* 73 %
i

!

!

NSRC-PF <IE-7 3.7% j

NSRC-FS <IE-7 14.5 %

Leakage through the moveable penetrations maintains containment pressure below the COPS*

setpoint

t

Amendmet 3 19E.248.8

..
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Table 19E.2-26

COMPARISON OF LOW PRESSURE CORE MELT PERFORMANCE WITII AND
WITIIOUT CONTAINMENT OVERPRESSURE PROTECTION SYSTEM

w! COPS w/o COPS

Without Water Addition to Containment

7 psig 7 psig
AP (Drywell-Wetwell)

20.2 hr 27.5 hr
Tune of fission product release

<l.E-7 4.8%
Csltelease fraction @ 72 hours

N/A 11 %
Probability of RHR recovery in time window

2% 100 %
Probability of eventual DW head failure w/o CHR

With Water Addition to Containment

14 psig 14 psig
AP (Drywell-Wetwell)

31.1hr 35.0 hr
Time of fission product release

<1.E-7 3.7E-7
Cslrelease fraction @ 72 hours

N/A 4%
Probability of RHR recovery in time window

5% 100 %
Probability of eventual DW head failure w/o CHR

O
l
i

19E.2-68. 9

Amendmmt )$8
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Table 19E.2-27
PROBABILITY OF RELEASE MODE WITH AND WITHOUT COPS

Class 1/III Class II

RD Opens DWHext RD Opens DWHea:1 Core
Failure Failure Damage

Base Case (with COPS) 2.08E-8 5.25E-10 1.09E-7 1.10E-9 1.10E-12

Without COPS 0.0 2.13E-8 0.0 1.10E-7 1.10E-10

'\

r
\
\

Amen &nent 'A 19E.2-68.10

l . ..

.

.
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Table 19E.2-28

| SENSITIVITY STUDIES FOR PASSIVE FLOODER RELIABILITY
FREQUENCIES OF IMPORTANT CET RESULTS,

'

Failure rate of passive flooder on demand

0.001 0.01 0.1 1.0

'rvoc of CCI
,

No CCI 6.73E-8 6.73 E-8 6.73 E-8 6.70E-8

Wet CCI 7.11E 9 7.11E 9 7.10 E-9 7.07 E-9

Dry CCI 3.45E-13 3.4 5E-12 3.45E-11 3.45E-10

Pedettn1 Conditione

No Ped Failure 7.41E-8 7.41E-8 7.4 0 E-8 7.37E-8

Ped Failure 1.06E-10 1.0 6 E-10 1.06 E-10 1.06 E-10

FP Relence Wde

COPS 7.58E.9 7.58 E-9 7.57E 9 7.51E 9

DW Head 3.91E-10 3.91E-10 3.91E-10 3.89E-10

Pen. Overtemperature 3.60E-11 3.91E-11 6.98E-11 3.77E-10

0
Amadment 2B 19E.2-68.11
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k 7.4E-14 BYPASS

j; POST ACCIDENT SAMPLING (4)

i 0 NON-BYPASS-

'

! 9.6E-4 0

1.0
4

#
1.0

I
-

f 1.1 E-9 BYPASS
,

J

| SLC INJECTION
I OK

1.1E-6

2.6E 10 NON-BYPASS
i 2.4E-4

I O

i 1.5E-3

OK
1 1.0

1.1E-6'

4.0E-13 BYPASS

TOTALS
' NON-BYPASS 12E-B

BYPASS 1.1E-9

{ Figure 19E.2-20A SMALL LOCAS OUTSIDE CONTAIhWENT

i Amendment $ 39 g .gg3
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LINE BREAK LINE OPER. SECOND DIV. COOLANT
OUTSIDE ISOLATION ACTION NOT AFFECTED lAAKEUP

(V ) (X ) (P ) (O ) (O )
3 3 1 1 o

HPCF DISCHARGE (2)

OK

8.6E-6
23E-10 NON-BWASS

32E5
0

OK
4.2E-3

8.6E-6

5.BE-13 BYPASS
.5

OK
1E-3

3.7E-3

RCIC STEAM SUPPLY (1) 2.4E-13 BYPASS

RWCU SUCTION (1)

0 OK

32E-5
0 OK

OK
1.0

8.6E-6

2.6E-11 BYPASS
1.0

OK
1E4

3.7E-3
12E-11 BYPASS

SRV DISCHARGE (8)

0 NON-BYPASS

1.3E-4

^
1.0

OK
1.0

6.2E-7
8.1E-11 BYPASS

TOTALS
NON-BYPASS 23E-10
BYPASS 12E-10

Figure 19E.2-20B MEDIUM LOCAS OUTSIDE CONTAINMENT

Amendment 3 19E.2-114
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i
t LINE BREAK LINE OPER. SECOND DIV. COOLANT

| OUTSIDE ISOLATION ACTION NOT AFFECTED MAKEUP

| (V ) (Xg) (P ) (Q ) (O )3 1 1 o
,

j MAIN STEAMLINE (4)
OK

6.1E-7.

2.0E-11 NON-BYPASS
f 32E-5
:
#

0

OK1E 3
6.1E-7

a

2.0E-14 BYPASS
1.0

!
OK

Negl j

ii 9' ^ I

! FEEDWATER (2)

i (INCLUDING RWCU RETURN AND LPFL A DISCHARGE)
,

'

OK*
;

6.1E-7
[1 3.9E-11 NON-BYPASS
a

]
64E-5

,

OK !

OK !
1.5E-3;g 6.1E-7 ,

J' 5.9E-14 BYPASS i

j 1.0
[:

'

i OK
I Negl

( i

Negl BYPASS
| SRV DISCHARGE (B)
i (LOOPS B AND C)
: OK
*

) 8.5E4
1.4E-10 NON-BYPASS

[j 1.6E-5
i
i OK

OK42E-3
8.5E4

'

; 2.8E-13 BYPASS
1 .5

i
OK

| 1E-3
3.7E-3'

1.2E 13 BYPASS'

t

TOTALS-
NON-BYPASS 2.0E-10 !

' BYPASS 4.8E-13

Mgure 19E.2-20C LARGE LOCAS OUTSIDE CONTAINMENTi Amendment 2s 19E2-115
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(q*) 19E3 CONSEQUENCE ANALYSIS representing 98.6% of the risk calculated in thes

GESSAR II PRA (Reference 5). This accident data
This section describes the consequence evaluation. set is given in Table 19E3-1. It was chosen since the

Key inputs and assumptions are described. The cal- GESSAR II design is closer to the ABWR design in
culated results are compared to consequence related terms of offsite releases than other designs for which
goals to show that the goals are satisfied. PRA's were available. In determining the variations

in consequence due to different meteorological data
The CRAC-2 computer code (Reference 1) was sets, each data file was input to the CRAC-2 code

used to determine the consequences of potential with all other information being identical. From
reactor accidents. The CRAC code evaluates offsite these results the site in each geographical region
dose and consequences for each accident category most closely approximating the mean total latent
over a range of possible weather conditions and fatality result for that region was chosen to represent
evacuation assumptions. The CRAC code models the region. The consequence results reported here
are described in Reference 2. The rationale for site (Subsection 19E33) represent the average of five
related input selection is presented in Subsection runs, one for each meteorological region.
19E3.1. This data and data from the plant perfor-
mance analysis is presented in Subsection 19E3.2. 19E3.1.2 Population
The calculated results are compared to the goals in
Subsection 19E33. For the ABWR consequence evaluation, the popu-

lation density tables from Reference 4, Tables 3-2
19E3.1 Site Assumptions and 3-3, were used to develop regional populations

corresponding to each regional meteorology. The
The evaluation of the consequences of a reactor mean values used are given in Table 19E3 2.

accident are closely tied to the site parameters (eg,
weather, population, and land use). Envelope site 19E3.13 Evacuation
parameters for deterministic evaluations are pro-
vided in Chapter 2. For probabilistic consequence Many evacuation related characteristics (local
evaluations, additional site related assumptions were roads, population demographics, emergency ser-
required. They are described below. vices) are quite site specific. No general guidance has

been given for generic evacuation evaluations by the
19E3.1.1 Meteorology NRC. The evacuation parameters used in this study

are given in Table 19E.3-3. Five percent of the
In the original WASH-1400 analysis (Reference 3), people are assumed not to evacuate. Ninety five

a number of actual site meteorologies were used. percent are assumed to wait 1.5 hours after notifica-
However, the original WASH-1400 meteorology data tion and then move radially outward at 4.47 meters
files are not compatible with the CRAC-2 code. A per second (10 mph). Values used for shielding stre
set of meteorological data files suitable for use with the standard CRAC assumptions. Definitions for the
the CRAC-2 code was obtained from Sandia Na- parameters given in Table 19E.3-3 are provided in
tional Laboratory. This data was used in the study Table 19E3-4.
given in Reference 4. These files define bourly
weather data for a one year period for twenty-six These evacuation assumptions were used for individ-
U.S. Sites. Five sites representing five geographical ual and societal risk calculations. For the purposes
regions throughout the U.S. were chosen for this of evaluating dose levels for comparison to the dose
ABWR study. These regions were termed goal (see Subsection 19E33.1 item 3), no evacuation
NE(northeast), NW(northwest), S(south), W(west), or shielding was assumed.
and SW(southwest) as is rAown Figure 3-1 of
Reference 4. 19E3.2 CRAC Input Data

For each of these geographical regions, one 19E3.2.1 Input Which Differs From Standard
meteorological data file was chosen. The basis for CRAC Assumptions

p this choice was an evaluation for each meteorology
( using reactor release parameters for five accidents The following tables describe these inputs.
(

Amendment 22 19E.31
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Table Ittputs area emergency be delayed when * delayed core with
possible loss of coolable geometry occurs.

19E3-2 Population Density
19E3-3 Evacuation Parameters FPRG) - Sensible heat release rate in caleries/sec
19E3-5 Site and Reactor Data for in the release cloud. This value is used to deternice

Meteorological Modeling the initial buoyancy of the released cloud plume.
19E3-6 Event Release Parameters.

RHG) - Plume release height in meters from the
19E3.2.2 loput to CRAC from Perforinance ground. If this value is less than the building height,
Analysis a ground release with building wake effect is

assumed. Otherwise, the plume will be buoyed to a
The plant performance analysis results which are height equal to the release height plus a buoyancy

input parameters to the CRAC-2 code are described height. (Section 19D.5)
here and are shown in Table 19E3-6. These inputs
describe the data used which are plant specific and FLEAK(j,k) - fraction of core imentory at the be-
are not related to radiological modeling which is ginning of the accident for each isotope group which
discussed in Subsection 19 E3.1. The plant input is eventually released into the atmosphere. The
parameters are described below with the subsection standard isotopes groups are:
of the SSAR in which the parameters are developed
indicated at the end of each section in parenthesis. 1. Noble gases (Kr,Xe)

2. Not used, originally used for organic iodide
For each accident case, which represents the 3. lodine, including organic iodide

accident sequence listed below it, the following data 4. Cesium, including Rb
are used- 5. Tellurium,includingSb

6. Barium, including Sr
Release Category Name, LNAMEG)- Abbreviated 7. Cobalt, including Mo, Tc, Ru, Rh

name given to rcicase which results from the event. 8. Lanthanum, including Y, Zr, Nb, Ce, Pr, Nd,

(Section 19E.2) Np, Pu, Am, Cm.

Release Probability, PG) - the probability per year 19E.3.3 Comparison of Results to Goals
associated with release LNAMEO). (Section 19D.4)

19E33.1 Goals
TLG) - time (hr) from reactor shutdown (defined as

the end of neutron generation) to release to the Three major consequence related goals were
atmosphere. The value is used to determine isotopic established in the GE ABWR Licensing Review
decay prior to release from the plant For an ATWS Bases (Reference 7) which referenced the Safety [
event, containment failure is postulated to occur Goal Policy Statement. These goals are:
before core damage. Since neutron production may
continue up to the time of core melt,TL may be zero 1. Individual Risk Goal. The risk to an average
for an ATWS event. (Section 19E.2) individual in the " vicinity" of a nuclear power

plant of prompt fatalities that might result from
DR(j) - duration of initial release (br) of reactor accidents should not exceed one-tenth of

radionuclides from the plant. This value is used to one percent (0.1 percent) of the sum of " prompt
determine the expansion of the cloud. The maxi- fatality risks' resulting from other accidents to
mum value of this parameter is 10 hours (CRAC which members of the U.S. Population are gener-
limitation for plume modeling). (Section 19E.2) ally exposed. As noted in the Safety Goals Policy

statement," vicinity is defined as the area within
TLLG) - warning time (hr) between official notifi- one mile of the plant site boundary. ' Prompt

cation of pubFc and release of radioactisity from the Fatality Risks" are defined as those risks to which
plant. The basis for the warmng time is the onset of the average individual residing in the sicinity of
severe core damage. The emergency action levels the plant is exposed to as a result of normal daily
specified in Reference 6, Appendix 1 require a site activities. Such risks are the sum of risks which

Amendment 28 19E.3-2
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result in fatalities from such activities as driving,
household chores, occupational activities, etc. For
this evaluation the sum of prompt fatality risks was
taken as the U.S. accidental death risk

,

i

|

|

.'
i

i

I
I

i

|

|

% i

l

|

|

|
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value of 39.1 deaths per 100,000 people per year Reactor Accident Consequences, WASH-1400
i based upon Reference 8. (NUREG 75/014), Oct 1975.

'

2. Societal Risk Goal. The risk to the population 4. Aldrich, D.C., et al, Technical GuidanceforSiting )
in the area "near* a nuclear power plant of Criteria Development, NUREG/CR-2239, Dec j

cancer fatalities that might result from nuclear 1982. ;

power plant operation should not exceed one- |
tenth of one percent (0.1 percent) of the sum of 5. GeneralElectric Company GESSAR H BWR/6
the ' cancer fatality risks" resulting from all other Nuclearlsland Design (22A7007), March 1980.
causes. As noted in the Safety Goal Policy
Statement, *near" is defined as within 10 miles of 6. Criteria for preparation and Evaluation of
the pinnt. The * cancer fatality risk" was taken as Radiological Emeregency Response Plans and
169 desths per 100,000 people per year based Preparedness in Support of Nuclear Power Plants,

| upon 1983 statistics in Reference 9. NUREG-0654. !

3. Radiation Dose Goal. The probability of ex- 7. Murley, T.E., Advanced Boiling Water Reactor
ceeding a whole body dose of 25 Rem at a Licensing Review Basis, Project No. 671, Aug 7,
distance of one-half mile from the reactor shall 1987.

be less than one in a million per reactor year.
8. Accident Facts,1988, National Safety Council. |

The calculated results are compared to these goals
in the following sections. 9. 1986 Cancer Facts & Figures, American Cancer |

Society,90 Park Ave, New York, NY 10016.
19E.3.3.2 Results

The results from the internal events analysis and
the seismic event analysis (the average of the
individual results over aH fise meteorological regions
evaluated) are shown in Table 19E.3-7. A plot of
whole body dose at a distance of one half mile
against cumulative probability is shown in Figure
19E.3-1. Based upon these results, the ABWR meets j

the established consequence related goals. |

|

19E.3.4 References

L Ritchie, LT., et al, Calculation of Reactor
Accident Consequences Version 2 CRAC2:
Computer Code, NUREG/CR-2326, Feb 1983.

2. Ritchie, LT., et al, CRA C2 Model Description,
NUREG/CR-3552, March 1984.

3. 1&actorSafetyStudy, Appendix 6: Calculation of

Amendment 19E.3 3
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Table 19E.3-1 .

!

Gessar Reactor Release Parameters

| (see Subsection 19E.3.2.2 for definition of parameters)
.

.|,

,

1
.

Category E Elj} pArQ H]ld FPRO E}jfi) Isotonic Release Fractions by Groun j

Group = 1 3 4 5 6 7 8
,

!
'

Q-TR-E2 2.09F 07 1.66 0.1 0.7 4.0E + 07 10.0 1.0E+ 0 13F-03 1.0E-03 1.0E433 1.1F 03 2.6E.08 13F 07

'|
| Q-TR-E31316F 06 1.7 43 0.7 15E+ 06 10.0 1.0E+0 13E 03 1.0E-03 12E-03 2.2E44 3.1E44 4.9E 05 i

!

Q-TR-L3 6.92EA)7 11.9 10.0 10.9 5.0E + 05 49.0 1.0E+ 0 4.BE44 1.EE44 11F 04 3.9F 05 5.7EA15 9.0F 06

i
' Q-TR-12 739F 07 3.0 0.1 2.0 4.4E + 07 10.0 1.0E+0 13E-03 9.9E.04 9.9F 04 1.0E43 23E 04 13F 07 j

!

Q-TR-13 1.66FA6 3.0 3.6 2.0 2.1E + 06 10.0 1.0E+ 0 13F 03 1.0E43 1.0E.03 2.2F 04 3.1F 08 42F 05 -!
!'

|
'

|

%

:

|
i

|

|

I

.

Amenoment 22 19E3-4
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Table 19E.3-2 '

Population Density for Each Geographical Region

(people per square mile). Taken from Refennee 4, Table 3-2.

|

Radial !

Interval (mi) Mean Population by Geocrachie Sector

b3 hBY S lY SE
|

0-5 100 60 30 20 10

5-10 130 60 80 30 20

10-20 170 90 70 (O 30

20-30 180 120 100 50 40

30-50 400 100 80 40 130 |
,

O

i

I

i

e
Amendment 3 19E.3-5
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Table 19E.3-2
!

(people per square mile)y for Each Geographical Region
Population Densit

. Taken from Reference 4, Table 3-2. |

;

r

i

Radial
,

Interval (mi) Mean Population by Geocraphic Sector
i

b3 MW S y g |

|

0-5 100 60 30 20 10

f5-10 130 60 80 30 20 .

!

10-20 170 90 70 60 30

I

20-30 180 120 100 50 40
!
t

!

i
i

!

!

Amendment 22 gpESS
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Table 19E3-3

Evacuation parameters
(See Subsection 19E3.13 for additional description of parameters)

L
,

Parameter Stratecy f

_1_ 2.
|

Fraction of Population Evacuating 0.95 0.05

Time Delay Before Evacuation - hrs. 1.5 0

Evacuation Speed -m/s (mph) 4.47 (10) O t

Maximum Distance of Evacuation - m (mi) 4827 (3) 0

Distance Moved by Evacuees - m (mi) 11260 (7) 0
,

l

Sheltering Radius - m (mi) 24140 (15) 0
l

O
|

<

b

G:
19W

Amendment 22
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Table 19E.3-4 j
,

Evacuation Parameter Definition
;

!

Parameter Definition |
4

!

Fraction of Population Evacu- Fraction of population following the evacu- |
ating ation strategy :

Time Delay Before Eva:uat- Time between notice to evacuate and start
ing of evacuation. i

!

Evacuation Speed Once evacuation begins,it is assumed that !
the public rsoves directly outward and !

away from the plant site at this speed. ;

i

Maximum Distance of Evacu- Once evacuation begins, individuals within ' -

ation this distance are assumed to evacuate as - I

above with their exposure determined by r

detailed tracking of their position relative _i
to the radioactive cloud plume. People !

living beyond this distance are assumed to t

not be evacuated initially. They are as-
,

sumed to be exposed to ground contamina- :
tion for 24 hours and then evacuated. |

!

Distance moved by Evacuees Distance at which evacuees are assumed to |
before Sheltering take shelter. This parameter is nominally j

designed to represent the use of prear- i

ranged evacuation shelters. I
;

Sheltering Radius People living within this distance are |
assumed to take shelter if they do not
evacuate. Sheltering is assumed for 24
hours at which time these people are as-
sumed to be relocated out of the contami-
nated area, without further exposure.

I

i

j

!

i
'

Amendment 22 19E.3-7
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Table 19E.3-5

j Site and Reactor Data for Meteorological Modeling
i j
! |

.

', Reactor Building Length 54.0 m 177 ft.

i
J Reactor Building Height 37.7 m 124 ft.
i
'

Interval for Special Wake Effects 4 1.5 mi.

,i

d
4

!

4
i

!

,

b

I

i

! 9
;

5

4

1

I
;

i

t
i

.i

|

|

|

j
i

|

I

Amendment 22 19E34
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Table 19E.3-6 f
s ;

Event Release Parameters i

(see paragraph 19E3.2.2 for definition of parameters) !
E

!

Accident P(i) TL DR ni FTR RH Release Fractions * [
NG Iodine Cesium

:

j NCL LXL7 2.7 10 1.7 33E+5 37 .005 3.SE4 5.155 j
'

CASE 1 2.0f.E-8 20 1 192 33E+5 37 1 15E47 13E-05
'

IIHPFSRN
LCHPPSRN .,

!LBifFSRN
SBRCPFRN ;

LCLPPFRN
LCPFSRN

{CASE 2 < 10' 19 1 18 2 33E+5 37 1 5.0506 5.0E416

l IrlfPFCR
! LELPFSCR !

CASE 3 <10 50 10 492 33E+5 37 1 2.EE4M 22E-03 (
i LCHPFSD90

CASE 4 <10 20 1 19.2 33E+5 37 1 1.6503 14F4)3
!DF100FSR

DF100PFR

CASES <10 19 1 19.2 33E+5 37 1 6.0503 53E 04
i LBICPFRN

CASE 6 <10 19 10 182 33E+5 37 1 3.1E42 7.7502
i

LCHPPSD90 ,

t

LBLCPFD90

LBLCFSD90
~

CASE 7 14510 20 10 19.2 33E+5 37 1 8.9E 02 9.9E42
14LPFSD90

IIHPPFPM
, 141EPFD90

CASE 8 2.1510 2 10 12 1.0E+6 37 1 1.9E.01 25E41

| 14HPPFEH
i CASE 9 1.7510 23.6 to 122 33E+5 37 1 3.7501 3.6E 01

SBRCPFD90
|

,

I
|

! * Group 5-8 negligibic release

19E3-9Amendment 3
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Table 19E3-7

IConsequence Goals and Results

Numerical
f.tgal Goal ABWR

'

-13
Individual Risk < 3.9x10' 1.4X10

(0.1c7c)
,

Societal Risk <1.7x10 ' 8.4X10'I
(0.1%)

Radiation Dose
Probability at 25 Rem <10 < 10''

O

j

O
19E3-10

Amendment ej
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Table 19E3-8
'

Event Release Probabilistics-Rupture Disk Sensitivity Study
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9 19EA,1 SUMMARY DESCRIPTION (Determination of a new setpoint is not completed
following strengthening of the drywell head.)

Direct Containment Heating (DCH) is the sudden Subsection 19E.2.1.2.2.2 (2) (b) indicates the opemtor
heatup and pra-imtion of containment resulting from actions which could be taken to assure SRV operability
the fragmentation and dispersal of core matenal in the under these conditions. The appropriate operator acuans
containment atmosphere. DCH is a concern for are specified in the ABWR EPGs. Since the
sequences in which the vessel fails at high pressure containment pressurizes very slowly, over a period of
since the steam flow from the vessel provides the about a day, there is ample time for the operators to
motive force for entrainment. In the event of a take thewA rums.
sufficiently large DCH event, the containment could
fail at the time of vessel failure. Since this could lead Given the &m Circussions one may conclude that
to very high releases to the environment, a study has the ADS system will not be mmpromised before vessel
been ca: Tied out to investigate the uncertainties in the failure in the unhkely event of a severe accident, and
challenge to containment due to a DCH event. In the the frequency of severe accident sequences in which tie
past, this issue has been primarily addressed for vessel fails at high pressure is extremely low.
Pressurized Water Reactors (Reference 1) since BWRs However, with the many sources of low-pressure
have very reliable vessel depressurization systems. injection available to the ABWR to prevent core
Thas. the frequency of accidents with the vessel damage, the frequency of all core damage sequences is
remaming at high pressure is extremely low. very low. Therefore, high-pressure core melts appear as

mntributors to the total core damage frequency, albeit
Subsection 19D.6.2.5 provides an evaluation of with a very low probability,

the ADS system reliability including the nitrogen,
control and instrumentation systems. Additional A detailed study utilizing event trees was performed
information about the SRVs and the ADS system may to assess the peak drywell pressure resulting from a
be found in Subsections 5.2.2, 7.3.1.1.1.1 and DCH event. He following outlines the analysis and
19E.2.1.2.2.2. the resuhs.

(O Subsection 7.3.1.1.1.1 (3) (h) indicates that the
J signal cables, solenoid valves, safety / relief valve

V operators and accumulators are located inside the
drywell and are designed to operate in the most severe
accident resulting from a DBA LOCA. including the
radiation effects. He conditions in the containment
during the early stages of a severe accident (before
vessel failure) which requires 6: pressunzauon using the
SRVs are less challenging than those specified by a
DBA LOCA. Additional analyses of the ADS system
capability were performed in support of station
blackout performance analysis. This discussion is
included in 19E.2.1.2.2.2. The conclusions of that
analysis are that there is ample DC power for the
operation of the SRVs for many days after the 8 hour
capability required by the s:ation blackout rule.

Section 5.2.5 indicates that the nitrogen
accumulator capacity for each valve is designed to be
sufficient to open for one actuation at drywell design
pressure even if the air supply to the accumulators is
lost. The risk significant severe accidents in the ABWR
PRA remain below the design pressure of the
containment in the time period before vessel failure.
Valve operability at high containment pressure
conditions are also discussed in Subsection
19E.2.1.2.2.2 (2) (b). Based on the presence of the

g containment overpressure protection system, the
( maximum drywell pressure is approximately 100 psig.
(

Amendment 2B 19EA.1-1
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( 19EA.2 DESCRIPTION OF EVENT 19EA.2.1 Event Headings
TREE ANALYSIS

De important parameters and assumptions which
The early containment failure event tree analysis are considered as headings on the main event tree and

consists of a main tree (Figures 19EA.21,19EA.2-2, the DETs and the reason for their use are discussed
and 19EA.2-3) and three supplemental decomposition below.
event trees (DETs) (Figures 19EA.2-4,19EA.2-5, and
19EA.2-6). De first two events on the main event tree 19EA.2.1.1 Containment Pressure Prior to
sort the sequence classes by reactor pressure vessel RPV Failure (CONTPRES)
(RPV) pressure and pre-existing containment pressure
at the time of vessel failure. Rese parameters are De pre-existing pressure of the containment is
uniquely determined by the accident class attributes. obviously important in the assessment of contamment
he last event on the main event tree assesses the pressurization following vessel failure, Three pressure
probability of drywell head failure following vessel regimes have been selected to represent the range of
failure. The probabilities for this event are evaluated in possible pre-RPV failure containment pressures.
supplemental DETs. 'I'aree DETs were constructed to MAAP calculations (described in Secuan 19EA.2.2 and
assist in the quantification for accident classes with summari:cd on Table 19EA.2-1) indicate that ABWR
high RPV pressure. (Low RPV pressure sequence accident sequences can be grouped into three classes.
classes are not expected to lead to containment Rese pressure regimes are similar to those selected to
pressures which would challenge the integrity of represent pre-RPV-failure containment pressures in
contamment.) ne three DETs assess the probability of NUREG)CR.4551 (Reference 2).
containment failure for different pre-existing
containment pms-s at the time of RPV failure. Class Pressure Range Erampies

The DETs consider the major phenomena which low 15 - 30 psia Non ATWS
contribute to early over pressurization of containment (Nominal = 1.5 atm) sequences with
from high RPV pressure sequences including debris operable DHR or

g entrainment from the lower drywell, Direct with rapid core
j Containment Heating (DCH), the pre-existing pressure damage (i.e. allin-

in containment prior to RPV failure, and the pressure vesselinjection
rise due to blowdown of the RPV. Each pathway failed)
through a DET represents a possible accident
progression pathway given the uncertainties in the Inter 30 -45 psia large LOCAS with
underlying phenornena. A peak contamment pressure is (Nominal = 2.5 atm) early failure of
associated with each pathway. Dese pressures have DHR. SBO with
been estimated from a deterministic DCH model RCIC and failure of
(described in Section 19EA.3) with input conditions DHR.
which reproduce the parameter values and assumptions
along each sequence pathway on the tree. These High > 45 psia A*IWS with RCIC.
pressures were then compared with the containment (Nominal = 4 atm)
fragility curve (developed in Attachment 19FA) to
determire the probability of containment failure,

nis event is quantified based on the sequence
accident class. His is a sorting type event. The

De probabilities for each sequence pathway wa. h
similar end states were summed and these results

probability of each branch is either 0 or 1 depending
upon the attributes of the accident class.

transferred as the branch probabilities for the last event
on the main event tree.

19EA.2.1.2 RPV Pressure at RPV Failure
ES)The spectrum of pressures and associated

probabilities represented by the quantified DETs
represents a discrete probabihty distribution on ne RPV presswe at the time of vessel failme is a

containment pressurization following vessel failure. major parameter impacting a number of processes

Dis distribution is a representauon of the uncertainties which contribute to containment pressurization at RPV

associated with the estimation of containment failure. Blowdown of the reactor vessel following

pressurizauon due to the phenomena occurring at vessel failure from elevated pressure contributes directly toy],

ratime. containment pressurization. High RPV pressures

Amendmm12h 19EA.2 1
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promote entrainment of the debris from the lower Small. Initiala ca equal to the area of
drywell and debns fragmentation. one contmlro:1 drive |

2penetration (< 0.1 m ),
Section 19EA.3.1 describes the mechanism for

entrainment and the potential for debris dispersal in the Large- NcWnalfailure area of
2ABWR. 2.0 m ,

Two ;ressure regimes are considered: For quantifying this event, the results from
NUREG/CR-4551 were used as guidance. In this

High (> 200 psia), analysis, as in NUREG/CR-4551, it was assumed that
2all breach sizes greater than 2.0 m could be treated

Low (s 200 psia). identically. For all core damage sequences where core
damage progression is not terminated in-vessel (and

For sequences with low RPV pressure at the time vessel failure is predicted) NUREG/CR-4551 indicated

of vessel failure, the mechanisms which may lead to that the mean probability of small penetration failures

rapid containment pressurization are generally not was 0.75 and the pmbability of large lower-head failure

operative. As discussed in Section 19EA.3.1, modes was 0.25.

entrainment of the debris is an essential prerequisite for
DCH. he entramment of debris from the lower drywell Analyses performed subsequent to NUREG/CR-
occurs due levitation by the steam expelled from the 4551 indicate that the probability oflarge creep-rupture
vessel after vessel failure. For sequences with the RPV lower-head failure modes may have been overecimmed
at low pressure at the time of vessel failure, there is no (References 3 and 17). Even though the best-estimate

driving force for the steam. Consequently,in the event studies indicate a small penetration failure is expThe
red,

tree for early containment failure due to DCH, the this analysis addresses hole sizes up to 2 m .
probability for early containment failure for low. probability of a larger failure is judged to be quite low
pressure sequences is set to zero. based on References 3 and 17. Therefore, the

probability of large lower-head failure modes has been

For high-pressure sequences, on the other hand, decreased 10 0.1 in this analysis. Thus,

mechanisms such as DCH and RPV blowdown m.;y
challenge the integrity of the containment. The P(Small) = 0.9,
remaining events on the event tree assess those
mechanisms which impact containment loading for P(large) = 0.1.
high-pressure sequerces.

These probabilities are considered to be appropriate
This event is quantified based on the sequence for both early and late core damage sequences. Vessel

accident class. This is a sorting type event. The ablation is primarily controlled by the superheat in the
probability of each branch is either 0 or 1 depending core debris, and is less influenced by the time of core
upon the attributes of the accident class. damage. Rus, the time of core damage will have little

effect on the mode of vessel failure.
19 EA.2.1.3 hiode of RPV Failure
(h10DRVFAIL) 19 EA.2.1.4 Fraction of Core Inventory

h1olten in Lower RPV Head (RVCORh1 ASS)
Following slumping of the mohen core debris into

the lower RPV head, thermal attack on the lower head This parameter largely defines the potential for
and lower head penetrations will eventually result in large scale DCH events. It is generally considered that

bottom head failure (unless the debris is cooled in- only the debris that is molten in the lower head at the

vessel). Several modes of vessel failure have been time of vessel breach will have the potential for
considered to be possible ranging from a limited area dispersal and fragmentation. Thus, only this material
failure of one cr more instrument tubes, drains or can significantly c.ontribute to DCH.
control rod drives or creep-rupture failure of the lower
head resulting in a large diameter failure. Two regimes are considered:

This event is a split fraction, representing
uncertainties in the phenomenology. Two size classes Small 0 - 20% Core Debris
were defined for this study: Inventory (Nominal 10%),

O
Amendmmt 2B 19EA.2 2
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f Large 20 - 60 % . 3cbris oxidation of zirconium is much higher than that of
C Inventory (Nominal 409i). Other metals, the use of a high zirconium mass bounds

the effects of the other metals. Even at the four minute
These mass regimes are similar to those chosen in mart, the distribution of the masses is conservative due

NUREG/CR4551 to represent the Grand Gulf plant. to the relative heats of reaction for zirconium and other
metals. Thus, the table clearly shows that the assumed

NUREG/CR4551 provides probabilities for three masses beund the BWRSAR results,

cases which appear to be also applicable to the ABWR.
The mean NUREG/CR-4551 probabilities are presented 19EA.2.1.5 High-pressure Melt Ejection
below: (HPME)

(1) Case 1 - For sequences with water injection into For sequences with high RPV pressure at vessel
the reactor vessel prior to vessel breach by failure, the core debris is likely to be expelled from the
low-pressure or high-pressure injection systems- vessel at high velocity. Funhermore, the velocity of

the residual gases blowing down from the reactor vessel

P (Small) = 0.975, are likely to be sufficiently high to result in significant
entrainment of the debris from the lower drywell and to

P(1.arge) = 0.025. result in dispersal and fragmentation of the debris. His
event is a split fraction indicating the uncertainty in
P enomena. Le question evaluates whether ah(2) Cases 2 and 3 - For high- and low-pressure

sequences without in-vessel injection, substantial fracnon of the core debns is expelled from
the vessel at high velocity and followed by the

P (Small) = 0.9*
blowdown of the vessel. Given these precursors, it is
believed that material will be lifted from the lower
drywell floor. A subsequent event heading (FRAG) willP(Large) = 0.1.
assess the extent of debris fragmerstation, and dispersal
into the upper drywell

n Since the majority of ABWR core damage

[b} sequences do not involve late water addition to the core,
For aH can where e d fh occurredit is conservatively assumed that the Case 2/3 results

a#y to aH ABWR core damage sequemes. under high-pressure conditions, the probability of an
HPhE was assessed to be 0.8 for the Grand Gulf plant
in the NUREG/CR-4550 study. Based on similarities

It can be shown that the core debris discharge rates in the design of the ABWR and BWR-6 vessel bottom
used in the ABWR DCH analysis bound resntts typical heads, it assumed that these results can also be applied
of a BWRSAR calculation (Referent- %). Table to the ABWR. Additional discussion is provided in
19EA.2-2 compares the approximate dewis masses Section 19EA.3.1. The Fo HPME value of 0.2
released from the vessel at selected mtervals after the represems the potemial that the gas from 6e RPV wha
vessel has failed. De ABWR DCH analysts column break through the core debris and the vessel will be
shows the values used for a small mass. It should be depressunzed prior to the release of the core debns and
noted that debris entramment will occur only until the the potential that the initial vessel b:cach will be near
vessel has depressunzed to about 200 psia. The

the melt surface. BWRSAR results (Reference 18)BWRSAR results mdicate that the RPV depressunzes indicate that the RPV depressurizes before any
m about four minutes. He analysis of this study has a substantial amount of core matenal is expelled from the
much larger vessJ failure area due to ablation, thus, the yeggeg.
depressurization is more rapid. 'ne p essunzation of the
containment is most rapid before the wetwell

P (HPhE) = 0.8,
connecting vents clear. Vent clearing will occur withm
the first second of the blowdown. Therefore, the very
early stages of the debris pour and emrainment are the P(No HPhE) = 3.2.

most significant.
For reasons su.mlar to those discussed above for

.

The total mass of debris and the zirconium mass I W-Pressure sequences,if an HPhE event does not

used in this analysis are much larger than the masses xcur then the loads imposed on the containment
,

calculated by BWRSAR. Indeed, the mass of the stmeture at vessel faDure waH nm result in a seriously
,

zirconium bounds the entire zixonium and metal mass threat to containment integrity and the probabili!y of

'_) calculated by BWRSAR for the critical, early stages of cady contaimnem fanure is assumed to & zem.
/

/ the blowdown. Since the heat of reaction for the

A n knut 2B 19EA.2-3
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G!!19 EA.2.1.6 Fraction of Entrained Debris is released at vessel failure will be trapped in the lower
|Fragmented and Transported to the Upper drywell. The region of the lower drywell above the

Drywell (FRAG) downcomers does not have any open flow paths. ,

Furthermore, the control rod drive mechanisms are |
This branch in the DETs is a split fraction event. located in this region. Therefore, the velocities in this |

For high. pressure sequences where an HPME has region will be lower than that in the region below the ;

occurred, this event assesses the extent of dispersal and downcomers. Material which has been lifted off the i

fragmentation of the entrained debris. In order for a floor could become trapped in these more stagnan* {
serious overpressure challenge of the containment by regions of the lower drywell above the downcomer.
direct contamment heating (DCH), a significant fraction Thus, one would not expect that all of the debris
of the debris that was molten in the lower RPV head at entrained in the gas flow would exit the lower drywell.
vessel failure must be transponed from the lower
drywell into the upper drywell and fragmented. The Once debris is assumed to leave the lower drywtB
mechanisms which may limit the transport of the and enter the downcomer, two mechanisms govern the
mohen debris from the lower cavity to the upper cavity final distribution of core material. Rese mechanisms !

are hn=d below.These include: are the impaction of core debris on structures and the
transpon to the suppression pool due to flow toward

(1) Trapping of the debris in the lower drywen, the wetwell in the downcomer. The gas transport {
pathway to the upper drywell is relatively convoluted.

'

(2) Impaction and removal of the debris in the gas For the debris to enter the upper drywell it must be
transport pathway connecting the lower and upper entrained off the drywell floor, flowing venically along
drywell companments, the drywell wall. It then turns 90 degrees to enter the

horizontal piping. After flowing a shon distance
(3) Panitioning of the gas (and entrained debris) flow through the horizontal piping the flow will encounter a

exiting the lower drywell between the upper Tee type junction with the venical downmmer. At this

dryweH and the werwen, Point the entrained debris must again turn 90 degree.
Here is potential for impaction on the downcomer wall

(4) Debris dispersal by wave formation rather than by at each turn. His impacted debris is likely then to flow 4

smaH particles. downward along the downcomer wall toward the
wetwell vents. This effectively removes the material

The above mechanisms can impact the extent of tr m Paruerpatmg m the DCH event.

debris dispersal to the upper drywell as small debris
in addiu.on,if the horizontal wetwell vents have

.

particles which is the critical parameter for determining
the potential threat from DCH. cicated then the entrained flow will split betweca that

going upward toward the upper drywell and that going
downward toward the wetwell vents. If the vents haveThe basic configuration of the ABWR lower

drywell is shown in Figure 19EA.2-7. Additional not (yet) cleared, then aH the Dow wiH go upward

details can be seen in the arrangement elevation drawing toward the upper drywell. He debris that panitions
]

with the gas flow going downward toward the wetwell
,

,

(Figures 1.2-2 and 1.2-2a), the lower drywell elevation
(Figures 1.2-3b and 1.2-3c) and the arrangement plan vents will not panicipate in DCH.

(Figures 1.213e through 1.2-13h). The vessel skirt of
the ABWR is solid, there are no openings in it which Finally, since DCH relies on the rapid heat transfer

could connect the upper drywell to the lower drywell. from the corium to the surrounding gas, any debris

This precludes water transpon from the upper drywell which as transponed via a wave type motion will not

into the lower drywell following a LOCA. Hence, the Panicipate in the DCH event. As discussed above and
,

desen, bed in detail in Section 19EA.3, wave formation !

flow path for gases and debris expelled from the lower is n t expected to be the dominant transportdrywell will be through the downcomers. The upper
drywell to wetwell downcorners are imbedded in the mechanism. Most of the debns transponed to the upper

lower drywell wall. The downcomers are also ennmwed drywc!! is expected to be in the form of paniculate.
,

to the lower drywell gas space via horizontal pipes
he fraction of the molten debris in the lower headwhich penetrate the lower drywell wall at an elevation

approximately two-thirds of the height between the that is dispersed into the upper drywell and fragmented

lower drywell floor and the top of the lower drywell. can be represented by the following relationship-

I rag = f owncomer K fampaci I f a-updw xf n (1)Because of the lower drywell configuration it is spl pef d

expected that some fraction of the molten debris which

Amadman % 19EA.2-4
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the fracdon of debris trans- fraction of debris that does not get removed due towhere: f., =f
ported to the upper drywell and impaction.

! fmfrre nua
Prior to clearing of the hortzontal vents, gas flow

|

the fraction of debris which into the vent pipes will be directed up into the upperf mncomer
'

=&
gets entrained out of the lower drywell. As the upper and lower dr3 wells pressunze, the
drywell into the downcomers water level within the vent pipes will be QM and

|
(estimated uncertainty range venting into the wetwell will begin. The average vent

| 0.25 - 0.75), clearing time is 0.5 seconds. After the vents have |

cleared, the gas would preferentially flow into the'

the fraction of the debris enter- wetwell since the upper drywell would be increasmg in
| famp.a =

ing the downcomers which pressure. If the wetwell and upper drywell pressures !

does not remain permanently were conservatively assumed to be equal, then a 50/50 ;

impacted on the downcomer split would occur based on equal flow areas in both '

;

I walls (i.e. either is not im- directions. As described in Section 19EA.3, the ,

pacted or is impacted and re. entrainment dispersal dme is estimated to be two'

entrained)(esumated uncertain- seconds. If the debris is dispersed hacarly, then the
ty range 0.5 - 1), vents would clear after only 25% of the debris was

released from the lower drywell *Ihe debris leaving die
the fracdon of the gas flow lower drywell after vent clearing would thenf.ptis.upa, =

| which goes upward toward the conservatively be split 50/50 between the wetwell and .

| upper drywell (as opposed to the upper drywell. Based on this dhian, a median !

i the wetwell)(estimated uncer- value of 0.75 was conservanvely selected to represent
! tainty range 0.5 - 1), the fraction of debris that flows to the upper drywell

the fraction of the debris en- The final phenomenon that could influence thef .a =p
trained into the upper drywell amount of the debris that would participate in DCH is

'
which enters in the form of the wave formation if the debris enters the upper

[( small particles (estimated un. drywell in the form of a coherent wave,it would not be
certainty range 0.75 - 1). expected to participate in mixing with the gas.

Experiments performed at ANL for PWR cavity

| 'Ihe uncertamry ranges for these four parameters configuradons have resulted in this wave type of
; were chosen based on the physicallayout of the lower sweepout. As discussed in Section 19EA.3, wave
| drywell along with engineering judgment. A median formadon is not expected to be the dominant removal
! value of 0.5 has been chosen to represent the amount of mechanism for the ABWR configuration. However, as

matenal expelled from the vessel which exits the lower debris flows through the wetwell/drywell connecting

| drywell. As described earlier, this represents the vents to the upper drywell, it is possible that some of
potential for material to be trapped in the stagnant the debris, forms wave-like sheets. Therefore,

,

region above the horizontal vent pipes. The ANL engmeenng judgment has been used to esumate that the

experiment described in Section 19EA.3 did not include median value for the fraction of debris that is dtspersed

any below vessel structures. It may be possible to as particulate debns is 0.875.

freeze and hold material on these massive structures.
Furthermore, the openings from the ANL cavity are Assuming a uniform distribution for each of these
much wider than the openings in the ABWR. Since the parameters between their assessed upper and lower
debris will have to make a turn to enter the ABWR bounds results in the distribution for f r., shown ini
openings, the smaller area makes the debris less likely Figure 19EA.2-8. This distribution for igr., has the
to entrain. Based on the above discussion, a median following characteristics:
value of 0.5 appears reasonable for foo.,corne,.

median value 0.22,
The debris leaving the lower drywell will then

travel a short distance before entering a tee junction. It 80th percentile 0.34,
is expected that some of the debris will impact on the
wall of the pipe at the junction and flow down into the 99th percentile 0.60.
wetwell. Based on the physical characteristics of the
debris fiow path, it was judged that a median value of Based on the above results, three regimes were
0.75 would provide a conservative estimate for the selected to represent this parameter in the event tree:

Amendmait 2h 19EA.2-5
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Low (fra, s 035), Intermediate (035 < frm,ic DCH
s 0.60), '

and High (f m$ dons described in Reference (1), thef > 0.60). In the detenninist
pressure calcul
nominal values for f as used to represent these threef
regimes were 0.25, 0.5, and 0.75. He estimated
probabilities for each of these discrete regimes for this
parnmen are shown below:

P(low) = 0.8,

P(Inter) = 0.19, I

P(High) = 0.01.

Figure 19EA.2 9 shows the comparison of the
calculated cumulative distribudon, as detennined from
the above parameters, and the distribution assumed for
the DCH analysis. As the figure shows quite clearly,
the assumed distribudon is conservative. The entire
range assumed for high fragmentation lies atove the
calculated range. For the low and intermediate
fragmentation ranges, only a very small portion of the
assumed distribution lies below the calculated
distribution. Herefore, the discretization of Fgmg used
for this analysis is conservadve.

19 EA.2.1.7 Peak Containment Pressure
Following RPV Failure

This event assesses the peak drywell pressure
following RPV failure. Here is only one branch for
this event. This event summanzes the deterministically
mimbted drywell pressure for the set of conditica.: nnd
assumptions specified in the event sequence pathway
leading to this event. A descripdon of the calculadonal
methodology and calculated results are presented in
Secdon 19EA3.

19EA.2.1.8 Drywell Head Fails Following
Vessel Failure

This event assess the probability of drywell head
failure given the pressure determined in the previous
event. He probabilities for failure are determined from
the drywell head fragility curve described below in
Attachment 19FA.

i

!

I

O
Amendmern 23 19EA.2-6
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| Table 19EA.2-1
i CONTAINMENT PRESSURE AT RPV FAILURE

Pressure

| MAAP Calculation MPa (psia)

LCLP-PF-D-M 0.13 (19)

LCLP-FS-D-L 0.14 (%)) |

| |

| LCHP-PS-D-N 0.14 (20) I

! |
| LCHP-PF-P-H 0.14 (20) ;

;
.

SBRC-PF-D-H 0.24 (35)

LBLC-PF-D-M 0.29 (42) |
i

| iNSCL-PF-D-H 0.13 (19)
i
| NSCH-PF-P-H 0.13 (19)

.

NSRC-PF-D-H 0.43 (62) !

! !

i
;

r
'

.

!

!
i

l |
1
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Table 19EA.2-2
COMPARISON OF ASSUMED DEBRIS DISCIIARGE WITII BWRSAR

RESULTS

Intecrated Debris Discharced

ABWR DCli Anniv51s BWRS AR

Time Zr Metals Oxides Zr Metals Oxides

Vessel Failure 0 0 0 0 0 0

+2 minutes 6500 (1) 17.000 926 3880 0

+4 minates 6500 (1) 17,000 2316 8172 0

(1) Only a small portion of the core plate was assumed to be added to the detris.

I

O'

O
Amendment i 19EA.2-8
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19EA.3 DETERMINISTIC MODEL reasons that will soon become clear, we follow Henry

FOR DCH @eference 5) and leave the coefficient explicitly in the
expression. Typical values of Weber number are 6 to

A compuses progam has been developed to provide 12 when the drag coefficient is left out. Strictly ;

scoping calculations for DCH events in the ABWR. speaking, these would specify the maximum panicle i

Several simplifications and assumpdons exist in this sim he snass median diarneter, fw exaniple, wouh j
t M 61s value @cierena 6). |model. His model, and its application to the ABWR

design are described below.
If we substitute Equation (3) into (2) and neglect

19EA.3.1 Debris Dispersal in the *jas dens ty C n1 Pared to se Hqdd densky we
ABWR '

'4 We' ProThe purpose of this section is to briefly summanze u,' = -- g- (4)
the available information on debris dispersal from a 3 c, s p,2 |

L

configurataon like that of the ABWR lower drywell.
Define the Ka'ai-1=de number by:

)19EA.3.1.1 Velocity Required to Transport ;

Debris Particles u
8Ku= , g, (5)

De velocity required to transpon debris panicles Pro
!s

out of a companment by entrainment can be easily ' p'2 i

estimated (Reference 4). To lift a panicle of radius r '

agamet the force of gravity requires a velocity given by: I

so that- )

(Pr - P. dg = c d (2) *Ku = (6)
( 3Cs ;

' where: pr fluid density,=

A free pardcle in the high Reynolds number limit
pg gas density, has a drag coefficient of about 0.44. If we assume a=

,

Weber number of 8 (the results obviously depend )
panicle radius, weakly on this choice), we obtam: jr =

l

acceleration of gravity, Ku = 2.7 (7)g =

drag = Nan' When subsstuted into Equadon (5), this gives aed =

velocity close to the experimentally measured value
s gas velocity. required to entrain panicles off a free surfam (Referenceu =

7).
If we assume complete hydrodynamic breakup, the

maumum particle radius is given by equating the force Consider a different situanon in which gas is
impaned by the gas stream to the surface tension force sparging a pool from below. If we consult
holding the droplet together. This is usually cast in Figure 19EA.3-1 (Reference 4), we note that the drag
termsof aWebernumber: coefficient for a panicle bed is in the range 2040. If we

use 30 and leave the We number at 8, we obtain:
22c p'u r

8We= (3) Ku = 0.2 (8)a

where: o = surfacetension. His does yield just the experimentally measured
velocity required to fluidize a pool (Reference 8). 1

There is some ambiguity on the form of this .

iequation and the choice of the Weber number, We. Rus, we see that the velocity required to lift liqu.d

Most authors fold the drag coefficient into We. For droplets is a strong function of the configurataan. A gas

( stream passing horizontally over a hquid pool requires !

,

Amendment 28 19EA.3 1
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on the order of 10 times the velocity required to fluidize 19E A.3.1.2.2 Experiments on Grand Gulf
a bed, t.c. a situation m which the gas stream proceeds .

E "" "vertically from below. This effect results from the
different drag coefficients which apply to the tw

Figure 19EA3-3 shows a schematic view of the
situations. Thus, one would expect the required velocity
for entrainment in the ABWR to be 10% of the value

Grand Gulf pedestal region. Experiments were also
.

for the Zion cavity. conducted at Argonne on a scale model of this
>

configuration. Quite different behavior was observed in
these tests. Due to the more or less symmetric

19 EA.3.1.2 Argonne Experiments on Debr.is orientation of the scale model CRD ports around theDispersal circumference of the pedestal, the gas jet leaving the3

simulated reactor vessel was observed to stagnate,'

Spencer, et. al., at Argonne National Laboratory proceed horizontally so as to undercut the entire liquid
have conducted a number of debris dispersal pool, turn and proceed vertically using virtually the
experiments in several geometries. Extensive entire cross-sectional area of the pedestal. (Only a small
information on these is available (References 8,9,10, fraction of the area was used by the jet moving
and 11). Here we shall briefly summarize the results of downward from the simulated vessel.)'

two sets of quasi-steady experiments designed to
determine the threshold velocities required to transport As noted in Reference (8), this configuration is
debris from simulated reactor cavity / pedestal regions. reminiscent of a pool sparged from below. Using this

reasoning, Equation (8) would be expected to apply.
19 EA.3.1.2.1 Experiment on Zion Indeed, a Kutateladze number of 0.2 was found to
Configuration accurately predict the velocity required to initiate

removal of debris. Visual observations of the
Figure 19EA3-2 shows a schematic view of the experiment support this conclusion, as it was seen that

j Zion reactor cavity. Experiments conducted with this the entire pool became fluidized, the liquid rose up to
geometry (Reference 9) indicate that the threshold the level of the ports, and was then swept out by the
velocity required to disperse liquid droplets into the gas gas stream.
stream and move them from the cavity is
approximately given by a Kutateladze number of 2.5. An experiment was also conducted in this
This is not unexpected, since the geometry of the geometry with steel shot. A drag coefficient of about 7
cavity is such as to cause the gas jet leaving the reactor is required to explain the measured velocity threshold
to stagnate at the floor of the cavity, to turn and for sweepout of -3.5 m/sec. By consulting
proceed horizontally down the cavity keyway over the Figure 19EA3-1, we see that such a drag coefficient is

,

; liquid pool. Thus, the considerations which lead to appropriate for a bed of porosity about 0.8. His is, in
Equation (7)would seem to apply, fact, the porosity that would be obtained if the entire

bed of shot was uniformly fluidized up to the elevation
It should be noted that sweepout, in which a of the CRD pons. This suggests that the threshold

continuous liquid film was observed to be flooded from velocity for sweepout in the Grand Gulf configuration
the reactor cavity, occurred at about the same velocity might be a function of the ratio of the initial pool
as entrainment of droplets. Thus, as noted in Reference volume to the total volume which exists in the pedestal
(12), the amount of material transported from a Zion. under the elevation of the gas flow paths. In other
like cavity as droplets relative to the amount words, fluidization could begin at a low velocity (when
Uwpuned as a film is determined by the relative rates the porosity is low and the drag coefficient is high), but
of the two processes, as the pool tries to grow toward the exit flowpaths, the

velocity required to continue to levitate droplets would

An additional experiment was run in which steel increase. This conjecture cannot be confirmed by the*

shot of diameter 780 x 10-6m was used instead of a few tests run with liquid pools, however.

liquid pool. By substituting into Equation (2), the drag
coefficient necessary to explain the observed velocity 19 EA.3.1.2.3 Application to GE ABWR |
threshold for debris dispersal of -16 m/sec (Reference Configuration j
11) is found to be about 03. It is not known why this !

is less than the expected value of 0.44, but the The ABWR configuration, Figure 19EA.2-7, is
dimmcy is not considered large. similar to that for Grand Gulf. Thus, we expect that a

Kutateladze number on the order of 0.2 should be ;

applied to calculate the dispersal threshold. With the !
i exception of the ANL Grand Gulf work, the

'
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documentedexpenmentsW-A odatehavefocusedt
on PWR type cavitics such as Zion. As discussed
above, these are not directly applicable to the AB%R
confguranon.
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19EA3.2 Pressurization Due to DCII to oxidize is a user input (discussed in section
19EA.3.5). The energy of reaction is taken to be that

The pressunzation of the drywell is affected by the for the zirconium steam reaction. Oxidation of the
blowdown of gases from the vessel and by the heat zirconium participating in the DCH event is assumed

transfer from fragmented corium into the drywell. An to be instantaneous,

explicit method is used to calculate the response of the
system. The gas is assumed to be an ideal gas with the The temperature of the debris is calculated based on

rate of change of pressure, P, calculated from: the amount of energy remaining with the phase change
energy accounted for and assumed to take place at a
uniform temperature of 2500K. Constant specific heat

. M,Rt' + M'RT'
(9) and latent heat of fusion are assumed.P=

M W ,V MW,V

where: M Total mass of gas in=g

containment (steam and non-
condensible gas),

R Gas constant (8314 N-M/kg-=

mole-K),

T Gas semperature,=g

MW's Average molecular weight of=

the gas mixture,

V Drywell volume,=

and a dot over a variable indicates its rate of change
with time.

The temperature change of the gas. T , iss
calenhteA by assuming that the gas and the fragmented
debris are in equilibrium at each time step. Since the
DCH event is very rapid, no credit is taken for heat
transfer to containment heat sinks. The specific heat
capacity for steam is evaluated using a curve fit to
saturated steam properties (Reference 13). Constant
specific heat is used for the non-condensible gas.

, he rate of change of mass in the containment,
M , considers the gas blowdown from the vessel, anyg
flow to the suppression pool through the connecting
vents, and hydrogen generation which occurs as a result
of the reaction between the steam and the zirconium.
De mass flow rates through the downcomers and from
the vessel are evaluated using a compressible flow
model(Reference 13).ne pressurization of the wetwell
due to any addition of non-condensible gases is
considered. Steam which passes through the conr'ecting
vents is assumed to be quenched.

,
,

| The debris conditions are calculated by '

| conservation of energy in the system. The mass of
I debris participating in the DCH event increased linearly
j over the time constant for the event (discussed in

| Section 19EA.3.4). De fraction of the debris allowed

|
'
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19EA.3.3 Calculation of Vent
Clearing Time ,

The DCH program prevously described includes a -j
model to psedict the time required to clear the horuontal '

vents and begin gas flow to the wetwell Tie model,
based on analysis by Moody (Reference 14), requires as

| input the pressurirmainst rate for the upper drywell. The i

DCH model compuses the pressurization raie for each !

time step. Given this, Moody has derived a simple
formula for the water velocity resulting from this ramp
pressure. The DCH model then computes the water

i movement as a function of time; and, based on a table
| look up of vent area vs. water level, calculates the

| appropriate drywell vent area at any point in time.

l !
|

'

| ;

! :
I '
'

i,

1

|
.

h

!
| 4

,
,

|
,

l

|

|
1

|

!
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19EA.3.4 Calculation of Dispersal model is applied to the SNL DCH-1 experimenL

Time Constant For this calculation, however, the entrainment
rate was taken directly from experimental data. In

For the parametric modeling of DCH in this addition, the model was not applied to a full,

analysis, a timescale for dispersal must be input. This reactor-scale scenario, only to DCH-1;

influences the rate of containment pressurization by
defining the entramment rate of the debris. (4) Sienicki and Spencer at ANL have wrinen a rela-

tively sophisticated one-dimensional hydrodynam-

There is a dearth of good models for DCH. The its model called HARDCORE (Sienicki and
only mcxiels which were identified are: Spencer, undated). Separate mass, momentum and

energy equations are written for the liquid film,

(1) ne CONTAIN Model the droplets and the gas. The entrainment
correlation is based on liquid jet breakup formulas

This is a lumped parameter model in which the developed by De Jarlais,Ishii, and Linehan. Being'

one-dimensional, the model does not, of coume,
! rate of entrainment is input by the user. It

provides noinsights for this study; taken into account non-uniform, ties m velocity,i ,
'

though there is consideration given to entrainment
fmm annuladIms on be cady waHs.(2) Henry has developed a model for ARSAP

(Reference 15) that explicitly compares the time-
scale for dispersal due to the acceleration of the The model was applied to the ANL CWTI 13

liquid film as a whole to the time required to experiment and to DCH 1. In both cases, it is
stated that the debris entrainment time wasenuain the debris as dmplets.
predicted fairly accurately by the code (time-scales
on the mda of 0.1 seconds). When be d washis model is very auractive from the standpoint
then applied to a full-scale Zion TMLB accident,that it produces closed-form answers and

illustrates that the competition between the two me predicted dme-scale fm sweepout of ee, debris
fr m the cavity was of order 2.5 seconds, t.e. themodes of debris removal from the cavity may be
numerical results are fit rather well by:an important consideration for designing and

integretmg experiments. However, there appear
to be several problems with this model. First, it m, = m {l-e*5) (10)o
assumes a very schematic debris configuration,
i.e. an initially static debris pool lying on the where t = time in seconds since the
floor of the cavity. It seems more reasonable t Nowdown begins;
assume that there is debris splashing throughout
the cavity, as point out in Levy's WRSIM papers D) De recent papas by Levy, mendorned above,(Reference 16) and in Spencer's work at ANL.

c ntain an explicit closed-form expression for the
Next, it is questionable that the entrainment rate time-dependent entrainment of debris from the
formula that is used, the one developed by Ricoui

reactor cavity. nis fomula has been compared to
I and Spalding for gas-gas entrainment, applies to ,

a wide variety of small-scale test data withthis situation. Dere is evidence (cited by Levy)
rema yg d resuhs.ne fomub was apphed

that non-uniform gas velocities in cavities may
m calculate be entrainment rate fw a fuQscaleplay an important role in enhancing entrainment Zi n-like cavity in a TMLB-type sequence;if one

rate. Finally, only very limited comparisons to assumes that steam exists in the cavity (theMve been offed results are apparendy quite sensidve to the gas
density mue due to be stmng deWence on

Taken at face value, Henry's model tends to " ' ""* #}' "# # "' *##" "E'Epredict very rapid removal of the debris from the nonsensical result of 100 seconds. Ilowever, it
cavity, mainly as a liquid film. Oddly enough, the does not appear at this juncture that a constant in

. .

time-scale for removal of the film depends only in his expression can be derived from small-scale
a very weak way on the hole size in the vessel experiments and applied to full-scale cavities as
(i.e. through the gas density in the cavity and was done in the calculation just mentioned;
even this matters only as the 0.25 power);

. . (6) A code called CORDE is under development in
(3) BNL has written a one-dirnensional model ca!!ed the UK. We have very little information on its

DCHVIM. In a summary paper presented at the models, state of development, or predictions.
Pittsburgh Heat Transfer conference m 1987, the

(

|
i

Amendmma 28 19EA.3-6



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

|

ABWR 23A6100AS

Standard Plant , , ,

!
.

Thus, based solely on the ANI. paper, the !

l' assumption used in this analysis is a debris removal i

e-folding time of 0.5 seconds, or the linear debris I

removal assumed over a 2-second period. This value !
appears to be conservative, but not remarkably so. j
Figure 19EA3-4 compares the fraction of debris i
discharged for the 2 second linear rate used in this
analysis with the 2.5 second e-folding time from the
ANI, study. The sensitivity to this assumption is
investigated in Section 19EA3.6. '
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19EA.3.5 Application of DCH Model The sensitivity to this assumptions is
to ABWR investigated in Subsection 19EA3.63.

The model requires a variety of inputs which (3) The initial containment temperature and pressure

desenbe the geometry of the vessel and containment are assumed equal in the werwell and drywcII.

the initial and boundary conditions for the event and a
few model parameters. The steam mass fraction in the drywell is assumed

to be 1.0. The sensidvity to this assumption is

,

he geometric information required by the model investigated in Subsection 19EA3.6.6.

ts:
(4) The initial vessel pressure is used to calculate the

s urce of steam from the vessel to the(1) he drywcIl vessel and wetwell gas free volumes
c ntainment volume.which are used to calculate pressure.

De drywell volume used for this analysis is the The pressure is assumed to be the nominal vessel

total for the ABWR upper and lower drywells. pressure for nonnal operating conditions. Slight

his effectively assumes that there is a large flow vananons m this value (such as might resuh from

area between upper and lower drywcIl regions. The a consideradon of the SRV setpomts) do not have

possible impact on the results from this a significant impact on the results. No auempt as

assumption is considered in Subsection taken in this analysis to take credit for panially
19EA3.6.4 depressurized vessel conditions.

(2) A table of horizontal vent area as a function of (5) Vessel gas temperamre and vessel steam en:halpy.

distance from the initial water level and the total
vent clearing depth when all vents are available. Both values are conservatively taken to be

constant. The values used are typical for MAAP

Rese are used to calculate the vent clearing time. analyses of high-pressure core melt scenarios.

For this analysis, it is assumed that there is no
initial pressure difference between the wetwell and Moclelparametersare:

the drywell. Thus, water level in the connecting
vents is high, which conservatively delays the (1) Fraction of Zr to be Oxidized in The DCH Event.
time until the vents begin to uncover and gas can
flow to the wetwell. Of the debris mass that is being entrained at any

instant,20% is assumed to be Zr. This debris is

(3) he vessel failure area which is used to calculate assumed to oxidize immediately as it is entrained.
the blowdown from the vessel. Therefore, if one specifies 0.5 as the oxidation

fraction, then half of that 20% mass will oxidize;
2 moles of H O will be replaced by 2 moles ofhis value is specified for each branch point on 2

the DETs. H2 in the drywell volume, and the chemical
reaction energy will be added to the debris. He

Initial and boundary conditions are: sensitivity to this parameter is discussed in
Subsection 19EA3.6.5.

(1) Debris Mass Involved in DCH Event
(2) The time for debris entrainment determines the

The value of this variable is specified for each interval during which the specified mass of debris
wiH be entrained.case on the DETs.

Refer to Section 19EA3.4 for a discussion of this(2) Initial Debris Temperature
parameter. The sensitivity to this parameter is
mesuga e n sect n 19EA3M.

If this temperature is specified above 2500 K,
then the latent heat of fusion is used in

(3) Time Constant for DCH.calculating the initial debris energy. If the
temperature is at 2500 K or below, then the latent
heat of fusion is not included in the initial debris If set to zero, the debn.s will be entrained linearly.

If set to non-zero value, then the debris willenergy. This value was nominally set at 2501 K.
entrain at a rate with an e-fold value equal to the

|
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time constant. His analysis assumes the debris is
entrained linearly. Any sensitivity to this .

parameter is bounded by the time for debris !
entrainment sensitivity discussed in Subsection |
19EA.3.6.2.

(4) he time step for the computer code calculations
,

was selected so be one millisecond |
!

( Since the time constant for the DCH event is on |
| the order of a few seconds, there should be no !

sensitivity to reasonable variations in this |
Parameser.

The DET methodology addresses the variation in
debris mass, initial containment pressure, and vessel )
failure area. Section 19EA3.6 provides a discussion of |
the imponance of the debris E.igsure, Zr fraction,

,!
dispersal rate, nodalization and initial drywell steam
fraction.

De code e=1~1='as the containment response to !
DCH events. De most imponant output of the !
calculation is the peak containment pressure. The ;

results of the model analysis for each branch of the ;
DETs are summanzed in the penultimate column of ;

Figures 19EA.2-4,19EA.2-5, and 19EA.2-6. {

l
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!
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I
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19EA.3.6 Sensitivity to Various DC}{ 19 EA.3.6.3 Debris Temperature
Parameters

The core debris will interact with a variety of
'

As indicated in Section 19EA.2, the DET structures as it exits the reactor vessel. Thus, it is

methodology addresses the variation of several key expected to experience substan@ cooling by those
st etures on its way to the upper 4well. ne ABMDCH parameters. This section looks at the importance
DCH analys,s conservat vely assumed that the corei

,

of the debris temperature, amount of Zr oxidized ex-
vessel, and the dispersal time constant to the overall debris entering the upper drywell was completely

pressurizadon. These parameters were assumed to be rn Iten at a temperature of 2501 K A sensidvity case

constant in the scoping calculadons and were judged was run assuming 2601 K for the debns temperature

not to have a significant impact on the results. The entering de upper dryweH. De results mdicate a peak

results of the sensitivity studies confirm that these contamment pressure of 133 psia vs. the base case

parameters have a second order effect on the peak value of 131 psia.

contamrnent pressure.
19 E A.3.6,4 Nodalization

19 EA.3.6.1 Base Case
ne DCH analysis combines the lower and upper

For the purpose of comparison, the following case 4well compartments into a single comrol volume
was analyzed using the DCH model: represented by node 1. The second node is set up to

represent the wetwell with the suppression pool m, the

(1) Fraction of core mohen at vessel failure - 40%, path connecnng node I to node 2. A sensitivity case
was run to investigate local pressurization in the lower
drywell compartment. To do this, the volume assumed(2) Fraction of material dispersed into the upper
in the DCH model was reduced to that of the lowerdrywell- 50%,
drywell with the vent area equal to the vent flow area

2
. from the lower to the upper drywell (11.3 m ). Since

(3) Dispersal time constant -2 seconds, the junction between node I and node 2 does not require .

'vent clearing as in the l'ase case analysis, the vent path
(4) Inidal con:ainment pressure - 1.5 atm. was assumed already cleared. All of the gas heating was

done within the lower drywell companment. In order to
The resuh of the analysis indicates a peak drywell calculate the correct down-stream pressure, zero initial

pressure of 131 psia. Referring to the containment steam was assumed in the drywell compartment. This
failure curve, this has a failure probability of about is necessary because the model assumes that all steam
0.17. passing from the first node to the second node is

condensed, setdng the initial steam fraction to zero will
19EA.3.6.2 Dispersal Time Constant correctly account for the increasing upper drywell

pressure. A detailed examination of the results of this
The above case was re-run assuming that the sequence indicates the zirconium oxidation reaction is

dispersal time constant was I and 3 seconds, essentially steam limited. Since the zirconium
respectively.ne results are: oxidation process consumes most of the steam exiting

the vessel, only a small amount of steam will actually
Peak DrywellPressure(psia) enter the second node.

Base Case 131 he peak pressure computed for the lower drywell
was 111 psia vs 131 psia in the base case. This simply

Time Const = 1 163 indicates that the lower-to-upper drywell vent area is
sufficient to preclude any substantial pressure buildup

Time Const = 3 110 in the lower drywell region.

Section 19EA 3.4 provides the justification for the 19 E A.3.6.S Zr Oxidation Ex. Vessel
2-sec dispersal time and indicates that it may be
somewhat conservative. However, a 50% change in the The base case assumed that 20% of the core.

dispersal time resulted in only a 20% change in the material that was discharged from the vessel was Zr
peak containment pressure. his does not represent a metal. This is based on a uniform distribudon of UO2
very significant change. and Zr within the lower plenum of the reactor vessel.

Of this material 50% of the Zr that was involved in

Amendmera g 19EA.3 10
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DCH was allowed to oxidize and contribute to the same analysis was performed assuming that the initial
\ drywell heatup, his is a conservadve value since, in steam fraction was 0.0 (as compared to the base case

the time frame ofinterest, only the Zr on the surface of assumpdon of 1.0). For this second case the peak
the particles would oxidize. pressure increased by 33 psid. Since a 50% steam

fraction in the containment more accurately represents
As a sensidvity calculadon, the amount of ex. the actual conditions, the expected increase in peak

vessel Zr oxidation was doubled. His change in the pressure resulting from the recombination is 25 psid.
amount of ex-vessel Zr oxidation is equivalent to This is only a 20% change in the peak containment
assuming that all of the Zr metal in the debris is pressure, and does not represent a very significant
oxidtzed. Alternately, this assumpdon is equivalent to effect.
assuming the fraction of core debris exidng the vessel
was 40% Zr instead of 20% assumed in the base case. 19 EA.3.6.8 Vent Clearing
hus, this sensitivity addresses both any possible non.
uniform core material distribudon within the lower After core debris discharge and before RPV
head and the potential for increased oxidation. blowdown, it is expected that the containment will ;

- begin to pressurize even before debras is dispersed into
he peak drywell pressure was computed ta be l50 the upper drywell. A sensitivity study was run

psia vs. the base case value of 131 psia. This is a very assuming that the vents had al eady cleared prior to
small effect given a factor of two variation in the debris dispersal. The results show that the peak

| amount of Zr oxidized during the DCH event. containment pressore is rediced by 32 psid compared to
131 psia for the base case. His represents a decrease in

19 EA.3.6.6 Initial Drywell Steam Fraction the peak pressure of about 20%. While this is not very I

significant, it does provide a measure of the I
Since steam passing through the connecting vents conservatism in the analysis. I

will condense, the amount of wetwell pressurizadon
during the DCH event is limited. The base analysis
assumed a 100% steam environment in the drywell at
the start of the event. To investigate the impact of this
parameter on the peak pressure, a case was run
assuming the drywell environment is initially 100%
nitrogen. The wetwell pressure will be expected to
sacrease faster for this case resulting in a higher drywell
pressure. His results of the study indicate that this is

| true, ahhough the rise in the peak pressure is small.
| The peak pressure for this scenario is 142 psia, as

compared to a peak of 131 psia for the base case. His
varianon due to initial drywell gas composition does
not have a significant impact on the results of this
study.

19EA.3.6.7 Hydrogen Combustion

Technical specifications allow the ABWR to be

| operated with 4% oxygen in the containment. During a
DCH event, the drywell gas temperature may exceed the
auto-ignition limit of approximately 1000 F. Burning
of the hydrogen in the containment with this residual
oxygen could result in an increase in energy of the gas.
The appropriate reacdon energy was added to the
existing corium/ gas mixture in order to predict an
increase in the peak pressure due to hydrogen
combustion. No credit was taken for the reduction in
moles which would occur as a result of the burn.

The peak containment pressure increased by 15
psid relative to the base case pressure of 131 psia. The

W- 2E 19EA.3.tI
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i-) 19EA.4 SUMMARY OF RESULTS
<

19EA.4.1 Quantification of |
Decomposition Event Trees '

he quantified decomposidan event trees are shown
in Figures 19EA.2 1 through 19EA.2-6. The
reladonship between the pressure and the cumulative
probability distribution are shows in Figure 19EA.4-1.
Note that the probability distribution funedons (PDFs)
are discrete since the discrete probabilities were assigned
in developing the trees. De PDFs provide a measure of
certamty that the pressure will not exceed a given
valac, Rey are not, however, uncertainty distribudons
in a statistical sense. Rather, they are based on
knowledge of DCH and engineering judgment which
characterize the ability to accurately characterize the
boundary conditions for the problem.

From a determinisde viewpoint, the best esdmate
for the peak containment pressure is given by the

,

medum value of the PDF. As can be seen by comparing
Figures 19FA-1 ard 19EA.4-1, this indicates that the
containment would not be expected to fail for any of
the initial containment pressures studied. A measure of
the uncenamty in this study is found by using the
weighted sum (mean) of the probability of drywell[m failure for each of the branches on the DETs. These

\ weighted values are transferred to the mn'ainment event
trees for use as the condidonal probability of drywell

i

failure for sequences in which the vessel fails at high '

pressure.ne analysis resuhs are summanzed below:
l

Conditional
Probability of ,

'DrywellFailure

High RPV Pressure - low Cont. Pressure 0.005

High RPV Pressure - Inter. Cont. Pressure 0.014 !

High RPV Pressure - High Cont Pressure 0.042 )
I

Ammiman 2B 19EA.4-1
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19EA.4.2 Impact on Containment DCH containment failure probability of 0.015 is far

Failure Probability less than the 0.10 goal for CCFP. His demonstrates a
-

targe margin for the ABWR containment design to
wustand condnment cMengAn inspection of the ABWR accident classes

shows that the conditional probability of having high
RPV pressure at vessel failure is 0.273. Furthermore,
the conditional probabilities of high, intermediate and
low pre-existing containment pressure at vessel failure
for these high RPV pressure sequerces are:

P(Low) 0.9998=

2 x 10-8P (Inter.) =

P(High) < 104

Combining the above probabilities results in a
calculated probability of early containment failure (from
direct containment heating) of I x 10-3 conditional on
core damage.

15 EA.4.2.1 Sensitivity of Containment
Failure Probability to Assumptions

In order to demonstrate the robustness of the
containment failure probability to the peak pressures
calculated in the deterministic DCH analysis, three
addidor,al sensitivity calculations were performed.
First, the DET was requantified assuming that the peak
containment pressure for each of the low initial
containment pressure cases was increased by 30 psid.
His could represent the possibility of an initial steam
fraction of 50% in combination with a hydrogen burn
and no credit for parttJ clearing of the wetwell
connecting vents before the DCH event occurs. The
resulting conditional containment failure probability for
DCH was increased from 1 x 10-3to 7 x 10-3

The second sensitivity case assumed that the
containment would be at intermediate pressure for all
cases. This represents potential uncertainties in the
hydrogen production during the in-vessel portion of the
accident. For this case, the containment failure
probability due to DCH increases to 3 x 10-3
Although the conditional probability of failure by DCH
is a factor of 3 higher in this case than in the base
analysis, DCH does not pose a significant threat to the
CCFP goal of 0.10.

The third sensitivity calculation assumed that the
contnenent would be at the intermediate pressure for
all nses and, in addition, that all peak pressures would
be ita:reased by 30 psid. De results show that for this
conservative case, the conditional containment failure
probability for DCH would be about 1.5 x 10-2. Thus, .

even with these very conservative assumptions, the

Amendment 78 19E.A.4 2
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( 19EA,4.3 Impact on Offsite Dose
(

The final measure of the impact of uncertainties in
severe accident phenomena is the effect on offsite dose.
Th: CETs are quantified using the weighted sum of the
containment failure probability as discussed above. The
results of the CETs are then combined with
deterministic accident sequence analysis and
consequence analysis to determine the dose associated
with the spectrum of severe accidents. In order to
indicate the possible variation in dose due to
uncenamry in DCH phenomena, other values must be
selected for the probability of containment failure due
to DCH.

Since the probabilities used in developing the
DETs are themselves the uncertainties in the
phenomena, one cannot determine the classical 5-50-95
confidence limits. However, one can select pressures

,

corresponding to various cumulative certainty of non- |
exc~Aaec (shown in Figure 19EA.4-1) and compare
these values to the containment fragility curve
(developed in Attachment 19FA) to estimate the |
probability of drywc!! failure with varying degrees of

,

certainty. Selecting the 50% and 95% values from |
Figure 19EA.4-1 one may draw the dose cun'es show11 i

in Figure 19EA.4-2. This figure shows, that for the |(. accident frequencies and certainty levels of interest, j
DCH has no detectable impact on the offsite dose.

x

d
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' 19EA.5 CONCLUSIONS

The ABWR has a highly reliable depressurization
system which results in a very low probability of a
core damage event which leads te vessel failure at high
pressure. Nonetheless, an evaluation of the potential
risk of direct containment heating leading to
containment failure in the ,JWR has been performed
This study indicates that the design of the ABWR is
highly resistant to damage as a result of a DCH event.
This is due pnmarily to the general configuration of the
ABWR lower drywell and connecting vent
configuration and area. No modifications to the
containment design are suggested as a result of this
analysis.

V

t
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(, 19EB,1 INTRODUCTION 19EB.1.1 Probability of Pre-flooded
,

: N Lower Drywell
Fuel coolant interactions were addressed in the,

carly assessment for the ABWR response to a severe The configuration of the ABWR containment,"

accident. Subsection 19E.2.3.1 examined the shown in Figure 19EB.6-1, limits the potential for
hydrodynamic limitations for steam explosions and water to be in the lower drywell at the time of vessel ,

'

concluded that there was no potential for a large scale failure. De vessel skirt is solid and there are no active
steam explosion.De pressurization of the containment injection systems in the lower drywell. Therefore, the
from non-explosive steam generation was calculated in only possible sources of water to the containment are
the analyses for the accident scenarios. The following the wetwell/drywell connecting vents, the passive
sections examine the available experimental data base flooder and the vesselitself.
for its relevance to the ABWR configuration, and 1

provide a simple, scoping calculation to estimate the he wetwell/drywell connecting vents connect the i

ability of the ABWR containment to withstand a large, upper and lower drywell regions to the suppression
energetic fuel coolant interaction. pool. The connecting vent is a vertical channel which;

has a horizontal branch leading to the lower drywell.

: Challenges of the containment during a severe herefore,in order for flow from the upper drywell to |

j accident may resuh from fuel coolant interactions. Both enter the lower drywell, it would have to fall almost j

the impulse and static loads are considered here. Fuel 9 m down the connecting vents, then turn to enter the
i

Coolant Interactions (FCI) may occur either at the time lower drywell. This is not viewed to be a credible
,

of vessel failure when corium and water fall from the scenario.

lower plenum of the vessel, or when the lower drywell
flooder opens after vessel failurc has occurred. For the water level in the wetwell to rise

sufficiently to overflow into the connecting vents,.

ne critical time constants for a steam explosion approximately 2.2E6 kg (4.8E6 lbm) would have to be
are considered in 19E.2.3.1. This analysis concludes added to the containment. If the EPGs are followed, this

that the critical rates for heat transfer and energy would occur only if injection was being provided fromg
f j dispersal preclude a large scale steam explosion which an external source in the event that flow from the

4
(~j could damage the containment. Nonetheless, this study suppression pool was not available. This implies that

was performea to examine the potential impact of a the only available injection sources are the firewater and
large steam explosion on the ABWR. RCIC systems. The RCIC system may be the only

system available in events initiated by station blackout.,

; Several experiments which have provided insights Examination of the cases in 19E.2.2.3 (SBRC
to steam explosions are examined, and features of the sequences) and 19E.2.2.8 (NSRC sequences) indicates'

ABWR are compared to previous plants to indicate the that enough water can be added by the RCIC systern to
; relative resistance of the ABWR to steam explosions. lead to overflow from the suppression pool to the lower
,

A scoping calculation is also performed to estimate the drywell. If the station blackout continues and the
size of steam explosion the ABWR could withstand. firewater addition system is not used to prevent core

damage, vessel failure into a pre-flooded cavity can
Four potential failure modes are considered. ne occur in these sequences. The results of the Level 2

| transmission of a shock wave through water to the analysis, depicted in Figure 19D.5-3 indicate that -

structure may damage the pedestal. Similarly, a shock SBRC sequences with failure of the vessel (no IV) have

wave through the airspace can cause an impulse load. a frequency of 9.7E-11, or 0.06% of all core damage
,

'

However, since the gas is compressible, the shock sequences. ne Class lV ATWS sequences were treated i

wave transmitted through the gas will be much smaller very conservatively m the containment event trees. Alli

than that which can be transmitted through the water. of these sequences were presumed to lead to core
Therefore, this mechanism is not considered here. damage with high releases. The frequency of these
Third, loading is caused by slugs of water propelled sequences is 1.66E-10, or 0.11% of all core damage

,

into containment structures as a result of explosives. sequences.'

De passive flooder is designed to open when the
temperature in the lower drywell airspace reaches
533 K (500 F). This temperature is slightly less than-

the temperature of the steam in the vessel under normal

h
operating conditions. However, any potential break

[d flow would cool by flashing as it reaches the lower

Ammdmem ?S t 9EB.1-1
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|

l drywell. Therefore, the passive flooder will not open
until after vessel failure.

1

; A LOCA in the bonom head of the vessel is also a
! source of water which could be present in the lower
i drywell at the time of vessel failure. All of the

penetrations in the lower head are small, and any loss,

! of coolant accident through them is classified as a small
break LOCA. A conservative estimate of the core
damage frequency for events initiated by LOCAs in the
bottom head is the frequency of all small break LOCAs
which lead to core damage for the ABWR. Examining
Table 19D.4-1, the fraction of all core damage events
initiated by a rmil LOCA is about 0.16%.

The potential for a fuel coolant interaction which
could threaten the containment may be bounded by
summing the frequencies of the sequences with water in
the lower drywell at the time of vessel failure. Three
sequences were identified above. The total frequency of
these sequences is 5.1E-10, equivalent to 0.3% of all
core damage sequences. Because this value is very

[ small, it is judged that fuel coolant interactions will
'

not h~re a significant impact on risk.

t
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19EB,2 APPLICABILITY OF explosion is the duration of the pressure pulse. Buxton
\ EXPERIMENTS and Benedick (Reference 5) performed a large series of

experiments using iron-alumina thermite. De pressure

A large number of experiments have been traces for these experiments indicate an explosive

performed to better understand FCl. Most of these pressure pulse of about 5 msec.

experiments have been performed at bench scale with
simulant materials. Freon-Water and Liquid The final, intermediate scale test performed it
Nitrogen / Water systems are often used. While these Sandia (Reference 6) used a corium thermite mass to
experiments are necessary to understand the underlying suulate die materials which might be typical of a

severe accident. As m, the Buxton and Benedickphysics of FCI, they are not directly applicable to the
reactor condition. However, there are also several expenment, the duration of the pressure pulse in these !

experiments performed with metal and oxides which expenments was about 5 msec. Three shakedown tests j

provide insight to the potential for energetic FCI in a were perfomed using irmalunnina thennite widi user

severe accidem. in a crucible. In all of the tests spontaneous, self- i

triggered explosions occurred. In contrast, all four of

Other experiments, performed for different reasons, ce c ritun tests were externally triggered which
also yield some insights to FCI. Some experiments msulted in one run wndi a ,, weak explosion and one

with a mild explosion,,. Two hypotheses wereperformed for debris coolability and core concrete
interaction studies added water to the debris. With one pr p sed to explain these results-

notable exception, these experiments did not result in
.

an energetic FCl. Finally, one experiment was (1) The non-condensible gasses generated by
performed to examine the impact of a water solid oxidation stabilized the film boiling blanket,
reactor cavity on direct containment heating. In the making it less susceptible to triggering;
following section each of these experiments is

ext or the insights into FCI and applicability 1
(2) The UO and Z 0 superheat was only about2 2

300 K. It is possible that the debris froze before

19EB.2.1 Fuel Coolant Interaction the trigger was initiated. This would prevent fine(V) fragmentationof thedebris.Tests

A wide variety of expenments have been performed Both these hypotheses have imponant implications

to investigate steam explosions. This section discusses for application to the severe accidents. Piesuming a
results from selected experiments. Most of the BWRSAR-type melt progression, the early pour of
experiments are prototypic of the reactor condition debris from the vessel would be metallic. In this case
wherein debris falls into a pre-existing pool of water. stabilization of the gas film around the debns could
The implications of these experiments on the potential prevent a large mass of molten material from
for large, energetic FCI in the ABWR are also panicipating in a steam explosion. On the other hand,
mma the superheat associated with a large oxidic melt ts

,

typically less than a few hundred degrees. Therefore, it

Investigations into energetic fuel coolant is likely that the surface of the debris droplets would
freeze. This would slow the heat transfer to the coolantinteractions and steam explosions date back to 1950.

Early experiments, including those by Long and a steam explosion would not occur.

(References I and 2) and Higgins (Reference 3),
ideatified the requirements for considerable mixing of
the molten debris and water. Higgins and Lemmon

:
(Reference 4) noted that the debris must be superheated j
and that the violence of the explosion increased with j
the melt temperature. Unfortunately, the triggers used
in many of these experiments were very large. Thus,

;

information about the propagation and energetics of i

these experiments is not applicable to reactor 1

conditions.
1

!One of the important parameters in determining the(p) potential challenge to the containment from a steam
v

Amendment 28 19EB.2 1
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Oi19EB.2.2 Experiments With a '

|Stratified System

In some of the recent experiments performed to ;
examine core concrete interaction, water has been added

,

to the debris. As discussed in Subsection 19EB.I.1, the
probability of a large amount of water in the lower
drywcIl at the time of vessel failure is very small. After
core debris is introduced to the lower drywell, it is
flooded either by active systems or the passive lower
drywell flooding system. Therefore, this is the most
probable configuration for a large FCI event in the
AB%R.

Far fewer experiments have been performed in this
stratified geometry than in the configuration of debris
poured into water. Work by Bang and Corradini
(Reference 7) used triggered Freon / Water and Liquid
Nitrogen / Water rystems. In these studies the interaction
zone for the vapor explosion is less than I cm thick.
Assuming this depth is representative of reactor
material, this would lead to the conclusion that less 3%
of the ABWR core inventory could participate in an
FCI event.

Protoytpic materials have been used in a few core-
corerete interaction experunents in which water is added
to molten debris. The MACE and WETCOR tests added
water to a pre-existing pool of debris. These tests

! involved fairly large masses of molten simulant to
which water was added. Rus, the initial condition is a
stratified pool in which water lies over the core debris.
The materials and masses of the experiments are
summarized in Table 19EB.2-1. No energetic fuel
coolant interactions were observed to occur in the
stratified configuration. The experiments typically
indicated an early heat transfer phase in which the heat

2fluxes were on the order of 1.5 to 2 MW/m . Later,
presumably after the formation of a crust above the
molten debris pool, the heat fluxes decreased. Dese
heat fluxes are considered in Section 19EB.6.2 in
bounding the non-explosive steam generation rates.

O
i
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19EB.2.3 BETA V6.1 drywell connecting vents. In fact, the BETA
k configuration is also much more restrictive than the

.

|
Recently, an energetic FCI occurred in the BETA Bibilus reactor it was intended to represent. His

!

facility. Experiment V6.1 was intended to represent the restrictive condition resuhed in ingression of water into
Bibilus reactors. Rese reactors have an annular pool of the melt. Since the AB%7 configuration has much
water around the pedestal cavity. BETA V6.1 was more vent area, water ingression will not occur.
designed to determine the impact of these water pools
on corium concrete interaction. The configuration of Additionally, there was no water on top of the
V6.1 is shown in Figure 19EB.21. The system debris before penetration into the annulus. Thus, the
consisted of a concrete crucible with an annular water mohen debris in V6.1 was highly superheated. His is
pool which was vented back to the inner crucible via a contrasted to the situation in the ABWR.The ability to
small path. Molten iron alumina thermite was use active systems, such as the firewater addition
introduced into the cavity which was then allowed to system, and the presence of the passive lower drywell
ablate. flooder virtually ensure that there will be water above

the debris in the ABWR. The area of the ABWR lower
The debris eroded the concrete in the approximate drywell is also very large which enhances coolability.

,

shape shown in Figure 19EB.2-1. De superheat of the he uncertainty analysis of Attachment 19EC ihe
melt was very high since there was no water on the there is a low probability that significant core concrete
debris. Eventually, the sideward crosion caused the attack will occur. Therefore, the initial contact mode
debris to reach the annular water pool at one local observed in V6.1 is unlikely.
point. Instants later an explosion occurred. He bottom
of the crucible was sheared off. There was severe Even if CCI occurs and the pedestal is croded to the
damage to the facility. All of the instrumentation was wetwell drywell connecting vents. The presence of
destroyed and the melt injector was thrown several water above the debris will cause a crust to form. De
meters up, damaging the ceiling. temperature on the lower surface of the crust will be at

the melt point of the debris. Within any mohen region,
he energy required to do the damage has not yet the debris temperature will be nearly equal to the meh

p} been determined. However, the structure surroundmg temperature due to convection in the debris pool. Aus,
,

( the test facility was fairly weak, unprotected sheet the addition of any water to the molten pool will cause
metal. Ahhough the doors were blown open they were the debris to freeze and a steam explosion will not
not damaged. Therefore, it is believed that the pressure occur.
spike may not have been very large.

De conditions which led to the explosion at the
The symmetry of the damage to the facility BETA facility are not prototypic of the ABWR. Due to

indicates that the explosion was very symmetric. Dere operation of the flooder there is a smalllikelihood that
was very little irregularity in the shearing of the the debris will ablate the side wall and enter the wetwell
bottom of the crucible. Rus, it is difficult to believe drywell connecting vents. This is demonstrated in
that the explosion began on one side of the crucible and Section 19EC. Even if the debris does penetrate the
propagated sideward. An ahemate hypothesis has been pedestal to the connecting vents, the vent area in the
proposed (Reference 8). When the debris penetrated to ABWR is sufficient to relieve the steam generation
the annular pool, the steam generation rate increased. caused by the initial contact of water and debris. Rus,
Since the annular compartment vents back to the center water would not be forced into the melt as occurred at
of the crucible via a small line, the pressure increased BETA. Finally, the superheat of the melt at the BETA
and water was forced back into the debris. The debris facility was very high, whereas the superheat of any
was still highly superheated at this time. The debris which contacted water in the AB%% would be
confm' ement of the system allowed for intermixing of low. Thus, debris would be easily solidified, reducing
the debris and water and prevented the pressure from the heat transfer to the water and preventing rapid steam
being relieved. Thus, the damage caused to the system generation. Thus, the explosion in V6.1 does not
was not a result of a shock wave, but rather due to indicate that containment damage will occur in the
simple pressurization of a confined region. ABWR as a result of FCI.

De steam explosion observed in the BETA facility
is not applicable to the ABWR system. Although
suppression pool and vent system of the ABWR is
located in an annulus around the lower drywell, there is

q adequate vent area to relieve the pressure in the wetwell
,

x
,

!

i
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19EB.2.4 High-pressure Melt Ejection |

Experiments !

Sandia performed a series of experiments to
examine the influence of water pools on the behavior of
high-pressure melts in a Zion-like cavity (Reference 9).

i

Two configurations were examined. In the SPIT-15 test '

| debris was injected into a closed acrylic box. This
| Gilowed for visualization of the phenomena. In the
| SPIT-17 and HIPS experiments a Zion-like cavity was
| constnwied. The basic configuration of the SPIT-17 and |'

HIPS experiments is shown in Figure 19EB.2-2. The
SPIT-17 cavity was made of aluminum while the HIPS
experiments used reinforced concrete cavities,

i

in all of the experiments water was present in the
cavity at the time of melt ejection. The inertia of the

| water prevented venting of the cavity. Thus, the steam
| generation in the cavity forced the region to pressurize

and the structures were destroyed before gas flow from
!

the end of the structure could relieve the pressure in the '

cavity.
t

j It is interesting to compare these experiments to
| BETA V6.1. In both instances it appears that large
I pressure spikes were created when the debris and water

were tightly confimed. This early confinement keeps the
water and debris in close contact, and seems to lead to

I the fragmentation of the hot molten material which is a
necessary precondition for steam explosions.

The results of this experiment are not applicable to
the ABWR configuration. The lower drywell is not

i initially full of water and there is ample venting of the
region. The extreme damage observed in these
experiments appear to be consistent with that in BETA
V6.1, both in the mode and magnitude of the damage to
the facilities.

!

|

l

|
|

|

i

O
i
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Table 19EB.2-1
.

CORE CONCRETE INTERACTION TESTS WITH WATER ADDITION TO |
DEBRIS !

!

!
Experiment Simulant Debris Mass (kg) Water Addition j

i

!

UO - ZrO - Zr 130 Flooded afterattack saned |MACE MO 2 2

|

MACE M1 UO - ZrO - Zr 400 Flooded after attack2 2 ,

staned, upper crust was ;

not fully molien |

f
UO - ZrO - Zr 400 Flooded after attack IMACE MIB 2 2

staned, no crust above -

debris

!

WETCOR Al O - Ca0 34 Wateradded at Iliterhee i2 3

f

'

!

i

|

,

,

1 >

!

|

|
|
l
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19EB3 EXPLOSIVE STEAM freeze rapidly after encountering water. Freezing will

GENERATION hmder further droplet division because more energy will
be required to fracture the outer crust than it does to
overcome the liquid surface tension. This, in part,This section presents a bounding analysis of the
explains why self-triggering can be observed with somemaximum steam generation rate which can occur for a ,

given mass of conum interacting with water. highly superheated metals, but is much less likely with
|

molten core debns.

19EBJ1 Phenomenology

Corium interactions with water can result in rapid
steam generation.The rate of steam generation can be j

limited by the amount of corium or water present. '

Maximum generation for a given amount of corium |

occurs when enough water is present to completely )
quench the corium. Corium mass, surface area, !

temperature and heat transfer coefficient dictate the
maximum rate when ample water is available.

Two configurations are possible for quenching in
the ABWR. First, corium can exit the vessel when the
lower drywell contains significant amounts of water.
Corium exit from the vessel can be either by a slow
pour (small vessel breach) or by a sudden drop
(catastrophic failure of lower vessel head). Second,
corium can enter a dry lower drywell and form a pool.
Subsequently, the lower drywell is flooded with water

e and the debris is quenched. This situation, commonly
I refered to as a stratified geometry steam explosion, is
\ the expected configuration for any large FCI in the

ABWR.

Molten core debris is expected to be discharged
from the vessel close to its liquidus temperature,
2600K. Therefore, the maximum temperature in either
the pour or stratified geometries will be 2600K. The
actual temperature will be lower due to heat loss by the
debris prior to interaction with water. In the pour case,
corium will transfer heat to the air surrounding the
vessel as it falls. Any residual water in the lower
drywell, as well as concrete beneath am. i air above the
debris pool will absorb heat in the stratified geometry.

For rapid steam generation to occur in either
situation, the ejected corium must break up into small
particles. The analysis presented in 19E.2.3.1.4
demonstrated that corium breakup in the ABWR will be <

driven by Taylor instabilities. The smallest particles
formed will be approximately 2.5 mm based on the
Taylor critical _ wavelength. Debris breakup in the
stratified geometry will also be governed by Taylor
instabilities.

Crust formation will hinder debris breakup. Since
corium is expected to exit the vessel near its liquidus
temperature, any heat loss should contribute to crust
formation. Furthermore, the outer debris surface will

Amendmem 2R 19EB.3-1
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19EB.3.2 Bounding Analysis transfer coefficient that can be expected is that of
-

2enhanced film boilmg, which is 390 W/m K. The
Moody, et al., (Reference 10) determined the emissivity suggested for use in MAAP (Reference 11)

maximum steam generadon rate during FCI based on a for corium is 0.85. This value will be used for this
simplified thermal-hydraulic methodology. The steam analysis.

formation rate from a single corium droplet assuming
heat transfer to saturated water is: If a mass of corium, Me, interacts with water and |

breaks up into droplets of average radius, r, the number
f dr plets, N, will be given by:

H A,(T,, - T. ) .us*
m ,., a e (1)

Mft N4 ::r' = (3)
'

steam formation rate,w here: rh,,, =

'

H heat transfer coefficient.=

The total steam generation rate of N corium
surface area of a conum droplet, droplets is:Ag =

droplet surface temperature, en, = Nm,,, = rn,,,,,e"% (4)
T,, =

saturabon temperature of waterT. =
where the maximum generabon rate is:

at the ambient pressure.

latent heat of vaportzadon forh r, * '' ~

m ,,,,, = (5)=

h ,rwater, Pc f

time from beginning of This is the maximum steam generation rate thatt =

interacuon, can occur for a given amount of corium broken up into
small droplets in a large body of saturated water.

thenr.al response time.tg =

Heat transfer from the droplet to the surrounding is
dominated by convection and radiation. The heat
transfer coefficient is:

H = H, + H,

= H, + ((Ti - T.' ) c
c (2)

T,, - T. )

convective heat transferwhere: H, =

coefficient,

radiative heat transferH, =

coefficient,

Stefan-Boltzmann constant,o =

emissivity of the droplet.t =

Due to the high temperature of corium, convec6ve
heat transfer from the surface of the particle will be in
film boiling regime. The maximum convective heat

19EB3-2Amendment 7Fg
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19EB.4 IMPULSE LOADS The starting radius for bubble growth can be
estimated by a spherical volume equal to the coriumx

Rapid steam generation can produce a shock wave volume plus the total volume of water it vaportzes
which impans impulse loads to containment structures. which in equation form is:

,

Energetic FCIs, however unlikely, may occur in the
lower drywell of the ABWR. Water in the lower 4 M,c,(T,, - T )

}nR, = M
3

(7)drywell, which must be present for rapid steam +
generation, can transmit shock waves from the site of c is 2
FCI to the walls of the pedestal. Shcr.k waves which
pass into the gas space above the water will be rapidly where: p, density of corium,=

damped due to gas compressibility and will not
represent any threat to containment integrity. If the C, specific heat of carium.=

impulse load is large enough, the pedestal will fail
causing the vessel to tip. Tipping of the vessel would The maximum pressure predicted by Equation (6)
most likely lead to tearing of the containment is shown in Figure 19EB.4-1 for participating corium
penetrations. The scoping analysis presented in this masses from 0 to 30,000 Kg. The required corium
section estimates the amount of corium which can properties were taken from Table 19E.2-17.The steam
participate in a FCI without exceeding the impulse load and water properties are saturated conditions at two
capabilityof thepedestal. atmospheres. Two atmospheres is a likely containment

pressure at vessel failure for the ABWR.
19EB.4.1 Maximum Impulse Pressure

The peak pressure during impulse loading of the
Moody, et. al., (Reference 10) determined the ABWR pedestal resulting from fuel coolant interactions

maximum pressure increase at the site of an FCI based should be bounded by the pressure showti in Figure
on the steam generation rate giver. in Equauon (5). His 19EB.4-1. The pressure predicted by Equation (6) is
analysis applied the Rayleigh bubble equation to a conservative because of the assumptions which went,

single steam bubble with an equivalent volume of the into its creation. Furthermore, this is the pressure atO g many bubbles formed during interaction with N corium the site of FCI. The pressure experienced by the
droplets of radius, r. Because the volume varies as r , pedestal wall will be reduced because the shock wave3

this results in overestimation of the rate of bubble has to pass through some amount of water before it
expansion. The bubble expansion rate dictates the impinges on the wall. The pressure will decay as r2 as
pressure rise. Therefore, this analysis bounds the it moves away from the source (Reference 12).
pressure generated by the maximum steam generation
during FCL

The maximum pressure increase of a single
submerged steam bubble above the ambient pressure
during its formation at the generation rate given in
Equation (5)is- ,

1
-

(R,T.,m"'"')g -
1/3

AP , = 0.178 p3 (6)
|.

- .

where: p2 density of saturated water at the=

ambient pressure,

R, Universal gas constant for=

steam,

R. starting radius for steam bubble=

growth.

r
i

k

Arrerdment 3
19EB.41
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19EB.4.2 Impulse Duration

The main diffuerce between energetic fuel coolant
interactions (steam explosions) and non-energetic
interactions is the time in which the energy stored in
the corium is transferred to the coolant. Shon transfer
times, on the order of milliseconds, indicate explosive
reactions. Longa times are indicative of non-energetic
interactions. Several fuel coolant interaction
experiments involving corium simulates were reviewed
in Section 19EB ' ' Pulse widths were obsen*ed to be
of the order 5 ms or less for FCI.

O

O
19EB.4 2
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(m 19EB.4.3 Pedesta1 Capability where: p, wall density.=

Detailed calculations of the capability of the E, Young's Modulus of the=

ABWR pedestal to withstand impulse loading have not pedestal.
been performed. However, a simple clastic-plastic
calculation can provide a capability which can be used Since the pedestal is a composite structure, the
for scoping analysis. His estimate can be compared to & termination of each of these parameters can be quite
the maximum pressure expected during a FCI for a complicated. A conservative estimate of the resistance
given amount of participating corium and the impulse to deformation and the natural period can be obunned by
duration. The pedestal in Grand Gulf (MARK III using the following parameters-
containment) was analyzed in NUREG-1150 (Reference
13) with regards to its ability to withstand pressure o, 175 MPa (value for the A441=

spikes generated by steam explosions. Since the steel plates which derme the
ABWR pedestal is expected to be at least as strong as boundaries of the p*staf),
that of a MAP.K III, the impulse capability of the
Grard Gulf pedestal can also be used for comparism A, 6 cm (total thickness of the=

two A441 steelplates which
19 EB.4.3.1 Elastic-Plastic Calculation defire the boundariesof de

pedestal. ignores steel webs and
A failure limit estimate based on a simple clastic. concrete fi10,

plastic calculation has been performed by Corradini
(Reference 12). De assumptions made in this analysis R, 6.15 m (average radius of the=

are pe&stal),

3(1) De pedestal wall is thin compared to its diameter, 9, 2,400 Kg/m (density of=

concrete fill between steel
n (2) he pressure loading is uniform both spatially and plates),

I** I* E, 200 GPa(typicalvalue of=

steel).
(3) Failure is based on a strain criteria of p (failure

strair6ield strain) equal to 10. Using these parameters yields: R = 1.7 MPa and T =
4.2 ms.

(4) The pedestal wall is considered to be free s:andmg.
The maximum response of clastic-plastic one-

he resistance to deformation, R of the pedestal degree systems (undamped) due to rectangular load
s. pulses is shown in Figure 19EB.4-2. He ratio of pulse

duration,1, to natural period is the horizontal axis. The4

gj* strain criteria, p, forms the vertical axis. The

R = R. (8) relationship between these two a tis parameters is given
-

by a series of curves defmed bj the ratio of resistance to
deformation, R., to the average pressure of an impulse,

where: c, F . The amplitude of the square pulse can beyield stress of the pedestal wall,= t
conservatively estimated by the maximum pressure rise

thickness of the pedestal wall, expected during a FCI, APmu, which is calculated inA, =

Section 19EB.4.1.
R, radius of curvature of the wall.=

As discussed previously, the impulse duration of a
The natural period of the pedestal, T, can be FCI is expected to be approximately 5 ms, see Section

calcula ed from. 19EB.2.1. The ratio of t fr for this duration is 1.2.d
Using this ratio and a strain criteria of 10 yields a
Rm/F1 of approximately 1.0. This implies that the,

.T @ )p,.R[ g pedestal can withstand a APmu of 1.7 MPa.
E,m

i
\

Amendment 3 19EB.4 3

. . .



. - - - - - - - ---

ABWR ,mim.

Standard Plant REV. A

ne maximum ratio of Rm/F in Figure 19EB.4-2i
is 2.0. Using this ratio, the maximum pressure rise the
pedestal can withstand is esdmated to be 0.85 MPa.
The uncenamty in pulse duration (assumed to be 5 ms)
is irrelevant for the maximum ratio of R /F because itm t
is obtained for pulse durations much greater than the
natural penod of the pedestal.

This simple clasde-plasde calculadon predicts that
the pedestal can withstand a maximum pressure during
a fuel coolant interaction of 0.85 MPa. The amount of
corium which must participate in a FCI to achieve this
pressure can be obtained from the analysis presented in
Section 19EB.4.1 and summarized in Figure 19EB.41.
The amount is 22,400 Kg. The ABWR contains
235,000 Kg of corium.Therefore, the ABWR pedestal
can withstand a FCI involving 9.5% of the corium
inventory.

19 EB.4.3.2 Comparison to NUREG-1150
Grand Gulf Pedestal

The ability of the Grand Gulf pedestal to withstand
steam explosions was considered in NUREG-1150
(Reference 13). The smallest impulse load expected to
fail the pedestal was reported to be 3.5 psi-sec (0.024
MPa-sec). This limit can be used for comparison to the
ABWR because the ABWR pedestal is expected to be
sturdier than that of a MARK III. For a pulse duration
of 5 milliseconds, this impulse corresponds to a square
wave pressure of 4.8 MPa. This value is significantly
higher than the pressure predicted by the clastic-plastic
scoping analysis. Attematively, the pressure predicted
by the clastic-plastic analysis (0.85 MPa) can be
applied for 28 milliseconds before an impulse load of
3.5 psi-sec is exceeded. Both of these comparisons
imply that the clastic-plastic analysis bounds the
impulse load required to fail the pedestal.

,,

Amendman 3 19EB.4 4
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19EB.4.4 Capability of the ABWR to I

Withstand Pressure Impulse !
l

| The ABWR pedestal has been shown in this !
| scoping analysis to be capable of withstandmg a peak ;

i pressure of 0.85 MPa during a steam explosion. De
|

| amount of corium required to produce this pressure
i

impulse during a fuel coolant interacuan was shows to
i

be 22,400 kg. His represents 9.5% of the ABWR j
corium inventory. His is more than three times the i

maximum amount of debris which could participate in |

an FCI event based on the obsenations discussed in I
Section 19EB.2.2. Herefore, the ABWR pedestal is i

very resistant to the impulse loadmg which could occur
in a severe accident. His failure mechanism need not
be considered further in the containment event trees or
the uncertainty analysis.

!

!
1

5

!
,

)

l
i

|
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19EB.5 WATER MISSILES g acceleration of gravity.=

Submerged steam formation resulting from fuel Maximum missile rise heights are presented in
coolant interactions can be rapid enough to propel an Figure 19EB.51 for participating corium masses of 0
overlying liquid mass. Impact loads can be imparted to to 30,000 kg.
containment structures if the liquid mass (water
missile) is ejected from the water pool with a great
enough velocity. Ahhough a prediction of impact by a
water missile does not imply damage, additional
analysis would be needed to assess the structural
response. The maximum height to which a water
missile can rise will be determined in this section for a
given amount of participating corium. ik .ise height
will be compsred to the distance octween the expected
water surface of a pre-flooded lower drywell and the
bottom of the reactor vessel to determine if damage to
the containment could occur. No other structures are
considered because damage to them will not lead to
containment failure.

19EB.5.1 Maximum Rise ?Ieight

Moody, et. al., (Reference 10) used the steam
'

generation rate determined in Section 19EB.3.2 to
predict the upward propulsion velocity and elevation
characteristic of a water missile. The maximum
velocity that a water missile can obtain is the
maximum radial expansion rate of the steam bubble
formed during FCI. This expansion rate is:

( , 3 5, R,T.m,,, *
2 (10)5 ,2 4%R , _

where: R. equilibrium steam bubble=

radius.

Itis equal to:

R.= ----4 M,c,(Ts -T.)
1/3- -

(11)3r. h ,p,
,

f
_

where: p, vapor density.=

Balancing the kinetic and potential energies of a
watermissile3 elds:i

2
bym = R~- (12)

-

28

where: Ay.o maximum rise height a missile=

willrise above the water
I surface,

# 'O 19EB.$.1

.
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19EB.5.2 Available Rise Ileight |

The water level in the lower drywell will not be
greater than suppression pool water level during a
severe accident. The normal water level of the
suppression pool is 6.05 meters below the bottom of
the reactor vessel. Consequently, a water missile can '

rise approximately six meters before encountering any
structure the damage of which could lead to
containment failure.

>

!

O
.

I

;

I
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19EB.S.3 Capability of ABWR to
J,. Withstand Water Missiles

The amount of corium which can participate in a
FCI in the ABWR and not generate a pressure impulse
which is expected to fail the containment is 22A Mg.
This amount of corium will produce a water missile
which will rise 1.75 meters, see Figure 19EB.5-1. This

-

ris height is significantly lowt:r than the available rise
height of 6 meters. Therefore, the pedestal will fail
from impulse loadmg before the required amount of
corium participales to elevate a water missile even to
the bonom of the reactor vessel. For this reason, water
missiles are not expected to play a role in determining
if the ABWR containment fails due to fuel coolant
interactions.

Amendment 2g
19EB.5 3
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O ;\ 19EB.6 CONTAINMENT time of vessel failure (Section 19EB.I.1). Nonetheless,' U' 1

OVERPRESSURIZATION an evaluation will be performed assuming that corium
fetis into a pre-existing pool of water and is quenched

he final element of this study focuses on the insumtaneously. This will provide a limit on the peak ji

pressurization of the containment which may occur c ntainment pesme wM cWd muh kan

during periods of rapid steam generation which may quenching of debris as it falls into the lower drywell.

occur when corium is being quenched. In the highly For the ABWR, the vast majority of sequences with;

unlikely event of an ABWR core meh which leads to vessel fauure occur at low presmre. Wrefwe, gradty
l

vessel failure, the corium will fall into the lower is the driving force for the flow of conum from the

drywell. There are ten connecting vents which join the lower head of the vessel to the lower drywell. Both j

lower drywell, the upper drywell and the wetwell, as MELCOR and MAAP predict that the vessel fails at i:

shown in Figure 19EB.6-1. The pressure suppression the penetrations for low pressure melts. After the initial i

hole is formed, the hole ablates due to the flow of hot |containment prevents large increases in containment corium. In order to determine the sensitivity of the I
,

pressure by sparging the steam through the connecting
ABWR containment to rapid steam generation 40% of

; vents to the suppression pool which condenses the
,

the total UO2 mass is assumed to be molten at thesteam. However,if the pressure rise is extremely rapid,
time of vessel failure. His value is consistent with thethe vents may not be able to clear before the

containment is damaged. At even higher steam upper limit for molten debris used in the uncertamty,

generation rates, the area from the lower drywell to the analyses for direct conta:nment heating.

upper drywell could be too small and a pressure, .

difference between the drywell regions could occur, Two potential h. .mits for pressu:ization due to
steam generation are considered. First, thefailing the lower drywell. His analysis determines the

steam generation rates for different limits on FCI. The Pressurization of the lower drywell ts determined
, ,

maximum rate is then compared to the containment considermg the hmat of the vent area from the lower

pressure capability to assess the potential for drywell to the upper drywell. This determines any
containment damage as a result of overpressure during limits for the assumption that the upper and lower'

an FCI event. drywell regions have good communication and will
p respond similarly to the pressurization. Second, the

i ( 19EB.6.1 Methodology resp nse f the pressure suppression system is
t L cvaluated. Drywell pressurization rates are used to

his calculation compares the pressurization due to determine the vent clearing response which is in turn

rapid quenching of corium to the pressure capability of
us d to detennine the peak containment pressure as a

,

"C' " ~~*' " ''I#~
the containment. Two non-explosive steam generation
limits are considered. If there is a sufficiently large
water mass, then the quenching of corium will provide

; the steam generation limit. If the mass of water limits
; the steam spike then the steam generarson will be less

than, or equal to, the water flow into the lower drywell.
The impulse pressure limited mass, calculated in
Section 19EB3.1, is also considered.

If there is no water in the lower drywell at the time

,' of vessel failure, then the maximum rate of steam
generation at some later point in time is the rate at
which water is introduced into the lower drywell. If
there is still water in the lower plenum at the time of
vessel failure, as predicted by MAAP, then this source
of water could react with the corium in the lower
drywell. Water addition could also occur via the passive
flooder, the use of the firewater addition system or by
means of ECCS recovery. Fach of these possibilities
will be examined to determine the maximum rate at

]
.

which water could be added to the lower drywell. ;

O) For most of the core meh sequences in the ABWR
PRA there will not be water in the lower drywell at the\va

4

Amemimera ?R 19EB.61
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19EB.6.2 Maximum Steam Generation with fusible material at the lower drywell end which,

,

| Rates opens when it reaches a specified temperature. His as
'

shown schematically in Figure 19EB.6 2.
The first step in determining the peak pressures

that may result from fuel coolant interactions is to ne flow from the wetwell into the lower drywell
determine the maximum steam generation rates. The is d ~ 'en by the difference in the water height, h,;

|
steam generation can be limited either by the available between the connecting vents and the floo&r. De flow
water or the available corium. Both of these rate is given by:'

possibilities will be considered separately.

, 19 EB.6.2.1 Water Added to Debris
1

water mass ow into the lowerwhere: m =
There are four potential sources of water addition to

the lower drywell. First, in a MAAP-type core melt *

- progression, there may be water in the lower plenum at
3density of water (kg/m ),i the time of vessel failure. After the corium falls into p =

the lower drywell, the water will follow through the
totalarea of passive floodersoblated hole in the lower plenum. Second, the lower A =

drywell passive flooder opens when its fusible material b"h
melts. Water from the wetwell is then driven by gravity

acceleration of gravity (9.81into the lower drywell. Dird, the firewater system may g =
2be used to add water to either the vessel or the upper m/s ),

,

| drywcII. In either case, water will eventually flow into
the lower drywell at the firewater injection rate. h = drying head of water (m).
Finally,if the ECCS is recovered, these systems could
be used to inject water into the vessel which again will The maximum flow through the passive flooder
flow into the lower drywell would occur when the pressure difference between the

wetwell and the drywell was sufficient to open the
19 EB.6.2.1.1 Water Inventory from Lower

vacuum breakers, and the suppression pool is cold.
Plenum

| Assuming a suppression pool temperature of 30 C,
3p= 6 Wm . De tow area oMe passhe DooksIf there is water in the lower plenum at the time of

2
| vessel failure, then it will fall into the lower drywell is A = 0.081 m . Assuming that the pool is at the

cfter the carium. Under these conditions, the flow will high water level, the height of water above the passive
| be driven by gravity through the ablated vessel failure. flooder is h= 4.753, which yields a maximum flow
I The expected failure mode for a BWR is penetration rate of th= 780 kg/s. The flow rate will typically be

failure (Reference 15). A parametric study was
less than this maximum because the DW press is

performed to determine the final, ablated area resulting
from different numbers of CRD penetrations. The study greater than WW and the first row of vents are clear. ;

was conducted by varying the number of vessel
penetrations presumed to open at the time of vessel 19EB.6.2.1.3 ECCS and Firewster Flow
failure. Since this affects the initial area of the vessel

| failure, multiple penetration failures have higher iniual ne ECCS and firewater system are both capable i

debris pour rates. As seen in Figure 19EB.6-3, the final of adding water to the vessel which would flow into the 1

| area varied from 0.06 m2 for 10 penetrations failed to lower drywell. The firewater system does not rely on j
20.08 m for one penetration. The final area is smaller AC power, so it is available even during a station I

for cases with multiple penetration openings because blackout event. De ECCS is dependant on AC power; I
the duration of the debris pour is shorter. In order to and, thus, will not be available during station blackout '

; bound the flow of water into the lower plenum, a value but could inject water during recovery late in a severe
i of 0.1 m2 s used which results in a maximum mass accident. The ECCS system has a flow rate far greater

flow rate of 1020 kg/s. than the firewater system. Therefore, no determination
of the firewater flow is ntcessary. The maximum

19 EB.6.2.1.2 Passise Flooder Flow ECCS flow will be bounded by the runout flow of the
ECCS pumps. The actual flow will be somewhat I

The passive flooder is composed of ten pipes smaller due to t!.e flow losses at higher velocities when
i

connecting the lower drywell to the suppression pool all of the pumps are operating simultaneously.
,

i
i
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There are two HPCF systems, each with a runout 19EB.6-4. De maximum rate of debns ejection from |,

; flow of 3800 gpm (230 kg/s), and three LPFL the vessel is about 6000 kg/sec. Assuming this '

: systems with flow of 4200 gpm (265 kg/s). The material quenches as it is ejected, the steam generation {
i RCIC system is not considered since the vessel will be rate is about 2800 kg/sec.

'

! depressurtzed.The total water addition rate to the lower
drywell is 1250 kg/sec. De experimental heat flux observed when mohen

4
core debris simulants are poured into water is on the

~

119EB.6.2.2 Steam Generation Rate for order of 1.5 to 2.0 MW/m2 based on the floor area.
Pre-flooded Lower Drywell Using the upper bound on the experimental !

; observations, the maximum steam generation rate for !
1

! For the ABWR, it is very unlikely that there is ABWR is 80 kg/sec. His is far below the value

| water in the lower drywell at the time of vessel failure. detenmned above fw the inmantaneous quncMng d
,

i Thus, steam generation is usually limited by the s fm a Mg M pour rate. '

availability of water. However, there may be sequences,
,

{ for which there is ample water, and the limitation on 19 EB.6.2.3 Explosive Steam Generation ;

'

the steam generation rate is the energy of the quenching Rates !
corium. Rus, it is prudent to determine the maximum
steam generation from this limit if there were a large Based on the examination of the impulse loading

j water supply available. A large mass of water is calculation of 19EB.4.3.1, the ABWR can withstand
1 assumed to be present in the lower drywell for this the shock wave which hpuimis to 22.4E3 kg of core
; portion of the analysis. debris. De maximum steam generation rate assoc aled
2 with this amount of debris is 4100 kg/sec (see Secdon
i A wide number of analyses have been performed to 19EB.3.2). _!

| determine the mode of vessel failure. While the*e are
still some uncertainties in the details of the analysis, 19EB.6.2.4 Maximum Steam Generation |

| the work performed to date provides overwhelming |
3 indication that a BWR vessel fails at the penetrations The maximum steam generation rates for each of )j (References 16 and 17). Once there is some flow the mechanisms described above are summanzed in

'

through a penetration, the molten material will begin Table 19EB.6-1. Based on these results, the limiting
'

s
j to ablate the hole. Since there is little change m the scenario is the maximum steam explosion from thedriving force for the flow of molten material, the

scoping study. Therefore, even though this event is far
j mattmum flow rate will occur when the hole size is larger than the expected steam generation rate, the

maximized as the mass is c'h=>>c'rAj mWmm AMMm wm k mW sg M
value.,

j in some MELCOR-type analyses, the corium
j quenches in the lower plenum of the vessel. It

subsegaently heats up and causes vessel failure.
1

i nerefore, there is little corium molten at the time of 1

' vessel failure. The flow rate of corium from the vessel
! is limited by the rate at which the corium melts in the |

vessel. Conversely, using a MAAP-type analysis, the,

; corium does not quench in the lower plenum. Thus,
j there is a large molten mass at the time of vessel 1

failure. Since this will result in larger flow rates than
''

*
the MELCOR-type model, the MAAP results will be
used to determine the corium flow rate for this analysis.

'
MAAP (as well as MELCOR) uses the Pilch

model for the ablation of the penetration (Reference
: 11). The velocity of the corium through the vessel

failure is approximately constant; therefore, the
,

; ablation rate of the failure is linear. A series of MAAP

!._
runs were performed which examined the flow rate of
molten debris and vessel failure area as a function of the

t number of failed penetrations. The results of these
calculations are shown in Figures 19EB.6-3 and

i
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19EB.6.3 Containment Pressurization 19 EB.6.3.3 llorizontal Vent Flow

The containment peak pressures may be calculated After the vents have cleared, steam will begin to
based on the flow rates determined above. The results flow from the drywell to the suppression pool. The
given below are for the most restrictive pressurization drywell pressure during this time is equal to the
rate. Dree limits are considered. De first condition is wetwell pressure plus the flow and water heads. Using
the flow rate of steam from the lower drywell to the conservative assumptions and the maximum steam
upper drywell. Second, the time period before the flow rate, the drywell wetwell pressure difference is
suppression pool vents open must be considered. found to be 0.16 MPa (23 psid).
Finally, the quasi-steady condition of flow from the
drywell to the wetwell through the suppression pool is
criaL4

19EB.6.3.1 Drywell Connecting Vent Flow

Consideration of the flow through the
drywell/wetwell connecting vents is important to
ensure that there is adequate vent area to allow the
upper and lower drywells to communicate freely. If the
flow is restricted a significant pressure difTerence could
exist between the upper and lower drywell regions. This
could potentially result in lower drywell region failure,
even though this region has a much higher ultimate
strength than the drywell head (see 19F.3.1). Using the
maximum steam generation rate and an effective area of
about 11.25 m2 in the drywc!!/wetwell connecting
vents, the pressure difference between the upper and
lower drywell regions is less than 0.15 MPa (21 psid).

19EB.6.3.2 Vent Clearing

If the drywell pressure is higher than the wttwell
pressure at the time of the FCI, then steam flow to the
wetwell can begin immediately. However, if the vents |
are not open, the pressure must accelerate the water in
the vents to allow steam flow. During this interval the
pressure in the drywell will rise quickly. Since the
pressure difference between the upper. and lower.drywell

|regions is small, the entire drywell volume may be
|

considered when calculating the pressure rise during this i

period.

Assuming that the initial drywell and wetwell are
at equal pressures maximizes the time for vent clearing.
The time to vent clearing is calculated based on
analysis by Moody (Reference 18). This model requires
the pressurization rate for the drywell. A constant ramp
rate is determined by assuming a steam generation rate
and using the ideal gas relationship for steam. The
pressure rise in the drywell due to steam generation is
then calculated using the pressurization rate and the
time to vent clearing. Using the maximum steam flow
rate, a pressure rise of 0.26 MPa (38 psid) is
calculated.

O
Amendment 23 19EB.6-4



._ . _ _ - _ _ . _

.

ABWR l
uuimu

Standard Plant REY. A
,

| 19EB.6.4 Summary of .

Overpressurization Limits !m

Based on the calculations presented above, the
maximum pressure rise in the lower drywell due to fuel :
coolant interactions occurs just before the I

wetwell/drywell connecting vents clear. At this time a
pressure spike in the lower drywell of 0.41 MPa
(59 psi) may occur. FCI events of the magnitude :
considered here occur when there is a large mass of |
unquenched debris which comes into sudden contact

|
,

| with water. In the ABWR this only occurs early in the '

course of a severe accxlent when the werwell pressure is !
well below the COPS setpoint, typically at about
30 psia (0.2 MPa). Even if the wegwell pressure were
near the COPS setpoint of 90 psig (0.72 MPa), the ,

lower drywell would be below its estimated ultimate
|

,

capability of 180 psig. Therefore. FCI leading to '

overpressuruation failure of the lower drywell is not a ,

credible event.
,

Concerning the upper drywell region, a
,

conservative calculation based on the maximum steam
generation rate given in Table 19EB.6-1 indicates that

j the maximum pressure in the upper drywell is the
, werwell pressure plus 38 psi. Agam, considering that
| FCI events of the magnitude considered here occur ,

,
when there is a large mass of unquenched debris which
comes into cividen contact with water, the drywell will'

( be well below even the service level pressure (97 psig).
,

| nerefore, one would not expect upper drywell failure
'

! as a result of ICI.

De only FCI event one could hypothesize to occur
late in the accident is the recovery of ECCS just before
containment failure. However,in the ABWR design the
passive flooder ensures that there is water above the
debris. The addition of ECCS water will not cause
increased heat transfer from the molten debris.
Therefore FCI leading to containment failure late in a >;

severe acculent has been ruled out by design.'

| The rapid steam generation rates which can occur

| due to bounding fuel coolant interactions do not lead to i

; failure of the containment structure or opening of the
! rupture disk in the ABWR. Therefore, no further

consideration of steam generation rates is required.

Amendment 28 19EB.6-5
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Table 19EB.6-1 :
IMAXIMUM STEAM GENERATION FOR STEAM SPIKES
|

Water I imited Catec

Flow from lower plenum at the time of vessel failure 1020 kg/s

Passive flooder 780 kg/s !

Recovered ECCS 1250 kg/s !

!

Debris I leited race [
!
'

Debns falling into cavity is quenched instantaneously 2800 kg/s

Expenmentally limit for debris poured into water 80 kg/s ,

!
Funincire Rteam Generation !

i

Scoping result for shock wave capability 4100 kg/s
,

|

.

fd
Amendmmt'# 19EB.6-6
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1 19EC DEBRIS COOLABILITY AND found to become unstable at high sparging rates,
k CORE CONCRETE INTERACTION lt was observed mat as me gas velocity increased

to a magnitude typical of core-concrete
Appendix 19E of the ABWR PRA discusses core interaction, the heat transfer rate increased by a

factor of ten.ne heat transfer rates were found toconcrete interaction. In particular, in Section
19E.2.1.3.6, it is stated that the core debris will be approach those associated with cntical heat flux.

quenched preventing substantial concrete ablation due to
operation of the passive flooder. Even if the flooder was Greene - 1988 (Reference 3)

assumed to fail, water from the suppression pool would
flood the lower drywell after 8 inches of radial ablation Tests were run with liquid metals with water and

had occurred. His conclusion was based on available Freon Ril. Gases were injected in the melt It
experimental information and the work performed in was observed that the water / melt interactions were

IDCOR Subtask 15.2 (Reference 1). generally unstable and that the upward heat
transfer increased with gas velocity. The typical

Since the original ABWR PRA was submitted upward heat transfer rates were found to be 6

there has been continued research in the areas of debris times greater than the classical Berenson
,

coolability and core concrete interaction. Recent conelaton.
experiments performed at Argonne as part of the
MACE program have indicated that, due to crust FRAG (Reference 4)
formation, debris cooling may be limited. This section
will investigate the uncertainties associated with debris This series of tests performed at Sandia National
coolability in the lower drywell of the ABWR. The 1.aboratories used 3 mm diameter steel spheres
investigation will begin with a look at applicable heated and placed in a 20 cm diameter concrete
experimental data. Next, the issue of debris coolability crucible. Tests were performed both with and |
will be hpm1into the controlling parameters and without water addition. Both limestone and
followed by the development of a decomposition event basaltic concrete types were investigated. The
tree (DET). After creation of the DET. deterministic limestone tests showed that a stable crust made of

. f' evaluations will be made to quantify the end points of concrete and steel formed that kept the water from

( the tree. Finally, sensitivities to key assumptions will penetrating the rest of the debris bed. The basaltic
be investigated, concrete allowed for some water penetration.De*

conclusion from these tests was that core-concrete
i 19EC.1 APPLICABILITY OF anack cominued even in me presence of w ater and

EXPERIMENTS TO ABWR that a substantial amount of steel oxidation took
place.

Several experiments have been carried out to
SWISS (Referenec 5)investigate the influence of an overlying water pool on

,

debris coolability. The critical parameter that appears t
dominate the behavior in several of the expenments is These tests, also performed at SNL involved the,

,

the formation of a stable crust This crust is found to interaction of molten steel on '.imestone concrete.

prevent substantial water ingression and, therefore* The steel was heated at approximately five times

debris cooling. The major criticism of these the expected reactor decay heat levels. There

experiments is that, due to their small scale, a stable appeared to be no violent meh-water interactions,

crust is preferentially formed. This limitation makes at and the melt did not quench. There was a stable

quite difficult to extrapolate the results to a large reactor crust that was found to attach to the MgO
cavity. The MACE tests at Argonne have attempted to sidewall. Typical upward heat flux was 800'

2ywjm . There was also information from the
address this weakness by investigating larger cavity
designs. experiment that the overlying water pool provided

substantial aerosol scrubbing (DFs of 10-30).

The following provides a brief summary of several
debris coolability experiments. Mark I Shell Failure Experiments (Reference 6)

Theofanous and Saito - 1980 (Reference 2)
evera experiments were carried out Fauh and

Associates to investigate the mfluence of water on
. . debris coolability and specifically to observe

Experiments were performed with ligmd m.trogen drywell shell heatup. Iron-alumina thermite was,( ) and water and liquid nitrogen and Freon 11. Crust
discharged onto a concrete slab pre-flooded withQ) formation was observed at low gas velocities but

Amendmmt *>1 19EC.1-1
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water. De initial heat t anrfer was found to be however, be extracted. The following shows the
quite high (20 times CHF) and leveled off at observed upward heat flux for three of the tests.

2about 800iW/m later. i

800 kW/m2 ;SWISS -

MAG (Reference 7) |

800 kW/m2Mark I Shell Test -

A series of large-scale experiments are being
performed at Argonne National Laboratory MAG Scoping - 600 kW/m2
investigating the coolability of molten-corium by
water during its interaction with concrete. The One of the major reasons why these tests are not
MAG program has anempted to prototypic is that, due to their small scale, they

promote a stable crust formation. The larger scale
(1) employ prototypic corium melt materials. MACE tests should generate some usefulinsights.

(2) employ prototypic concrete types,

(3) obtain realistic melt temperatures,

(4) obtain realistic MCCIinitial conditions,

(5) include prototypic chemical and internal
heating,and by the increased size.

(6) ensure applicability to reactor cavities.

In the scoping test, a high initial heat removal
was observed. The crust that was formed was
found to be supported by the electrodes. There
were periodic meh eruptions through the crust
that lead to substantial melt quenching. However,
the melt did not completely cool and continued to
erode concrete. One of the major difficulties with
the test was that there were larger than prototypic
heating rates.

De next test, M1, was performed on November
25,1991. The major difficulty with this test was
that not all of the material melted initially and the
sintered region on the top kept the water from
penetrating the melt. Low meh-water heat transfer
rates were observed. Concrete attack continued
with the debris not cooled. His sintered crust
configuration is not prototypical of the ABWR.

The most recent test, MIB, corrected the
problems encountered with M1. The melt
temperature was observed to decrease steadily to
near the concrete liquidus temperature after the
water was introduced.Co,:Tte ablation was found

to continue but at a . c J rate (a few mm/hr).
De post-test examinsan showed that there were
large holes in the top surface.

De experiments described above are insufficient to
enable a full understanding of debris coolability in the
locer drywell of the ABWR. Some insights can,

Amendmmt 78 19EC.I.2
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19EC.2 DESCRIPTION OF EVENT For the case of a small debris mass in the lower
,

TREE ANALYSIS RPV,it is likely that either
>

| 19EC.2.1 Debris Coolability (1) Vessel failure ccurred fairly quickly after core
slump into the lower plenum (MAAP type failure,
model),or that; ,

: A decomposition event tree (DET), shown m.

| Figure 19EC.2-1, was developed to assess the (2) The debris in the lower plenum was inidally
; likelihood of debris coolability. This section describes

quenched by residual water in the lower plenum
; the branch pomts and the quantification of this DET.

and sat RPV failure hlainfw se wm
1 was boiled away and the debris staned to reheat
4 19EC.2.1.1 Fract. ion of Debris in Lower (BWRSAR type failure model).

Drywell Early (COR_DW E)4

_ ,

! .. For these situations it is judged likely that the debris
This event assesses the tmtial debris mass which temperature will be at, or near, its melting point.j

4 relocates to the lower drywell soon after vessel failure. Hence, the following probabilities were assigned for
j The amount of debris which enters the lower drywell this a

early is dependent on the amount of debris mohen in
j the lower RPV head at the time of RPV failure and on Case 1 Small Debris Mass in Lower i
j the amount of entrainment of the debris from the lower DryweH Ea% |
q drywell. However, for simphesty, debris entrainment to 1

1 the upper drywell was conservatively neglected in this |

j analysis. For consistency with the DCH analysis, two Low (Superheat) 0.9 j

regimes are considered for the fraction of the core
|

.

] inventory which is molten in the RPV at the time of High(Superheat) 0.1

1 RPV failure (see Subsection 19EA.2.1.4). These
! regimes are. For the case of a large amount of molten debris it
; could be expected that this resuhed from a delayed

] Low 0 - 20% (nominal 10%) 0.9 failure of the RPV allowing more debris to flow into j

) ( the lower plenum (MAAP model) or for melting and '

High 20 - 40% (nominal 40%) 0.1 heating of quenched debris aheadpw to the lower
plenum (BWRSAR model). For both situations the ,

extended time to vessel faHtue could resuk in higher |19EC.2.1.2 Amount of Initial Debris m hen debris temperatures at RPV failure.11is unclear
I Superheat (SUPERHEAT)

what the actual debris temperature would be for this'

. . . . case. Hence, probabilities of 0.5 are assigned to each
*

This event is used represent the imual debn.s branch to ws thislarge uncertainty.
temperature when the debris first contacts the lower
drywell floor. It is also used as a surrogate to represent Case 2 Large Debris Mass in Lower,

; the additional metal / water reaction heat production Drywell Earlyassociated with a high metal to oxide ratio in the;

i debris. Superheated debris or debris with a high metal
content is expected to be more difficult to quench Iow(SUPerheat) 0.5i

? initially and to experience faster initial concrete
erosion, in the deterministic CCI analysis discussed in High(Superheat) 0.5

Section 19EC.1 the low superheat cases are represented
by (mohen) debris at the U-Zr-O eutectic melting 19EC.2.1.3 Debris Quenebed Early i

temperature (approximately 2500 K). High superheat (QUENCH _E) ;
,

was taken to be temperatures in the range 300-500.Ka

above the melting temperature.This was represented in The probability that long term debris cooling will
the deterministic analysis by increasing the amount of be established is greatly increased if the initial debris |
steel added to the meh prior to vessel breach. Pour is quenched soon after being expelled from the4

vessel. Initial quenching of the debris implies either
Two cases were considered in the DET analysis. that the debris has been fragmented to sizes which

1

The first case represents sequences with a small amount allow cooling, or if the debris is a continuous " pool"
(10% of core inventory) of molten debris in the lower that it is sufficiently shallow to allow cooling by1 m
plenum at vessel rupture and the second case represents conduction through the layer of solid debris.+

large amounts of debris (40%).s
j
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The ABWR design makes it extremely unlikely occurs, the order of this question and the late cavity
that water will be in the lower drywell pnor to RPV flooding question (CAVWAT_L) question is not
failure. Most of the core damage probability is the important for the BWRSAR case.
initiated from a transient. This type of sequence would
not result in water in the lower drywell at the time of Four cases were defined in the DET. These case
vessel failure. Only a LOCA in the reactor drain line a e-
would resuh in water entering the drywell. All other
LOCAs blow down into the upper drywell (which Case 1 Small Debris Mass and Low
drains directly to the suppression pool). Hence, water Superheat
which enters the lower drywell coincident with the
expelled debris must come from residual RPV For this case approximately 24000 kg of molten
inventory or from in-vessel injection systems which are debris are released from the RPV at vessel failure. Since
operating at (or are initiated at) RPV failure. For a the debris has a low superheat and the debris depth is
MAAP-type melt progression the lower plenum is very shallow (< $ cm) it is highly likely that the
nearly full of water at the time of vessel failure. Thus, debris would be initially quenched.
70,000 kg of water is available to quench the debris.

Quench 0.99
In addition, water may enter the lower drywell at

the time of vessel failure via the passive flooder. If No Quench 0.01
water from the vessel does not enter the cavity, the
debris will rapidly heat the lower drywell, and the Case 2 Small Debris Mass and High
flooder will open quickly. For a BWRSAR type melt Superheat
progression model, there will not be water in the lower
plenum at the time of vessel failure. In this case the As for case I approximately 24000 kg of molten

.lower drywell will heat up quickly and the passive debris are released from the RPV at vessel failure. In I
flooder will open. A calculation was performed with a this case the debris has a high superheat and ahhough !
modified version of MAAP-ABWR which simulates the debris depth is very shallow (< 5 cm) it is I
the BWRSAR meh progression model, described in somewhat less likely that the debris would be initially
Subsection 19EC.6 Case LATE indicates that the quenched by residual RPV coolant inventory for this
flooder will open about 30 minutes after vessel failure case than for cr.se 1. |

for this case. Thus,it is very likely that water will be
available to quench the initial debris expelled from the

Quench 0.95
vessel.

The major parameters judged to impact the
probability ofinitial debris quenching are Case 3 Large Debris Mass and Low

(1) the mass of debris in the lower drywell following
RPV failure, For this case approximately 94000 kg of mohen

debris are released from the RPV at vessel failure. The
(2) the anilabihty of water in the lower drywell, and debris depth in this case would be relatively shallow

(< 15 cm). Since the debris pool is relatively shallow
(3) the initial temperature of the debris. and the debris superheat is low it is judged that it is

likely to be initially quenched by residual RPV coolant
The mass of debris retained in the lower drywell is inventory.
determined in a preceding event. The initial debris
temperature is also determined in a prior event. The Quench 0.75
source of water depends on the the presumed core meh
progression model as described above. In a MAAP type No Quench 0.25
melt progression the initial availability of water is
assured. For a BWRS AR model the water comes either Case 4 Large Debris Mass and Low
from injection systems which begin to inject at vessel Superheat
failure or from the operation of the flooder which is
considered in the next node. Since no credit will be As for case 3 approximately 94000 kg of molten
taken for early quenching if a significant amount of debris are released from the RPV at vessel failure and
debris enters the cavity before lower drywell flooding the debris depth would be relatively shallow

Amendment 2g 19EC.2-2
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(< 15 cm). However, the debris superheat is high and the lower drywell is considered to be sensitive to the
it is judged to be indeterminate whether or not the extent of the accident progression in-vessel at the time
debris will be quenched by residual RPV coolant of vessel failure. For the case of a small amount of
inventory. molten debris in the lower RPV plenum at RPV failure

(Event 1 in this DET) it is inferred that RPV failure
Querch 0.50 has occurred relatively *carly" in the in-vessel a::cident

progression process. Conversely, for a large amount of
No Quench 0.50 molten debris in the lower RPV plenum at RPV failure

it is more likely that the in-vessel accident progression
19EC.2.1.4 Water Enters Cavity Late is further advanced at the time of RPV failure.
(CAVWAT L) Consequently, it would be expected that for the case of

-

small initial debris pours the timing between vessel
This parameter is used to represent the longer term failure and later debris pours would be delayed relative

addition of water to the lower drywell. The lower to the case of large m, itial debris pours. Based on
,

drywell water addition systems which are considered are insights from ABWR specific MAAP analyses and
the diesel driven firewater system, any vessel injection from a review of BWRSAR calculations for other BWR
which is available late in the accident and the passive sequences the following branch probabilities were g
flooder. Initiation of the firewater addition system is the esdmated.

most likely means of late water addition to the lower
drywell. If the firewater system is not started, the Case 1 Small Debris Mass in Lower
passive flooder system will begin to inject water when Drywcli Early
the fusible valves, located at the ends of the pipes near
the drywell floor, melt. The fusible valves on the AfterLatelnjection 0.9
passive flooder system are assumed to open when the
lower drywell gas temperature reaches 500 F (533 K). Before LateInj:ction 0.1

#
Assuming a BWRSAR melt progression model the
fusible valves on tne passive flooder system would Case 2 Large Debris Mass in Lower
open in approximately 30 minutes. For a MAAP type Drywell Early
melt progression model the water in the lower drywell
is first boiled off. The debris then begins to heat up. If After Late Injection 0.5
the debris is quenched during the early boil off phase
the debris must reheat resulting in approximately 2 Before Lateinjection 0.5
hours to flooder actuation. If the debris was not
quenched early, the flooder opens about 30 minutes 19 EC.2.1.6 Heat Transfer Rate to
after the debris bed dries out. His event is a sorting Overlying Water (HT UPWARD)
type event, quantified (either 0 or 1) based on prior -

branch decisionsin the CET.
This event assesses the longer term steady state

heat transfer rate which characterizes upwards heat19 EC.2.1.5 Time Remaining Core Debris transfer from the debris. nree regimes are consideredFalls Into Cavity (COREDROP)

(1) heat transfer limited by hydrodynamics in an
This event assesses the timing of the entry of the overlying water pool (CHFlimit),

remaining debris into the lower drywell relative to the
timing of the addition of water (i.e from the passive (2) heat transfer limited by film boiling to anflooder or firewater system). If the majority of the
debris is held up in the vessel until after water addition overlying water pool,and

begins, then debris cooling is substantially more likely
than a,f the bulk of the RPV debris enters the lower (3) heat transfer limited by conduction through a
drywell prior to water addition. MAAP calculations debris crust on the upper debris surface.

indicate that the residual RPV debris will melt and fall
into the lower drywell very slowly after vessel failure. d h M k h mh a M b k

;g g g gThis behavior is also typical of BWRSAR type
calculations (Reference 8). transfer regimes are 900, 300 and 100 kW/m ,2

g

Two cases are considered in the quantification of
the event. De timing of residual RPV debris entry into he conduction limit represents conditions where a

g g, 97 g

Amerdmmt3 19EC.2 3
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cannot penetrate into the debris bed. The use of a Case 2 Small Debris Mass in Lower
100 kW/m2 heat flux is believed to be very Drywell Early. Debris Initially Quenched
conservative. If the debris is not quenched and core and Residual Core Debris Enters Lower
concrete interaction occurs, the upper crust will thin to Drywell After Flooding
a condition where the upward and downward heat flutes
are nearly equal. His will lead to a heat flux much This case is considered to represent nearly as

2higher than 100 kW/m . Therefore, this value will lead favorable a set of conditions for establishment of a !3

to very aggressive core concrete interaction. particulated debris bed as was Case 1. In contrast to l
Case I however, the initial phase of the interaction is

i The hydrodynamic limit represents cases where characterned by only a small amount of debris which is
water can penetrate into the debris bed allowing a much quenched in the lower drywell. Hence, a larger amount
greater effective debris / coolant heat transfer area. Under of debris enters the lower drywell after RPV failure than
these conditions the heat transfer rate is limited by the for Case 1. prior to the entry of the residual RPV
ability of the water to penetrate the debris bed. The use debris the lower drywell is flooded arsulting in the
of 900 kW/m2is much lower than the typical heat residual debris pouring into a pool of water which is
flutes observed in the experiments performed to date. likely to lead to fragmentation, quenching and the

! establishment of a particle bed. Consequently, as for
The film boiling regime is selected to represent an Case 1 a relatively high probability is assigned under

intermediate heat transfer rate where, for example, the these conditions to an upwards heat flux characteristic
crust is unstable allowing water to penetrate the debris of a particle bed with wateringression.
bed in a limited fashion. The early phase of the
experiments indicate a heat flux well in excess of 300 CHF Limit 0.9
kW/m2before the formation of a crust.

Film Boiling 0.09
Four cases were identified for quantification. These >

cases are described below. Conduction Limit 0.01
,

Case 1 Large Debris Mass in Lower Case 3 No Initial Debris Quench andi Drywell Early, Debris Initially Quenched Residual Core Debris Enters Lower DryweII
and Residual Core Debris Enters Lower After Flooding
Drywell After Flooding

This case is considered less favorable for,

This case is considered the most favorable set of establishment of a particulated debris bed which would
conditions for establishment of a particulated debris bed be conducive to water ingression and coolability. The
which would be conducive to water ingression and initial phase of the interaction is charactertzed by failure
coolability. De initial phase of the interaction is to quench the debris soon after RPV failure. However,
characterized by large amount of debris which is prior to the entry of the residual RPV debris the lower
initially quenched in the lower drywell. Prior to the drywell is flooded resulting in the residual debris
entry of the residual RPV debris the lower drywell is pouring into a pool of water which is likely to lead to
flooded resulting in the residual debris pouring into a fragmentation of this debris. However, since the initial
pool of water which is likely to lead to fragmentation, debris pour was not quenched, long term establishment
quenching and the establishment of a particle bed. of a coolable particulated debris bed is somewhat
Consequently, a high probability is assigned under uncertain. Consequently, a lower probability has been
these conditions to an upwards heat flux cha.acteristic assigned for the most favorable debris bed configuration
of a particle bed with water ingression. compared with Cases 1 and 2.

1

CHF Limit 0.95 CHF Limit 0.5 |
,

f
Film Boiling 0.045 Film Boiling 0.4

!
Conduction Limit 0.005 Conduction Limit 0.1

Case 4 Residual Core Debris Enters Lower
DryweII Prior to Flooding

his is considered the least favorable set of

!
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conditions for establishment of a particulated debris bed Case 3 Lower Drywell Flooded. Upward
\ which would be conducive to water ingression and Heat Transfer Limited by Film Boiling

coolability. For this case the bulk of the residual core
debris enters the lower drywc!! prior to lower drywell For cases where the lower drywell is flooded
flooding.This could lead to formation of a mohen pool MAAP analysis and supplemental hand calculations
undergoing concrete ann + later wateraddition instead indicate that if the upward heat transfer is in the range
of particulating the debns may lead to crust formation of about 300 kW/m2 then the debris bed should be
limiting the ability of water to penetrate into the coolable. Since this case represents a range of upward
debris. 2heat transfer regimes (200-400 kW/m ) and the lower

part of this range may not in all cases be coolable the
CHF Limit 0.1 following probabilities were assigned.

Film Boiling 0.6 No CO 0.75

Conduction Limit 0.3 Wet CO 0.25

19 EC.2.1.7 Core Debris Concrete Attack Dry CCI 0.0
(CCI)

Case 4 Lower Drywell Flooded, Upward
This event G i.cierizes the nature of the debris Heat Transfer Limited by Condaction

concrese attack. Three branches are considered. The No
CG branch represents cases where the little or no For cases where the lower drywell is flooded
debris concrete attack would be expected. Wet CC MAAP analysis and supplemental hand calculations
ywe cases where CG occurs in the presence of an indicate that if the upward heat transfer is below about
overlying water pool snd Dry CCI is for cases where 2200 kW/m then the debris bed will not be coolable.
the lower drywell was not flooded

No CCI 0.0
Case 1 Lower Drywell Not Flooded

Wet CO 1.0
'Ihe Dry CCI case occurs for all sequences where

both active injection and the passive flooder fail to Dry CCI 0.0
supply water to the lower drywell after vessel failure.
Under these conditions Dry CO is assured.

NoCG 0.0

W et C O 0.0

Dry CO 1.0

Case 2 Lower Drywell Flooded Upward
Heat Transfer Limited by CHF

For cases where the lower drywell is flooded
MAAP analysis and supplemental hand calculations
indicate that if the upwarti heat transfer is above about

2300-400 kW/m then the debris bed will be coolable.

NoCCI 1.0

Wet CO 0.0

Dry CO 0.0

|

|
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19EC.2.2 Pedestal Resistance to CCI the inner surface of the connecting vents. It is
considered quite likely that this will result in water

his section describes the decomposition event tree ingression and flooding of the lower drywe!L

(DET) analysis used to assess the probability of
pedestal failure as a result of radial core concrete (CCI) This event is only significant for Dry CCI
anack in the lower drywell after reactor vessel failure. sequences where the lower drywell is not initially
he DET is shown in Figure 19EC.2-2. Pedestal wall flooded by either active injection or the passive flooder. ;

failure is considered to be sensitive to he probabilities are assigned based on judgement.

(1) the nature of the CCI (i.e. whether wet or dry), SPIngression 0.95

(2) whether the debris spreads from lower drywellinto No SP Ingression 0.05
the suppression pool following radial penetration
through the pedestal wall to the werwell/drywell 19 EC.2.2.3 Debris Flows From Lower
connecting vents,and Drywell to Suppression Pool after

Downcomer Penetration (WW DEB)_

(3) the extent of radial erosion compared to downward
crosion. His event assesses whether a significant amount

of the molten debris will flow from the lower drywell
The lower drywell will be flooded in most cases as a into the suppression pool following penetration of the
result of either active injection systems such as the wetwell/drywell connecting vents. After 25 cm of radial
firewater addition system or via passive injection erosion the ablation front will reach the inner surface of
through the lower drywell ficoder. the downcomers. The floor of the lower drywell is

above the bottom of the connecting vents, which, in
19 EC.2.2.1 Core Concrete Attack (CCl) turn, are above the floor of the wetwell. Rus, once the

downcomers are breached, a flowpath exists from the

his event characterizes the nature of core concrete lower drywell into the suppression pool. Flow of a
anack. hree brarches are considered. significant portion of the molten debris into the

suppression pool will ircrease the debris surface area in

No CCI contact with water and decrease the debris depth in the
lower drywell. Although there is a great deal of

WetCG uncertainty in this behavior, it is considered fairly
likely that the debris will flow into the suppression
E l'Dry CO

The No CCI branch represents cases where there is
little or no concrete attack. Wet CCI represents cases

No WW Debris 0.3where CCI occurs in the presence of an overlying water j
pool. Dry CCI is for cases where the lower drywell was

19 EC.2.2.4 Ratio of Radial to Axialnot flooded. The rate of CCI is higher for cases with
dry CCL Erosion (RAD EROS)-

This event is a sorting type event which assigns a Given that CCI is occurring, this event assesses j
the ratio of the radial concrete erosion to the downward jprobability of 0 or 1 depending on the branch taken in

the previous CET event. er sion.Three branches are considered 1/5,1/3 and 1/1. j
CCI experiments have generally demonstrated
significantly more downward concrete penetration than19 EC.2.2.2 Suppression Pool M,ater Floods
radial penetration. It is hypothesized that radial crosionLower Drywell after Downcomer Penetration
is limited because the concrete decomposition gasses

(SP_ INGRESS) establish a gas film between the debris pool and the
. . concrete walls. This gas film acts to insulate the

This event assesses if suppression pool water will concrete sidewalls, and to convect debris heat upwards,
flood into the lower drywell after the erosion front This limits the heat transfer to, and ablation of the
reaches the wetwellidrywell connecting vents. The concrete sidewalls. Conversely, the gas film at the
vents are imbedded in the pedestal. If 25 cm of the bottom surface of the pool would be unstable due to the
pedestal concrete is eroded, the ablation front will reach heavier overlying debris pool. The density difference

Amestment 2B 19EC.2-6
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would cause the lower gas film to collapse, allowing Case 1 Debris Flows into Suppression PoolV);

contact of the debris with the concrete. His difference after Downcomer Penetration j
in gas film behavior would limit the sideward heat |

transfer compared to the downward heat transfer. His case represents sequences where a substantial
amount of the core debris relocates into the suppression

in the BETA series of debris concrete experiments pool after downcomer penetration. His is represented
conducted at the KfK research center in Germany, by deterministic calculations FMX100. FMXCSP and j
downward croson rates exceeded sideward erosion rates NFlood. De calculations indicate that the increase in '

by a factor from 3 to greater than 5. For example, in the pool surface area results in either a coolable debris
the high power CCI experiment BETA VI.8, the configuration, or greatly reduced radial crosion rates.
downward crosion was measured to be approximately Consequently, the likelihood of sufficient radial
40 cm and the sideward crosion was only about 2 cm penetration to fail the pedestal in this case is considered
(1/20 sidewant to dawnward crosion ratio). For the low to be remote.
power experiment V6.1, the downward crosion was 35
cm and the sideward erosion was 10 cm (1/3.5 ratio). No Pedestal Failure 1.0

Based on the CCI experiments, and the generally PedestalFailure 0.0
accepted model described above,it seems appmpnate to
assume that downward erosion is strongly favored over Case 2 Wet CCI With No Debris Flow into
sideward erosion. Consequently, larger probabilities are The Suppression Pool after Downcomer
assigned to the 1/5 and 1/3 branches than for the 1/1 Penetration
branch. However, since some residual uncertainty
remains as to the appropriate assumption for the extent For seqtences where CCI was predicted to occur in
of radial erosion for large reactor scale situations, a the presence of an overlying water pool with no debris
probability of 0.1 is assigned to the 1/1 erosion branch. relocation to the suppression pool, the maximum

amount of downward concrete erosion at 50 hours was
Radial to axialerosion ratio l/5 0.45 1.55 m (Case FMX1P). Using this value for the

(Q; amount of axial erosion, the radial crosion depth is
Ra:!ial to axial crosion ratio 1/3 0.45 estimated for the three cases. Comparing this value to

,V the pedestal capability of 1.55 m, the following
Radtal to axialerosion ration 1/1 0.1 estimates are made for the probability of pedestal

failure-
19 EC.2.2.S Pedestal Failure (PED) |

RAD _ EROS 1/5 1/3 1/1 l
his branch assesses the probability of pedestal

failure as a resuk of excessive radial concrete erosion of No PedestalFailure 1.0 1.0 0.5
the lower drywe!! pedestal wall. i

PedestalFailure 0.0 0.0 0.5
Stnetural analysis of the pedestal indicates that the

loads can be supported without yielding if only the Case 3 Dry CCI With No Debris Flow into
outer shell and 15 cm of the steel webbing remains Suppression Pool and No Late Suppression
intact. Dus, for a total wall thickness of 1.7 m, the Pool Water Ingression into The Lower
lower limit for the amount of radial crosion which can Drywell
be sustained without pedestal structural failure is
1.55 m. However, since the total depth of the pedestai nis case represents case DRY in the deterministic
is 1.7 m, crosion to the full 1.7 m depth will analysis. In this case the debris is assumed to remain
obviously result in pedestal failure. Additional dry for the entire duration of the accident. No flow of
discussion of the pedestal strength under radial concrete either water or debris through the wetwell/drywell
erosion is presemed in Section 19ECA. connecting vents is presumed to occur when the

ablation front reaches the the vents. For this case tle
| Analyses were performed to estimate the extent of axial ablation depth at 50 hours was calculated to be
' concrete crosion in the lower drywell under a variety of 2.5 m. Using this value to estimate the radial crosion

conditions. The results of these analyses are depth for the three radial to axial erosion ratios, the
summarized in Section 19EC.5. Four cases were split fractions are are assigned based on the pedestal

;
considered in the DET for quantification of pedestal capability:D)i wall failure. Dese cases are described below.NJ

| Amendmem 98 19EC.2-7
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RAD _ EROS 1/5 1/3 1/1

No PedestalFailure 1.0 0.99 0.0

PedestalFailure 0.0 0.01 1.0

Case 4 Dry CCI With No Debris Flow into
The Suppression Pool and Late Suppression
Pool Water Ingression into The Lower
Drywell

The case in which the debris is initially dry, but
becomes flooded with water after the ablation front
reaches the wetwell/drywell connecting vents is
considered to be slightly better than Case 3. In this case
the debris is assumed to remain in the lower drywell
throughout the period of CCI. Therefore, the split

,

fractions assigned are-

RAD _ EROS 1/5 1/3 1/1 *

No PedestalFailure 1.0 0.99 0.5

Pedestal Failure 0.0 0.01 0.5

O

O
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b 19EC.3 DETERMINISTIC MODEL between the debris pel and the emcrete walls.'

FOR CORE CONCRETE nis gas film acts to insulate the concrete
INTERACTIOh, sidewalls, and to convect debris heat upwards.

his limits the heat transfer to, and ablation of

As described above, several key parameters the concrete sidewalls. Conversely, the gas film at

influence the potential for concrete erosion in the the bottom surface of the pool would be unstable

presence of an overlying water pool. An analytical tool due to the heavier overlying debris pool. The
,

was selected to investigate the impact that these density difference would cause the lower gas film'
to collapse, allowing contact of the debris with

parameters have on CCI, contamment pressunzauon,
opening of the over-pressure protection system, and the concrete. This difference in gas film behavior

possible fission product release. MAAP-ABWR was would limit the sideward heat transfer m.pd to
the downward heat transfer.selected since, with a few mmor code modifications, it

was capable of investigating the key parameters
identified in the DET. MAAP-ABWR allowed the In the BETA series of debris conarse expenments

impact of parameter variations to be carned out through MM at the KfK research center in Germany,
,

ginwsd erosion rues"W sidewed erosion
catainment W i Gon and fission product release.

rates by a factor from 3 to greater than 5. For

A few simple code modifications were made to example, in the high power CCI experiment
BETA VI.8, the downward crosion was measured

allow the user to control the debris coolability and to to be approximately 40 cm and the sidewardsimplify the specification of the severe accident
crosion was only about 2 cm (1/20 sideward to .

scenario. nese changes are summanzed below.
downward erosion ratio). For the low power
experiment V6.1, the downward erosion was 35

(1) Subroutine PLSTM was modified to allow the
cm and the sideward crosion was 10 cm (1/3.5user to specify the upward heat flux. Model
ratio).

parameter, FCHF, was redefined to be the upward
2heat flux in waushn . All other debris-to-water

heat transfer mechanisms were disabled in Based on the CCI experimcats, and the generally
s

PLSTM. accepted model described above, it seems
appropriate to assume that the ratio of radial to

%~ axial attack is 1/5. However, this parameter is(2) he following actions were added to the MAIN
included as a parameter in the DET for pedestalroutme:
crosion since the ratio is still uncertam.

(a) Iflowerdrywellgas temperamexceeds$33 Since MAAP assumed that radial and axialK - open passive flooder, penetration were identical, the axial ablation
numbers were multiplied by 1/5 to obtain an

(b) If radial erosion exceeds 25 cm - allow debris estimate on the radial num+ depth.
to spread to wetwell and allow water to flood
the lower drywell,

(2) The heat transfer from the debris to the water was
assumed to be equal to the user specified value

(c) If radial erosion exceeds 50 cm - fail drywell throughout the transient.
with an area of ADWLEK (userinput).

Other than the changes described above, the
(d) If upper drywell wall surface temperature standard MAAP-ABWR code was used to quantify the

exceeds $33 K - begin to leak out of the CCIdecomposition event tree.
upper drywell as specified in Subsection
19F.3.2.2.

19EC.3.1 Minitnum Heat Flux
The major assumptions included in the MAAP

analysis are destnbed below: The most critical element in determing the
potential for core concrete interaction, and the

(1) CCI experiments have generally demonstrated containment response if it should occur is the
minimum heat flux, he heat transfer between the

sigmficantly more downward concrete penetration
than radial penetration. It as hypothesized that water and the debris can be limited by:

radial erosion is lingited because the concrete
(1) Conduedon within the debris,decomposition gasses establish a gas film

%

%: 2g
19Ec.3-1
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(2) Critical heat flux, or Ifwe

(3) Film boiling. (1) assume nucleate boiling is maintained at the
surfa:c,

The last is of concern if the debris surface
temperaarre remains so hot that the water cannot wet (2) conservatively assume that the bottom of the
the surface,i.e. if an insulating blanket of steam forms. debris in contact with concrete is adiabatic,

Film boiling has been observed in well controlled
laboratory environments using polished surfaces. (3) assume molten debris is at uniform temperature,
However, it has been observed that the smallest of m:1
surface imperfections or contaminants would quickly
result in a transition to nucleate boiling. It seems (4) impose the condition that the debris not ablate
highly unlikely that the irregular surface of the debris concrete,
would be able to maintain itself in film boiling.
Therefore, film boiling is not likely to limit upward we have as boundary conditions:
heat transfer.

'
Critical heat flux is sufficiently high that it would

not impose a practical limit on debris coolability. C = 1550K2Therefore, a lower limit on the upward heat flux may
be obtained by consideration of the conduction limit.
De biggest unknown is whether the debris remains in T(6%)- 450K
an intact slab-like configuration, an intact configuration
with irregulanties which increase the heat transfer area

where: Sa = debris thickness.and act as fins, or af the debris develops cracks which
allow water to ingress. The presence of cracks would
increase the heat flux. Derefore, let us consider the Substituting into Equation (2), we have for the

worst situation (intact slab). limiting debris thickness for coolability:

The temperature distribution in steady state, 6% = 0.08 m
assuming a homogeneous debris mixture, is given by:

his means that if we are in ntcleate boiling at the

3T surface, we can just remove decay heat purely by2

k 2+q.=0 (1) conduction through the debris slab at a thickness of 8
3 cm.The surface heat flux is:

thermal conductivity (3.5 W/mK),where k =
2q' = q~6% = 100 MW /m

volumetric heat generation.q" =

De heat flux which would result from critical heat

it is sufficient for our purposes to consider the case flux would be substantially higher than this value.
of 1% decay power. For a total debris mass of about Thus, one could view this as the lowest possible
244,000 kg, this implies and average initial volumetric upward heat transfer given the boundary conditions. A

heat generation rate: higher temperature at the bottom of the crust or heat
transfer into the crust would txydt increase the debris-to-
water heat transfer.MW

q~=1.3
3m his rather low heat transfer would be increased if

the surface was of non-uniform thickness (fin effects) or
In a one-dimensional flat geometry, integrating especially if the surface cracked sufficiently to allow

Equation (1)twice yields: water to ingress.

~4 *2
T= +Cx+C (2)3 22k

O
Amendmmt 28 19EC.3 2
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( 19EC.4 PEDESTAL STRENGTH\

The configuration of the ABWR pedesta!is shown
in Figure 1.2-13e. The width of the pedestal is 1.7 m.
The design consists of two concentric steel cylinders
connected by steel web stiffeners. Ten werwell-drywell
connecting vents run through the annular region
between the cylinders. The remainder of the space is
filled with concrete. If significant core concrete attack
occurs, the strength of the pedestal could be
compromised as the pedestal is croded. The strength of
the pedestal after it has undergone erosion is examined
to determine the maximum crosion depth allowable to
ensure that the pedestal does not co!! apse.

The pedestal is designed based on the maximum
stress obtained in the steel plates. The strength of the
concrete is neglected. The allowable stress in the steel
plates is 0.6 times the yield strength, neglecting
temperature. The calculated stress without seismic loads
in the ABWR pedestal is 0.4 times the yield strength,

For design analysis the largest single load is thec

accident temperature. If core concrete interaction were to
take place as a resuh of a severe accident, the inner
plate of the pedestal would mell Without a continuous
inner plate the moment induced by the differential'

temperature disappears. It is expected that any
temperature induced moments acting along thew
stiffeners will be strain limited. Therefore, they will
not reduce the capability of the outer plate.

In order to estimate the allowable ablation depth,
the seismic and thermal loads are removed and the
remaining loads are calculated. No attempt was made to

take credit for the relo:adon of fuel from the vessel
onto the floor of the drywell. The strength of the
remaming concrete is neglected. The loads are compared
to the yield strength of the remaining pedestal steel.
Therefore, this calculation corresponds roughly to a
service level C type of calculation.

The results of the calculadon show that the outer
shell of the pedestal plus 15 cm of the web sdffeners
are required to maintain the pedestal loads below yield.
This limit is used as a conservative estimate of the
pedestal ultimate ' apability after erosion. The total
pedestal width is 1. m. Therefore, pedestalintegrity is
ensured for ablation depths up to 1.55 m.

/

[
b

Amendmem :s
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/ 19EC.5 APPLICATION OF CCI kW/m2 was selected to represent limited water

MODEL TO ABWR ingression into the debris bed with the upward heat
transfer bemg controlled by film boiling. The largest

... value used represents critical heat flux limits for debris
The determmistic code used for investigating core-

cool ng. Further discussion of these values is includedconcrete interaction in the ABWR was described in
in Subsection 19EC.2.1.6Section 19EC.3. This section will describe the

evaluadons dat were d to suppon k qdcanon
As run in its standard manner MAAP-ABWRof the CCI decomposition event tree.

calculates that 60% of the total core inventory was ;

ireleased from the vessel. The remaining 40% was
19EC.5.1 Sequence Select. ion calculated to be held up in the core with the decay heat

being radiated to the vessel wall and convected into the
The MAAP-ABWR code, as modified for this upper drywell. The 40% remaining behind is typically

application, allowed for a great amount of flexibility in the outer peripheral bundles which have low decay heat. t

analyzing the impact of key parameter variations on To support the DET quantification additional cases were
core-concrete attack. The following lists the key run assuming that 100% of the core was discharged
parameter variations that were investigated; from the reactor vesscL This has two major influences

on the containment behavior. Without the peripheral
(1) Upward heat transfer to overlying water pool bundles in the core, the drywell heatup is reduced.

Second, the added core mass on the lower drywell floor
(2) Mass of debris discharged from vessel will influence the calculation of core-concrete attack,

debris coolability and containment pressunzation.
(3) Mode of fission product release from containment

(4) Flooding of lower drywell resulting from radial
penetration of vertical connecting vents

(5) Debris spreading related to radial penetration of
( verticr.1 connecting vents

The base case sequena elected to investigate core
concrete interaction was th, low pressure loss of
injection scenario. This event was initiated by a
transient with the assumption that all injection was
unavailable. The RPV was depressurized manually

;

when the core level dropped below 2/3 core height. '

Without coolant injection, the core melts and slumps
into the lower vessel head. Local penetration failure
occurs and the debris is discharged into the lower
drywell. Table 19EC.5-1 provides a chronology of the
events up until the vesselis failed.

Table 19EC.5-2 defines each of the sequences
analyzed and provides a summary of the results. The
first column gives the case designation along with
reference to specific notes. Columns two through four

,

provide the relevant sequence definition information.
For purposes of demonstration, all cases were executed
for the dominant sequence, a low pressure loss of,

injection sequence with a containment pressure at the|
| time of vessel breach of approximately 1 atm. The

upward heat flux was varied between 100,300, and 900
2 2kW/m . A value of 100 kW/m ,vas selected to

approximate the heat transfer associated with a stable
O crust formation where the upward loss is controlled by

] conduction of heat through the crust A value of 300

| Amendmentet 19EC.5-I
t
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19EC.5.2 Summary of Results

Table 19EC.5-2 summarizes the results of the
deterministic analyses for the ABWR. The following
general conclusions are indicated by these results:

(1) For all sequences with successful operation of the
flooder, radial concrete erosion was less than the
structural limit described in Section 19EC.4
Radial atta;k does not pose a significant challenge
to Containment.

(2) For sequences with operation of the containment
overpressure protection system, due to
suppression pool scrubbing, the fission product
release is dominated by noble gas.

(3) Release times for cases with the passive flooder
a-e on the order of 20 hours after the initiation of
core damage (defmed as onset of melting).

(4) ~Ihe extended time period between vessel breach
and rupture disk actuation (or containment failure)
provides for a substantial reduction in the amount
of fission pmduct released from containment.

(5) Using experimentally-based values for the upward
heat transfer (Section 19EC.1) would result in
debris cooling in the ABWR and early termination
of the core concrete attact. Therefore, the lower
bound for upward heat transfer is consenatively

2assumed to be 100 kW/m . This is done in order
to obtain substantial concrete erosion and
demonstrate the robustness of the containment
design if the debris is not quenched.

(6) For the dominant scenarios with successful
operation of fire water to provide water to the
debris, the time from onset of melting to fission
product release is 24 hours from the beginning of
the accident for all upward heat transfer rates.

A set of plots for case FMX100 case are included
in Figures 19EC.5-1 through 19EC.5-5. This case
demonstrates long term core concrete interaction, but is
otherwise typical of the conditions analyzed. The
depletion of zirconium in this case occurs at about
20,000 seconds, coincident with the onset of CO
production. The hydrogen gas generation is not
equivalent to the amount which would be generated
from a 100% metal water reaction because of a
competing reaction between the zirconium and CO -2

O
19EC.5-2Amendment 28
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x 19EC.5.3 Initial Concrete Attack due where: ua Velocity of the corium expcIled from=

to Impinging Corium Jet the reactor vessel,

i

Acceleration of gravity, jAt vessel failure, core material is discharged from E =

the RPV onto the floor of the lower drywell. At low |RPV pressures, the discharge rate of the debris is ard tra is defined by j
controlled by gravity and the vessel breach area in the i

|lower head. From analyses performed for FCI i r
utra+3gt a = z, (6)

'calculations, Subsection 19EB.6.2.2, it is assumed that o

ten penetrations failed. This results in a maximum
corium discharge rate of 6000 kg/s. The total failure

the elevation of the reactor vessel2 where: z, =area is 0.145 m . Assuming a density for corium of
38000 kg/m , a dtscharge of 6000 kg/s corresponds to a above the lowerdrywell floor.

corium velocity of 5 m/s. He following calculation
estimates the initial concrete attack depth resulting A crust of frozen carium forms on the concrete and
from this impinging corium jet. the ablation process is the same as at the reactor vessel

penetration. Thus, the concrete ablation velocity is !

The model from the MAAP subroutine JET given by j
(Reference 9) was used to compute the concrete attack |

from an impinging jet of corium. The stagnation point
h(T" -T") |heat transfer coefficient between the corium jet and the u, = (7) i

concrete is approximated by the expression, p, c ,(T, - To } + b |p

Nu = b = 1.14diie~ (3) where: T. Bulk corium temperature,=
k ,

i

Concrete density,or P. =

Concrete specific heat,c =
i pmN'" "'

h = 1.14k,I M=D (4)
Concrete latent heat,e b =

Corium thermal conductivity, Tap Concrete melting temperature,where: k ==m

Initial concrete temperature.Corium viscosity, To =p. =

Velocity of the carium stream Substituting the corium velocity and the ABWR !| u =e

| impinging on the floor, specific geometrical parameters into the above !
,

equations, results in an ablation rate of approximately 1 I

1cm/sec. With the debris being discharged over 5Dp Diameterof thejet,=
seconds, the resulting ablation depth is 5 cm. This i

would only occur in the central portion of the lower lh = Heattransfercoefficient, g. ell, and would in no way threaten the integrity of |
the structures. I

Corium density, lp. =

Nu Nusselt number,=

Re Reynolds number.-

The corium velocity at the cavity floor is given

i

u, = u + gt a (5)| g o f

Amerdmmt ?$ 19EC.5-3 )
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Table 19EC.5-1 |
i

SUMMARY OF TIMING FOR CORE CONCRETE INTERACTION BASE CASE
'

:

l

Time (Secs) Event !
l

0.0 loss of allinjection |
|

4.2 Reactor scrammed j
,

1097.0 Core uncovered j

;1138.0 Manualdepressurization

3451.0 Onset ofcore melt
t

5364.0 Slump intolower head

5382.0 Vessel failure :
;;

!

c :
t

.

!

l

! i

'
:

|
t

|

Amendment 23 19EC.5-4
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SUMMARY OF CCI DETERMINISTIC ANALYSIS FOR AHWH 3.

2
S,,Upward Debris Mass Radial 112

Containment Ileal at Vess. Fail Attack at Generated Time of FP Fission Product Helease Fraction
Press,at Trans. (Frac.of Tot. 50 hrs. at 50 hrs. Release Mode of frnm Containment

2Case # Vesselfailure (kw/m ) Inventory) (meters) (Kg) (hours) Release NG Csl Sr

ABWR100 1Atm. 100 0.6 0.22 1813 19.1 COPS 1.0 2E-06 3E-09
ABWR300 1Atm. 300 0.6 9E-07 122 23 3 COPS 1.0 2E-10 2E-12

ABWR900 1Atm. 900 0.6 7E-06 122 23.2 COPS 1.0 3E 11 2E-12

FMX100 1Atm. 100 1.0 0.25 2130 17.6 COPS 1.0 IE4)6 IE-08
FMX300 1Atm. 300 1.0 7E-03 154 19.3 COPS 1.0 lE-08 3E-15

FMX900 1Atm. 900 1.0 7E-04 111 19.1 COPS 1.0 1E-08 2E-14

FMXCSP(l) 1Atm. 100 1.0 0.25 2126 15.7 COPS 1.0 4E-07 3E.10

SENSmVrFY RUNS
DRY lAtm. N/A 0.6 0.50 4990 19.8 DWT 0.34 4E-03 IE-05
DWFAIL 1Atm. 300 1.0 7E-03 154 19.3 DWF 1.0 BE-St 2E-10

FIRE 1Atm. 100 1.0 0.25 2131 24.6 COPS l.0 SE-06 4E-10

FMXlP(2) 1Atm. 100 1.0 0.31 2762 17.6 COPS 1.0 1E-06 1E-03

NFlood (3) 1 Atm. 100 0.6 0.25 2127 17.4 col"i 1.0 8E-07 5E 10

LATE (4) 1Atm. N/A 1.0 0.31 2697 20.0 DWT 0.23 6E-03 9E-09

Notes:
Containment Overpressure Protection SystemCOPS -

Drywell leakage occurs through penetrations.DWT -

2Drywell Failure (0.0973 m )DWF -

FMX100 Run with five times steel mass(1) -

Penetration into connecting vents does not cause debris spread.(2)I -

Flooder not operational, Radial attack results in penetration to WW and debris spread.(3) -

Vessel failure assumed to occur after lower plenum water boiled away and debris reheats.(4) -

5 N
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19EC.6 SENSITIVITY TO VARIOUS Case LATE j
PARAMETERS '

his sequence was .dentical to case DRY except fori
.

1

Also included in Table 19EC.5-2 are other analyses a delayed vessel failure. The RPV was assumed to fail i

that address possible sensitivities to modelling after all of the water m the lower plenum had boiled
;

assumptions. Rese results are described below. away and the debris heated up to the cutectic melting ;,

'

point (2501 K). Vessel failure occured at 53 hours mto ;

the sequence as compared to 1.5 hours for the base case.Case DR), ,

Since scre was no water discharged with the core debris
at vessel failure, the gas temperature quickly increased

This case was run assuming that the passive to above the flooder actuation temperature. ne flooder !

flooder did not open and that, even after radial was assumed not to work for this case. De purpose of
penetration of the vertical vent pipes, water was not ,

the run was to obtain an estimate of the time period E

introduced into the lower drywell. The drywell began 1 between vessel failure and flooder actuation. The i
Icak at about 20 hours and resulted in a slow, low

MAAP analysis conservatively assumes that the gas
magnitude, release of fission products. must reach 533 K before the flooder can open. In this

case it took about one hour before the gas reached 533
Case DWFAIL K. Factoring in the difference between the wall surface

and the gas temperature, the flooder would be expected
This case is identical to case FMX300 except that to open within 30 minutes after discharge of the core

the drywell was assumed to fail at the COPS set point. debris. All other aspects of this run were similar to the ;
Due to the long time between vessel breach and DRY case.
containment failure, the fission products settle out very ;

,

effectively and the result is a low magnitude release. The overall conclusions from the sensitivity i

analyses are that the ABWR containment design is '

Case FMX1P quite insensitive to the uacertainties associated with !

core concrete interaction. De concrete crosion rates are
This case was identical to case FMX100 except consistent with other published results (Reference 8) t

that the debris is assumed to not spread into the and do not pose a serious threat to containment !
wetwell after penetrating the vertical connecting vents. integrity. Operation of the COPS provides for a i

The results indicate no sensitivity to this assumption. scrubbed release of the fission products and greatly |
The radial attack at 50 hours is 31 cm for a ratio of limits the risk to the public.

'

radial to axial attack of one to five.

19EC.6.1 Impact of Pedestal Concrete
Case NFLOOD Selection

This case was identical to case ABWR100 except
. The pedestal of the ABWR is defined as thethat the firewater addition system and passive flooder

were not operational. Derefore, the debris was initially sidewalls of the lower drywell.This structure supports

dry. After 25 cm of radial erosion, the debris was the vessel and the wetwell/ upper drywell diaphragm

assumed to spread into the wetwell and water from the Door. He type of cmcrete to be used in se pedestal is

suppression was introduced into the lower drywell. The n t speciDed. Basahic conacte is required for se Door
ofd werdryweH.I results indicate more concrete erosion with the COPS

j actuating at 17.4 hours compared to 19.1 hours.
Basaltic concrete was used for the lower drywell m.

Case FIRE determining the response of the containment to core
concreta attack. This type of concrete is often used in
meThis se9uence was identical to FMX100 except and tatet y der type of cmcrete Weh p

that the firewater system was used to add water to the frequently used is hmestone-common sand. Basalue

debris. Due to the addr,uon of cold water, the concrete is more rapidly eroded during core concrete
interaction than is limestone. common sand concrete.pressurizauon of containment due to steam was reduced

and the COPS was not predicted to open until 24.6 herefore, one would expect that if limestone-common

|_
hours as compared to 17.6 hours for the case with sand concrete were used in the ABWR pedestal (i.e. the

side walls), the sideward crosion rate would be slower
Passive Gooder opeatim.

than that presented in Table 19EC.5-2. Herefore, the
times estimated in that analysis for the time at which
pedestal integrity could be threatened are expected to be

Amadmmt 28 19EC.6-t
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conservative if non-basaltic concrete is used in the
pedestal.

The other key impact of the type of concrete is the
production of non-condensible gas. Limestone-common
sand concrete produces more non-condensible gas than
does basaltic concrete. However, this will not have a
significant impact on theis analysis because the surface
area of the sidewall will be only ten to fifteen percent
of the floor area if core concrete attack should cecur.
Furthermore, the shape of the debris pool will be
pancake-like. The gas generated at the side wall will not
be able to reach into the debris pool and cause more
rapid metal water reaction in the debris pool. Rather, it
will bypass the debris. Therefore, there will be little
impact of the gas generation on the rate of attack due to
any enhanced metal water reaction.

In summary, the type of concrete to be used in the
pedestal side wall is not specified. If non-basaltic
concrete is used in the pedestal the rate of sideward
ablation may be somewhat reduced as compared to the
analysis presented here. The rate of non-condensible gas
generation may be slightly higher. However, because of
the relative areas of the sidewall and the floor the
impact will be small. The conclusions of the
uncenainty analysis will not be affected by a differ;nt
choice of concrete.

O
Amendment 3 19EC.6-2
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19EC.7 Impact on Offsite Dose'~

The effect of the maximum core concrete
interaction source term on a relacase with operation of
the rupture disk is shown in Figure 19EC.71. The
cases with rupture disk are the only risk significant ,

'

release categories which would be impacted by core
concrete interacuon (The other sequences are cases with3

early containment failure due to DCH.) As the Figure
13 clearly shows,CCI does not have significant impact
on the offsite dose.

|
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19EC.8 Conclusions

This section investigated the impact of core-
concrete interaction on the ABWR containment
response. First, detailed DETs were developed to address
all of the key parameters that influence CCI. Then,
several determinstic analysis were carried out to support
quantification of the trees. The following summarizes
the important conclusions of the CCI investigation: ;

(1) For the dominant core melt sequences that release
core material into the containment,90% result in
no significant CCI. Vinually no sequences have
dry CCI.

,

(2) Even for the low frequency cases with significant
CCI, radial erosion remains below the structural
limit.

(3) The fission product release mode is dominated by
operation of the containment overpressure
protection system. The release, which occurs at

'

about 24 hours,is not distinguishable from a case
with no CCI.

(4) Experimental results indicate that sufficient

D upward heat transfer to an overlying water pool
would exist in the ABWR lower drywell to cool
the debris.

Amendmmt 28 19EC.B.I
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19ED.1 ISSUE

During a hypothetical severe accident in the
ABWR, molten core debris may be present on the
lower drywell (LD) floor. The EPRI ALWR
Requirements Document specifies a floor area of at

2least 0.02 m /MWth to promote debris coolability.
This has been interpreted in the ABWR design as,a
requirement for an unrestricted LD floor area of 79 m ,

The ABWR has two drain sumps in the periphery
of LD floor which could collect core debris during a
severe accident if ingression is not prevented. If

( ingression occurs, a debris bed will form in the sump
'

which has the potential to be deeper than the bed on the i

LD floor. Debris coolability becomes more uncenain as
the depth of a debris bed increases.

| The two drain sumps have different design j
| objectives. One, the floor drain sump, is designed to
I collect any water which falls on the LD floor. The

other, the equipment drain sump, collects water leaking
from valves and piping. Both sumps have pumps and
instrumentation which allow the plant operators to

;
determine water leakage rates from various sources. <

Plant shutdown is required when leakage rate limits are i

l f^ exceeded for a cenain amount of time. A more complete

( discussion on the water collection system can be found
L in Section 5.2.5.

|
;

i
' 'w

|
NAmendment 19ED.1-1
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19ED.2 PROPOSED DESIGN

A protective layer of refractory bricks-a corium
~

shield-could be built around the sumps to prevent ;

corium ingression. The shield for equipment drain ;

sump would be solid except for the inlet and outlet *

piping which would go through its roof. The shield for
the floor drain sump would be similar except that it
must have channels at floor level to allow water which
falls onto the LD floor to flow into the sump. Thei

,

height of the channels would be chosen so that any y

molten debris which reaches the inlet will freeze before <

it exited and spilled into the sump. The width and
number of the channels would be chosen so that the

.

required water flow rate during normal rextor operation i

is achievable. A sketch of a concept for floor drain !
sump shield is shown in Figure 19ED.2-1. |

I

The walls of the equipment drain sump shield I
(solid shield) only have to be thick enough to withstand I
ablation, if any is expected to occur, for the chosen I

wall material. The walls of the floor drain sump shield -

(channeled shield) must be thicker so that molten debris i

flowing through the channels has enough residence
time to ensure debns solidification.

Both shields would extend above the LD floor to I

an elevation greater than the expected maximum height |
of core debris. Thus, no significant amounts of debris
will collect on the shield roofs. The solid shield can be
placed directly on top of the LD floor. The channeled
shield will have refractory bricks embedded into the LD

; floor beneath the shield to prevent core-concrete
interaction involving the molten debris in the channels.

| The analyses presented in Sections 19ED.4 and
| 19ED.5 provide a basis for sizing the proposed design
i of the floor drain sump corium shield.
t

!

<

Amendment 3 19ED.2-1
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19ED.3 SUCCESS CRITERIA FOR debris. ;

PROPOSED DESIGN |
(7) Seismic Adequay t

For the proposed design to be considered
successful,it must satisfy the following requirements. De seismic adequacy of the corium shields will ,;

,

be determmed in the detailed design phase, ,

(1) Melting Point of Shield Material Above Initial Adequacy should be easily meet because the

Coh-t Temperature shields are at the lowest pomt in the containment.
Missile generation is not an tssue because the 1

The shield wall material shall be chosen so that elds are not near any dtal eq@nt.
1

its melting temperature is greater than the
mterface temperature between the debris and the Section 19ED.6 contains an example of success

f

shield wall' calculations for requirements (1) through (4) for a
,

chosen channel height of I cm. ;

(2) Channellength .|
t

The length of the channels in the shield must be
long enough to ensure that a plug forms in the ,

channel before debris spills into the sump. De i
freezmg process is expected to take on the order of {
seconds orless to complete. |

|

(3) Shield Height,Ib, Above Lower Drywell Floor

De shield height above the lower drywell floor
i . shall be chosen to ensure long term debris
! solidification. The freezing process will be
! complete during the time frame when the shield

walls are behaving as semi-infinite solids. In
addition, the shield must be tall enough to prevent
debris from accumulating on the roof of the
shield.

(4) Shield Depth, Hw, Below Lower Drywell Floor

De shield depth of the below the lower drywell
floor shall be chosen to ensure long term debris
solidification.

(5) Water Flow Rate

he total flow area of the shield channels shall be
great enough to allow water flow rates stated in
the Technical Specifications without causing
excessive water pool formation in the lower
drywell.

(6) ChemicalResistance of Shield Walls

ne wall material chosen for the corium shields
must have good chemical resistance to siliceous
slags and reducing environments. Resistance can
be determined to a first degree by comparing the
Gibb's free energy of the oxides which make up
the shield wall and the oxides present in core

.

Amendment )$ 19ED.3-1
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19ED.4 ANALYSIS OF SIIIELD until long after a plug has formed. Any heat
FREEZING ABILITY transfer to the shield material between adjacent

channels enhances the debris freezing process.

Heat transfer and phase change analyses are
.. .

presented in this section to determine the feasibility of (4) The shield wall acts as a semi-mfin.ite slab with
a channeled shield to prevent mohen debris ingression an amtial temperature of 330 K during the amtial
into the floor drain sump. Two time frames were freezing pmcess.

considered. First, a freeze f ont analysis was performed
for early times (seconds or less) to determine the time he pmperties of shield cause it to be a poor
required to form a plug. The long term ability of a plug conductor of heat. The penetration depth during
to remain solid was determined using a steady-state the short duration of the freezing process is on the
analysis, order of ten millimeters. he small increases in

LD temperature prior to the presence of core

19E D.4.1 Assumptions debris d es n t significantly alter the shield
temperature from its value dun,ng normal plant

"'
The major assumptions invoked in the analyses

and their bases foDow:
(5) Core debris is not expected to enter the LD until

* '## * *# # * #(1) Mohen debris enters the channel with negligible
supedcat. which time the decay heat level is approximately

one percent of rated power.

Mohen debris interacts with structural material Core debris will not enter the lower drywell before(steel, concrete, etc.) and the lower drywell
environment as it passes from the vessel, contacts about two hours for any credible severe accident

(Section 19E.2.2).the LD floor and spreads to the shield. This
interaction depletes the molten debris of any
superheat and can result in eutectic formations. (6) The decay heat generation in the debris is
ne melting temperature of core debris which has negligible compared to the rate of latent heat

undergone little interaction is approximately generation during the freezing process.

2500 K. Significant interaction with the concrete
floor reduces the debns melting temperature to This assumption was verified during the analysis,
* ** #'I

(7) The thermal conductivity and thermal diffusivity
(2) During the freezing process, the temperature f debris in solid and liquid phases are the same.

profile of the solidified debris rapidly obtains its
steady state value. (8) De contact resistance between the bricks was

assumed to be negligible. Contact resistance can

This assumption introduces little inaccuracy be controlled in the final design by varying the
g, thickness of the bricks or by usm, g a high

temperature binder between the bricks. Ricker

a) the heat conduction coefficient in the solidified s tend to minimize overaH comact resnstance
~

debris is significantly larger than that of the shield by reducing the number of contact points. Some
y* contact resistance may be acceptable m, the final

design if the composite thermal conductivity is

b) the depth of the solidified debris is high enough that the shields provide short- and. .

long-term debris solidification.
considerably less than the height of the shield.

. (9) The corium shields were assumed to bc(3) Heat transfer within the channel and shield is one-
dimensional. structurally stable. Structural stability is only an

issue during the initial onslaught of debris into
the lower drywell. After debris comes into contactne height of each channel is much less than its with the shields, a crust will form and it will tend

length. The heat transfer in the shield material is to grow in time. Crust formation climinates
3 low enough that any heat transferred from debris buoyancy forces and will hold the individualcontacting the shield wall outside of the channel

bricks into place.
does not affect the temperature along the channel

Amendmet 28 19ED.4-1
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dT19ED,4,2 Initial Freezing of Molten 9 ,, " ' dx |"
e

*Debris in Channel

If the floor drain sump shield fulfills its design where: q" = the latent heat flux.
objective,a debris plug will form in the channel before

[ molten corium has a chance to traverse the channel and The latent heat flux is:
'

reach the sump. Mohen debris enters the channel at a
significantly elevated temperature (2500 K to IMO K) dx

|
compared to the shield wall (~ 330 K). The walls 9Ih * kcmh (3)a

| absorb heat from the debris because of the large
temperature difference. Since the debris contains'

crust hess,w x =
enegligible superheat, any heat loss by the debris results

in freezing. Freeze fronts start at the channel walls and time,t =
move toward the center of the channel. The leading edge
of the freeze front will stay at the melting temperature

density of debris,of the debris. The freezing process is symmetric about Pa =

the centerline of the channel because the same amount
debris latent heat of fusion.hlh =of heat is transferred through each wall while they are

behaving as semi-infinite slabs. The channel walls
behave as semi-infinite slabs during the freezing Combining these two equations, evaluating the
process because the heat conduction rate through the temperature gradient and rearranging yields:

wall material is low compared to the release rate of

'k (Tr.m -T,)-4 x ~
latent heat. A sketch of the freezing process is shown dx 1 I- L (4)-L=in Figure 19ED.4-1.

dt p,,h3 _ x, 2,
(1) Freezing Time

This is a non-linear, non-homogeneous, first-order

The temperature profile in the crust (Reference 1), differential equation. Before effort is expended to

assuming it quickly reaches its steady state shape, solve it, the relative magnitudes of the terms
is: containing the crust thickness will be determined

to see if either one dominates.

T ~ T''" *
T*(x) = 1 d, , + ' 2

-- The initial interface temperature between the wall*

2k 1.c of the channel and the debris can be approximatedgg
(3)

T' + T' " by assuming both the debris and the shield wall
+ behave as semi-infinite solids. The resulting

2 temperature will be somewhat less than the actual
interface temperature because the freezing process

where:T,(x) = temperature within the crust, will force the crust to stay closer to its initial
temperature than it would if it were an semi-

x = crust coordinate measured from infinite solid body only expenencing conduction.
the crust centerline, The contact temperature between the debris and

the channel wall (Reference 2), assuming semi-
q = heat density of the crust, infinite bodies,is:

I, = half thickness of the crust, T,,,g(kpc),, + T G(kpc).iT, = (S
kr = thermal conductivity of debris, k(kPC)cm+M(kPC)-

T, = interface temperature between the whcre: c specific heat,=

wall and debris,
debris materialproperties,cm =

Tr.m = melting temperature of debris.
wall matenal properties.w =

The energy balance at the freeze front is:
Using the debris properties found in the Table

Amendmera 23 19F.D.4-2
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entitled Important Parameters for Steam height 14.The freezing time is:
Explosion Analysis (19E.2-17) and representative
wall properties found in Table 19ED.41. the ig2 ,h>p

j interface temperature is estimated to be 1390 K. I ,,,,, = (9)f

De debris energy generation density can be fou~'
by assuming a decay heat level and a total amount (2) Interface Temperature,T,
of corium. The density is:

The interface temperature between the debris and
. Q,sp,_ &c chel waH can k demined by equahg
4 (6) the heat flux from the crust to that which them ""

crust can absorb. The heat flux from the crust is:

where: Qe = decay heatlevel,
dT*q", = -kr (10)

m. = total mass of corium,235 Mg. dx a-v2

Evaluating this two hours after accident initiation which evaluates to:
(decay heat level equals approximately one percent
of rated power) yields:

q". = E' k
+ L (T ,, - T,) (II)f2 x*q = 1.5 x 10' MW / m'

As shown previously, the temperature-difference
ne two terms inside the brackets in Equation (4) term dominates the energy-generstion term in this
can now be evaluated. For a channel height of I equation for small channel heights. Therefore, the
cm (x , ,x = 0.5 cm) and a debris melting crust heat flux can be simplified to:

D.
c

temperature of 1700 K, these values are:

q", = b(T , -T,) (12)f

b(T ,, -T,) = 1.86 x 10' W / m2 *=
f

I c

Inserting the expression for x, in Equation (8) and* 2q i = 3.8 x 10' W / m rearranging yields-
2

9," _~ ]f k p,,ha(T ., -T,)Therefore, the term containing the temperature t r
difference across the crust is much larger than the 2t
one containing the heat generation rate. The
temperature profile in the channel system The heat flux (Reference 3) absorbed by theignoring energy generation in the dehns is shown

,

channel wall can be approximated by that which ain Figure 19ED.4-1. Equation (4) can be semi-infinite solid body can absorb. This flux is:simplified to:

kr ~ 5)dx * '

p,,h x, (TLm-T) (7) 9" = (I4)m - @ ,1adt a

Solving this equation with the initial condition where: a = thermaldiffusivity of the wall
that x (t=0) = 0, reveals: materialc

Equating (13) and (14) produces an equationr

2kg (Tr., - T,)t goveming the interface temperature. It is:
Ic" b

3 /21rT, - T,
_ (5)This equation can be rearranged to determine the yTr'. - T, ~

r.krpehan,

B 22k,
time required to freeze debris in a channel of ' #

Amendment 28 19ED.4-3
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Solving this equation for T, using the quadratic
formula yields:

-(c, - 2T,) ((c, - 2T,)* - 4(T - c,T,,,)2

T, =
2

(16)

the square of the right hand sidewhere: c =o
of Equation (15).

Negative solutions of this equation are physically
impossible. For a Tr,m of 1700 K and a T of 330i
K, the interface temperature is 1560 K.
Similarly, the interface temperature is 2180 K for
Tr,m = 2500 K and T = 330 K.i

Since this temperature is higher than the value fo;
two semi-infinite solid bodies coming into
contact, the dominance of the temperature
difference term in Equations (4) and (11) should be
reverified. The heat-generation and temperature-
difference terms for a interface temperature of
1560 K and channel half-height of 0.5 J

centimeters are:

(Tr.= -T,)= 8.4 x 10 W / m5 2'

(I 2*L = 3 8 x 10' W / m
2

Evetz though the dominance is not as great as
before, the temperature-difference term is still j
significantly greater than the heat-generation term |
and the assumptions made previously are still |
valid.

i

I

I

i

O
Amendmmt3 19ED.4 4
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19ED.4.3 Required Channel Length to where: v velocity at the entrance of the=
e

Insure Freezing channel,

gnnitanmalaccelemdanThe propagation rate of the freeze front was g =

determined in Section 19ED.4.2. This allowed constant,

determination of the time to completely freeze the
height of debrisin the lowerdebris in a channel of specified height. A simple Az =

approximation of the channel length, required to drywell.
provide this residence time,is the product of the initial
molten debris velocity and the freezing time. This Expanding debris height yields-

approximation would predict shield dimensiore
considerably larger than actually required. A more 2gm t
realistic channel length can be obtained by considering V (t)= (18)

m
e E=Ag

*he reduction in channel flow area as debris freezes. In
the remainder of this section, the following parameters
will be determined: debris velocity at channel entrance, where: rii. = maximum ejection rate of
channel area decrease resulting from debris freezing, corium from a failed vessel,
average channel debris velocity, and the required channel
length to insure plug formation at the channel entrance Aid = floorareaof thelowerdrywell

2before corium ingression imo the sump. (79m ),

(1) Debris Veloc ty at Channel Emrance (2) Channel Area Decrease Resulting From Debris
Freezing

The possibility exists that molten debris will not
even enter the channel after it has come into Since the entrance velocity is assumed to remains
contact with the shield wall. Debris which is constant, the mass flow rate of corium in the

(a spreading across the lower drywell floor will have channel decreases in time due to the area reduction
q at least a thin crust formed on its leading edge. If resulting from debris freezing. A conceptual

the flow energy of the advancing debris front is picture of this crea reduction process is shown in
not great ex.ough to break this crust and overcome Figure 19ED.4-2. Conservation of mass requires
surface tension on the length scale of the channel that she mass flow rate of corium entering the
height, debris will not enter the channel. channel per unit length is constant throughout the
Unfortunately, the physics of crust formation is channel. Re mass flow rate at the entrance of the
not currently understood well enough to support channel and at the location downstream where the
this argument without a great deal of uncert:tinty. debris front hasjust arrived is-

The entrance velocity will be govemed by the mi(t)= p v,(t)H (t)= p v,(t)H. (19)i
height of corium outside of the channel.
Assuming that the debris spreads uniformly ac oss where rh = time varying mass flow rate perithe lower drywell floor, the height of debris can

unit width at the entrance of thebe obtained by integrating the volumetric channel,
expulsion rate of corium from the vessel divided
by the floor area of the lower drywell. A H, time varying e'atrance flow=
conservative overprediction of debris depth can be

height of the channel,
obtained by multiplying the maximum expulsion
rate by time and dividing by area. The upper

time varying velocity at thev =
bound of the expulsion rate was shown m Section o

downstreamlocationin the19EB.6.2.2 to be 6000 kg/sec.
channelwhere molten debris has

ne velocity in the channel without area reduction *

due to debris freezing can be conservatively
overpredicted by ignoring fricuonal effects. His Ho unobstructed heightof the=

channel.vekcity is:

[mj Dis equation requires that:
,

(/ v,(t) = d2gAz(t) (17)

Amendman M 19ED.4-5
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This is the average velocity of the molten debris
v,(t) = v (t)H,(t) (20) nto the shield channel.

. (4) Required Channel Length to insure Freezing
The entrance flow height is:

The channel length, required to ensure a plug
H,(t)= H,-2x,(t) (21) forms at the channel entrance before debris spills

into the sumps,is:
Inserting the relationship for x found inc

Equation (8) into this expression yields: L,,, = V(1,_ )t,_

sn a,b 2 (26)c" #a*f= 'Sk,(Tr" - T,)t H*
"

(22)H (t)= H,
I Pemh3

The product of this equation and the width of the
shield channel describes the reduction of channel
inlet flow area with time.

(3) Average Channel Debris Velocity

The velocity of the leading edge of molten debris
in the channel can be obtained t,y combining
Equations (20) and (22). It is:

e ,

v,(t) = v,(t) 1- I , 8k,(T,, - T,)r
(23)H, )' p,hs( s

The average velocity of debris between the
entrance of the channel and the leading edge of
molten corium is:

'
-

tv,(t)dt

Y(t) = " , (24)

tdt
0

Evaluating this integral yields:

V(t)= a d "H,""t (25)

where-

a, = A *

5)p.Ag

b, = 5
2k,(Tr, - T,)

-

3) ph3

Amerdment 28 19ED.4-6
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Table 19ED.4-1

i

MATERIAL PROPERTIES OF A REPRESENTATIVE REFRACTORY BRICK
AND CONCRETE

|
Property Representative Brick Concrete |

(Reference 6)

Melting Temperature (K) > 2200 1450

3Density (kg/m ) 2700 2300

Thermal Conductivity (W/mK) 4 1.3

Specific Heat (1/kgK) 1000 800
!

|
2Thermal Diffusivity (m /s) 1.48 x 10-6 7.5 x 10-7 j

.

)

|
|

b
i

,

1

|

:

I
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! 19ED.5 LONG-TERM ABILITY OF q. , k* (T -T*) (29)"" iDEBRIS TO REMAIN SOLID H ,, ;

i
Initial debris solidification was considered in where: q;, steady state heat flux through i=

Section 19ED.4. The requirements for keeping the - the upper shield wall,
debris in the channel frozen for an extended period of

| time (at least 24 hours) will be determined in this Ib height of the upper wall,
|

=

| section. De height of the upper shield wall (above the
lower drywell floor) and depth of the lower shield wall T; temperature of the upper wall=
(below the lower drywell floor) will be specified. n contact with debris,

temperature of the upper wall !| 19ED.5.1 Upper Shield Wall (Above To =

Lower Drywell Floor) in contact with thelower *

drywell environment. ;

The mof of the upper shield wall should be free, or
at least nearly so, of debris to provide long-term Natural convection governs the temperature of the

.

i

| cooling to the debris frozen in the channel. No wall in contact with the lower drywell environment.
| significant amount of debris will splatter on the roof De heat flux from the top of the wall can be written j

during ejection from the vessel because the sump is as: i
'

| near the periphery of the lower drywell. To prevent any ,

; debris from flowing on top of the shield roof, the shield q""" = QT* -Tu) (30)
~

| should be taller than the maximum possible debris pool i

depth in the lower drywc!!. This requirement is given '

naturalconvection heat transfer !where: h =by.
coefficient, I

J
*m m ** "H,2 (27) Tu im.une of thelower !=

Pem ^ w.== drywell environment. ;

|

maximum amount oicorium, The natural convection heat transfer coefficientwhere: m =e
235 Mg, depends on the Rayleigh number. he Rayleigh number

is:
|

minimum floor area of theA . minW =-

2 3g lower drywell,79 m . gS(T -Tu)1,
Rat, = (31)*

! $ Evaluating this expression yields:

whem: Rat Rayleigh number.=
- H ,,2 0.33 m (28)

|! $ thennalexpansion coefTscient=

In the long term (at least minutes after debris of steam = 1/Tu assumingideal
solidification), the lower drywell will be filled with gas behavior,
either saturated steam or water. Heat transfer from the
shield to the environment is less effective when steam kinematic viscosity of steam,v =

j is present Th erefore, only steam will be considered in
the remainder of this analysis. A shield wall sized to thennal diffusivity of steam,at =
perform its function when steam is present will also
perform its funcuon when water fills the lower drywell. L, characteristiclength of the i=

The maximum steam temperature in the lower
drywell is that of saturated steam at the ultimate The characteristic length of a horizontal heated
containment pressure (180 psig). The steady-state heat plate is one-half its width (Reference 4). De floor drain
flux thmugh the upper shield wallis- sump is approximately one meter wide; therefore, the

characteristic length of the shield roof is 0.5 meters.
Evaluating the Rayleigh number for satumied sicam at
ultimate containment pressure (180 psig,190 C)

i

Azsndment3 19ED.5-t
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yields: upper shield wall, which will transfer all of the heat
,

. generated in the channel for these conditions, is: j
d

|

Rat = 5.5x10'K (T,-Tw) (32) |
H*s (39)

'*
2

For 107 s Rat s 1011, the Nusselt number 8.52 W / m g

(Reference 4) for an upward-facing heated plate
undergoing natural convection is: If the upper shield wall satisfies this inequality,it

will be capable of transferring all of the heat generated

if3 by debris in the channel; and, as a result, guarantee
Nut = 0.15 Rat. (33) long term debris solidification even if the lower drywell

has not been flooded. To be acceptable, the height of
The average natural convection heat transfer the shield wall must satisfy the inequalities in

coefficientis: Equations (39) and (28).

k
__h = -Nu (34)

1.

thermal conductivity of steamwhere: k =

in the lower drywell.

Combining Equations (30) and (32) through (34)
yields:

q", = 8.79(T. -Tu )''' W / m g4/3 (35)
2

which can be rearranged to:

33/4r
9 ,""

T, = Tw + K (36)2
(8.79 W / m s

Inserting this into Equation (30) yields:

33/4 ~r
9 ," *

q ", = H ,,
. .

* K (37)T' - Tu 8.79 W / m ,2
(

This equation can be solved iteratively to determine
the heat flux which can be transferred through the upper
wall of a given wall height. The wall height
requirement for transferring a given heat flux is:

~

r 3 /4 "3
9,"*

H"* s "* T -T - K (38)3 u 28.79 W / m ,
.

q,
-

t

| The decay heat level in the ABWR 24 hours after
accident initiation is approximately 0.6%. The
volumetric heat generation rate of debris at this time

i

l can be determined using Equation (6). It is
30.9 MW/m . The debris / wall interface temperature

which will guarantee that the debris remains frozen is
1700 K. The temperature of saturated steam at ultimate
containment pressure is 190C. The height of the

|

!
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19ED.5.2 Lower Shield Wall (Below H, depth of the lower shield wall=i

Lower Drywell Floor) below the lower drywell floor.

One side of the lower shield wall is in contact with .The maximum temperature at each interface is
debris and the other is in direct contact with the achieved as t * ==. The maximum temperatures at the

basemat. The basemat is constructed of concrete. A wall / debris mterface, T,fd, and the wall /basemat
conservative estimate of the lower shield wall depth can mterface T.!b,are:1

be made by assuming that concrete acts like a perfect
insulator. Thus, no heat is allowed to pass from the 9 ~,1 q ", H,
shield wall to the basemat. The boundary condition T ,f, = T ,,+

i, c H'* 3k
between the debris and the wall is conservatively *P* *

assumed to be constant heat flux. The initial burst of
energy into the shield wall, caused by debris freezing, and:

has ample time to distribute itself throughout the wall.
With these boundary conditions, the temperature q"t q',H
distribution in the lower wall can be determined T, , , = T,,,, + ~

c H 6k
analytically. * P. * l' -

The analytical solution will provide a means for The heat flux through the lower wall is bounded by
determining the time required for each of the interfaces one-half of the heat flux generated in the channel when
to reach their allowable temperature limits for a given the sizes of the upper and lower wall are comparable.
heat flux. The wall /basemat interface temperature he actual heat flux will be less because the upper wall
should not exceeded the melting point of concrete is free to convect to the lower dryweti environment and
(1450 K). Continued debris solidification is guaranteed vrill accept more heat flux than the lower wall. The
if the wall /basemat interface temperature doas not maximum heat generation in the channel corresponds to
exceed 1700 K. The wall will be sized so that the a decay heat level of one-percent. Since decsy heat

. limits are not exceeded during the first 24 hours after decreases with time, using the maximum value bounds
I initial debris solidification. The upper shic!d wall will the temperature response of the lower shield wall.

be sized so that it can transfer the full decay heat load Using Equation (6), one-half of the heat flux generated
after 24 hours has elapsed, as discussed in Section in the channel is:
19ED.5.1.

1%.dhpcm o nn

The temperature distribution in a slab 9 1/2 chen 2m l' 1-tins(Reference 5), subjected to constant heat flux at one an

surface (x = Hj ) and insulated at the other (x = 0), is:
where: m total corium mass.=an

qi*i ei,'H'*
T ,(x.t)- T;,,, -j De initial temperature of the shield wall should be+ *

P,c H k, adjusted to account for the energy it absorbs during thep g
debris freezing process. If both shield walls have the,

2 2
(-1)" -k n ,2, j 3,2 , * ' -

"

3 x' - II,, 2 same thickness, the adjusted temperature is:- nxx
< *

2 "I 2 Il6 11 x n=1 n j

T ,3, = T + E*"' ""
i i (44)40) 2P C .,H ,p 3

where: T, temperature distribution in the=
3

lower shield wall' Equations (41) through (44) can be used to
determme if a chosen lower shield wall depth will

,

adjustedinitial temperature of satisfy the requirement of keeping the debris in theT ,1,i =
channel frozen for at least 24 hours. After 24 hours has

the shield wall * elapsed, the upper shield wall will be able to remove
the entire amount of heat generated in the channeln

heat flux through the lower
(Section 19ED.5.1).

93, =

shield wall,

The process for determining an acceptable wall
specific heat of the shield wall,c ,, =

depth proceeds as follows. First a wall depth is chosenp

Amendment 28 19ED.5 3
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which is comparable to the upper shield wall height.
Then, the adjusted initial temperature and heat loads are
calculated using Equations (44) and (43), respectively.
The interface temperatures at 24 hours are determined
by Equations (41) and (42). If Tw/d < 1700 K and
T,ft> < 1450 K, the chosen depth is acceptable. If not,
a new depth is chosen and the process repeated until an
acceptable depth is determined. An example of this
procedure is given in part (4) of Section 19ED.6.

O

|

|

O
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19ED.6 EXAMPLE CALCULATION melting temperatures of 1700 K and 2500 K,

respectively. The melting temperature of the
The sizing requirements for the floor drain corium representstive shield material is over 2200 K;

shield were set forth in Sections 19 EDA and 19ED.5 therefore,it passes this test.
,

based on a chosen channel height. An example sizing
exercise is prerented in this section. The selected (2) Channellength
channel height, Ho, is one centimeter. Representative
shield wall material properties are shown in Table The equations, needed to determine the channel
19ED.4-1. length arquired to ensure that a plug is formed at

the entrance of the channel before debris spills
(1) Melting Point of Shield Material Above Initial into the sump, are (9) and (26). These equations

Contact Temperature combine to give:

he initial contact temperature between the debris
~

sn a,b 2
and the channel wall given in Equation (16) is:

g'""**
_ ** b " ~ H ,

o
'"""*

|

-(c, - 2T;)1 (c,- 2T; } - 4(T,2- c,T,
*

H,2 ,h ,,5 2 p i
I ==* _(16) f

~

8k,(T ,, -T,)f

a=A E*"*

5 p,, Au
, s
xk p ,h ct.7 3

b, = 5
,2k,(Tr.= - T,)C -a

2k2r w >

} 3 pmha
Re parameters required to evaluate this equation
are- and H is the assumed channel height (0.0lm).o

T; = initial temperature of the shield The maximum length results when
wa!!, 330 K. Tra = 1700 K. The contact temperature was

shown previously to be 1560 K for this freezing
Tr,m = debris freezmg temperature temperature. The other parameters required to

ranges from 1700 K to 2500 K, evaluate these equations are:

kr = debris thermal conductivity, rii. ejection rate of debris from a=
230 W/m K, failed vessel,6000 kg/sec

*
3pan = density of corium,9000 kg/m ,

A , min minimum floorarea of theld =

hn = debris latent heat of fusion, lower drywell,specified asi
2.7 x 105 J/kg, 20.02 m /MWth in the EPRI

ALWR Requirements
ot , = thermal diffusivity of the shield Document; itis equalto

2wall material,a representative 79 m ,

value of 1.48 x 104 m2/sec
will be used. Using these parameters, the plug formation time

is 7.2 seconds and the required channel length is
k. = thermal conductivity of shield 1.06 meters. This length was determined using a

wall material,a representative highly conservative corium discharge rate. De
value of 4 W/mK will be used. analysis asst.med a constant discharge rate equal to

maximum discharge rate predicted using a highly
I Evaluating Equation (16) yields interface conservative model. The actual discharge rate will

temperatures of 1560 K and 2180 K for debris be lower. If the length requirement is highly

Amendman2S 19ED.61
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restrictive, the discharge rate could be refined ', '4 he wa!!/ debris,T.ja,and the wall /basemat T./b.
additional effort. interface temperatures are given by:

(3) Shield Height, How, Above Lower Drywell Floor q ",t +qCH
(41)

3

T,,, = T ,3, + p,c ,H , 3k,
i

p' i
The height requirements for the upper shield wall
are given in Equations (28) and (39). These
equauons are:

H,,2 0.33 m (28) Tm = Tw +
~ q" H ,qf, 3

P,e . H , 6k,p 3

and
time assumed to be 24 hours.where: t =

k
H,, s (39) Evaluating these expressions yields28.52 W/ m g

T,u = 1190 K and Tw/b = 820 K. Since these
temperauires nacet d.e requkernents for long-tennFor a wall conductivity of 4 W/mK, these
debris solidification (Tw/d < 1700 K andin@ities gim. T,fb < 1450 K), the chosen wall depth is
* #'

0.33 m 5 H,, s 0.47 m (46)

A height of 0.4 meters is chosen.
A proposed floor drain sump corium shield with a

Shield Depth, H , Below Lower Drywell Floor specified channel height of one centimeter and(4) i
wall material properties shown in Table 19ED.4-1

The lower shield wall should be sized according to will prevent corium ingression into the sump if it
Equations (41) through (44). An initial height of meets the following requirements-
0.4 meters is chosen to begin the determination of
acceptability. The adjusted initial temperature of Minimum melting point of shield material:
the lower shield wall accounting for energy ,180 K*'
absorption during debris freezing is:

p,h mH, Channel Length: 1.06 m,
" 2p.c ,,H . (44)p 3 Height above lower drywell floor: 0.4 m,

= 341 K

* *# * ""
density of wall material,where: p, =

specific heat of wallc ,, =
p

material.

The limiting heat flux through the lower wall is:

Q i sosp,,H,
(9I* lunmas

*
2m,,, (47)

2= 7520 W / m

1% of decay heat,where: Qma =

39.26 Mw:

mass of corium,235 Mg.m ., =

19ED.6-2
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19E D.7 DETAILED DESIGN ISSUES

During detailed design of the ABWR, the exact
shield material and shield dimensions will be chosen.
Cursory examination of material properties indicate
alumina may be an acceptable wall material. The
requirements for the shield are stated in Section
19ED.3. Example calculations of the requirements are
shown in Section 19ED.6. Interference with under-
vessel servicing equipment will be considered in
determining if the proposed dimensions are acceptable;
if not, the sizing process will be redone for a new
channel height and/or a new shield wall material. The
number and width of charmels in the shield will be
chosen to meet the design requirements for water flow
into the sump during normal ABWR plant operation.

|

|
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p)5'' 19EE.1 SUPPRESSION POOL
BYPASS

As shown in Subsection 19E.2.3.3.3(4), the only
mode of suppression pool bypass that presents any
significant risk during a severe accident is vacuum
breaker leakage. Vacuum breaker leakage is the passage
of gas from the drywell into the wetwell air space.
Vapor suppression and fission product scrubbing by the
suppression pool are not available to the gas and vapor
which passes through the vacuum bre akers.

The ABWR contains eight vacuum breakers.
ABWR vacuum breakers are swing check valves
designed to open passively when wetwell pressure
excccos drywell pressure by 0.0035 MPa (0.5 psid).
When the pressure differential is less tnan this, or
drywell pressure exceeds wetwell pressure, the vacuum
breakers should be completely seated and no flow
should be passing through them. A large pressure
differential will produce a large force tending to close
the vacuum breaker valves. A pressure differential of
+0.048 MPa (+7 psid) is typical in a severe accident
after core damage occurs and the passive flooder opens.
This pressure differential produces a closing force of

n 9810 N (2200 lbf) on the valves. For severe accident

G} scenarios in which the firewater system is actuated, the(
pressure differential is about +0.096 MPa (+14 psid)
which produces a closing force of 19600 N (4400 lbf)
on the valves. These large closing forces, as well as
routine inspection, maintenance, and testing, ensure the
probability of vacuum breaker leakage after the
actuation of the passive flooder or the drywell spray
system is extremely low.

Large amounts of leakage can occur as a result of
catastrophic failure of valve components or a valve
sticking open. Lesser amounts of leakage can result
from normal wear and tear including degradation of the
valve seating surfaces or retaining magnets. For
sufficiently large amounts of leakage during a severe
accident, the time to rupture disk opening or
containment failure can be reduced and the amount of
fission products released can be increased.

A study utilizing decomposition event trees and
deterministic modeling was performed to access the
impact of vacuum breaker leakage on the performance

| of the ABWR during a severe accident The event tree
! analysis is contained in Section 19EE.2. Section

19EE3 contains the deterministic evaluation.

U)Li

l

I
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\v 19EE.2 DESCRIPTION OF Information about the valves connecting the
DECOMPOSITION EVENT TREE c ntainment and reactor building were not included

AN ALi, SIS because some of these valves are not swing, check
valves. ne database query provided a short narrative of

.. cach abnormal operation as well as the total component
The suppression pool bypass decomposition event operating time.

tree analysis consists of one decomposition event tree
(DET), Figure 19EE.2-1. De DET considers the major

De database query included B%R Mark I, Il and 111
phenomena which influence accident consequences. The containments. The vacuum breakers in thesefirst two events on the DET sort out vacuum breaker containments are similar in design to the ABWR
leakage area. Plugging of vacuum breaker leakage

, vacuum breakers (passive, flapper-type valves attached
pathways by acrosolo is considered in the third event. If to horizontal piping). The ABWR vacuum breakersleakage exists but the pathway is not very large' will be slightly different in size than some of thoseaerosol plugging can significantly d,minish the currently in operation, but this does not undermine thei

consequences of suppression pool bypass through the applicability of the data.
vacuum breakers.%e last event assesses the amount of
suppression pool bypass.

De failures were culled to exclude failures other

t
. than those that could lead to a vacuum breaker sticking

The probab%. ies for each sequence pathway with
open or catastrophically failing. Failures to open were,

similar end states were sum.ned and these results
excluded because mechanical binding was never the roottransferred as the branch probabihties of the main cause. Most failures to open (10 out of 12) were

contamment event tree.
attributed to either the serpoint drift or worn retaining
magnets. Neither of these conditions would prevent the

19EE.2.1 Vacuum Breaker Siuck vacuum breaker from closing once it had open, albeit at
Open (VB) a differential pressure outside the normal range. The

remaining failures were due to: 1) a loose set screw on
/

.

When a vacuum breaker sticks open or the flapper pivot pin and 2) excessive clearance between

(' catastrophically fails, a large pathway is established the valve shaft and disk. Both of these conditions led to
between the drywell and wetwell. The deterministic opening forces greater than technical specification
analysis described in Section 19EE3 demonstrates that limits and greater than the forces required to open the
pathway areas greater than 41 cm2 (opening widths other vacuum breakers tested in the same sequence. In
greater than 0.9 cm) can significantly affect accident the ABWR design, the depressurization transients
consequcnces. which lead to opening of the vacuum breakers are very

mild. Therefore, if either of the these two failure
The suppression pool bypass scoping analysis conditions existed during an accident, the affected valves

presented in Section 19E.23.3 assumed a failure would probably not open because the other vacuum
probability for vacuum breaker full reverse flow of breakers would open and relieve high differential
6.7E-2/ demand based on pre-1970 U.S. BWR operating wetwell pressure before the force required to open the
history of general check valves. This failure rate is affected valves was achieved.
highly conservative because:

Failures to pass leak rate tests during refueling and
(1) The ABWR vacuum breaker design is based on maintenance outages when the vacuum breaker

current knowledge which is substantially proximity switch indicated " closed" were also excluded
improved over earlier check valve designs. because they represent small leakage paths. These

failures were included in the probability for VB_ LEAK
(2) The ABWR vacuum breaker environment is as described in 19EE.2.2 A * closed" indication will be

significantly less severe than general check valves given only when the vacuum breaker disk is seated or
- the working fluid is gas rather than liquid and very nearly so. Failures to close were included, as were

the ABWR vacuum breakers will not experience cases in which excessive force was required to cycle a
chugging loads. vacuum breaker during stroke capability testing.

The failure probability used in this analysis was he database query provided the following resuhs: )
based on BWR operatmg experience from April 1981 to l

/"N March 1991 as contained in a database of Licensing Abnormaloperation which !,

(V) Event Reports. De database was queried for abnormal could lead to failux to close-l 18 (N .),&
wetwell-to-drywell vacuum breaker operation.

1
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Cumulative vacuum breaker operating time: -

2.66E7 hours
(Tcio,e).

The ability of vacuum breakers to open and close
in current plants is demonstrated monthly during stroke
capability tests (Tmote = 720 hours). Therefore, the
probability that one of the eight ABWR vacuum
breakers will fail to close on demand and a large leakage
path will be established between the wetwell and
drywellcan be approximated by:

d '*
P(VB) =

Too,, (1)

= 3.9E- 3 / demand

This failure probability conservatively over-
estimates the probability that one of the ABWR
vacuum breakers will fail to close during accident
conditions because the closure forces during an accident
will be at least an order of magnitude greater than those
present during testing and normal operation. Additional
closure force will enhance scaling and overcome some,
if not all closing resistance.

The vacuum breakers in the ABWR will not be
stroke tested every month as are those in current
operation. This is expected to improve vacuum breaker
reliability because the monthly stroking increases wear,
increases galling potential, imparts impact loads to the
valve components, loads the valves in a non-uniform
manner, and decreases the sealing ability of the soft
seats. Reliability will also be increased by
improvements made possible by the operational
experience of vacuum breakers currently in BWRs with
Mark I,11 and III containments. These improvements
will include material selection, valve assembly
techniques and maintenance procedures. Corrosion on
ABWR vacuum breaker components will be negligible
because of material selection and operating environment
(nearly pure nitrogen). Since reliability is improved and
corrosion will be negligible, the failure probability
determined during monthly testing of current vacuum
breakers provides a conservative over-esdmation of
ABWR vacuum breaker reliability.

O
l
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U '' 19EE.2.2 Vaquum Breaker Leaks probability. The database query provided the following

results:(VB_ LEAK)

The consequences of small leakage paths between Number of Mark I wetwell-to-drywell vacuum breaker

the drywell and werwell are less severe than those for a abnormal operations which could lead to small
vacuum breaker sticking open. The small leakage area leakage: 42 (N di

2cutoff was determined to be 41 cm in the sensitivity
study contained in Section 19EE.3. The BWR Cumulative Mark I vacuum breaker operating time: :

operating history described in the previous section 2.37E7 l

(19EE.2.1) was also used to determine the probability hours (T ea).i
of smallleakage.

The actual amount of leakage was not reported in

BWRs with Mark I containmmts h< ve a single the database and is generally not available. However,

passive, flapper-type valve attached to the end of each the vacuum breaker leakage area can be roughly
vacuum breaker line. Mark Il containments have two characterized. Currently, wetwell-to-drywell vacuum

passive, flapper-type valves in series in each vacuum breakers are verified closed by indication lights in the |

breaker line. Mark Ill containments have a single, c ntrol room every seven days. Posioon is determmed
,

flapper-type valve in series with a motor operated valve by proximity switches which are generally accurate to ;

(MOV) m each line. All of the valves are attached to within the 0.9 cm disk opening which corresponds to
2

horizontal piping in the wetwell air space. Since the the 41 cm cutoff area. The proximity switches used in

ABWR has a single, flapper-type valve on the end of conjunction with the ABWR vacuum breakers will
cach line in the wetwell air space, the operating have even closer tolerances because of the increased |

experience of BWR's with Mark I containments importance placed on bypass leakage. None of the |
provides the best indication of ABWR vacuum breaker leakage failures incluid failure of " closed' indication.
leakage. Actual ABWR vacuum breakers will perform herefore, leakage was occurring when the valve was

m better than those in Mark I containments because: 1) open less than the cutoff amount.

( ) the ABWR vacuum breaker materials-especially those
( ,,/ of the seating surfaces-will be improved because they During the operating period selected in the database

_

will be based on the many years accumulated vacuum query, refueling and maintenance outages were
,

breaker experience of current BWRs,2) the ABWR conducted every twelve to eighteen months. Thus, |

vacuum breakers will not experience chugging loads, taking the test time to be eighteen months (Ten =
i

and 3) the ABWR vacuum breakers will not be cycled 13,140 hours) is conservative. The probability that one
every month, of the eight ABWR var breakers develops a small

leakage path can be app- ated by:

The ability of vacuum breakers to remain leak
tight is demonstrated during werwell-to-drywell leakage T"" ' 8

r

tests performed as part of each refueling and P(VB_ LEAK) = 1 - 1N
maintenance outage. During these tests, the drywell is Tw G)t ,

pressurized with respect to the wetwell and the pressure = 0.17 / demand
decay rate measured. If the pressure differential decreases
too rapidly indicating excessive leakage, the root cause The valte used in the quantification of the
is found and corrected. He instances when a vacuum containment event trees is 0.18/ demand. The difference
breaker was found to be the leakage pathway are between this value and the value calculated above
reported in Licensing Event Repons and included in the using a mote detailed analysis, results in a slight
operatmg expenence database. De pressurization rate conservatism in the analysis.
used in the leakage tests are generally slower than those
experienced during accident conditions. Increased his probability is a conservative over-estimation,

pressunzation rates improve the sealing capability of since wetwell-to-drywell leakage test are conducted at
soh seats and reduce kakage. differential pressures much lower than those expected

. during accident conditions. The additional differential
All failures reported in the selected operating pressures will greatly enhance scaling.

history of wetwell-to-drywell vacuum breakers in
Mark I containments except failures to open and those

'.

. N used to determine vacuum breaker stuck open were
<

() included in the determination of small leakage

Amendmmt 21 19EE.2 3
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19EE.2.3 Aerosols Plug Leakage Path
(LEAK _ PLUG)

ne consequences of leakage pathways between the
drywell and wetwell can be greatly diminished if
acrosols plug the path. De Vaughan acrosol plugging
model(Reference 1) was used with MAAP-ABWR to
detennine if and at what time plugging occurred. A full
description of this methodology can be found in
Subsection 19EE3.1.

The sensitivity study contained in 19EE.3.2
predicts that if plugging is allowed to occur in small
leakage paths (opening widths 5 0.9 cm), accident
consequences are not effected by the presence of leakage
paths. Even though plugging may reduce the
consequences of larger opening widths, no credit was
taken in the DET. The sensitivity study predicted
plugging for opening widths up to 1.63 cm. Therefore,
high probability. 0.9, was given to plugging of
opening widths up to 0.9 cm.

O.

!

!

O
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19EE.2.4 Suppression Pool Bypass
(POO L_B P)

This heading on the DET summarizes the amount
of suppression pool bypass. "No Pool Bypass"
indicates that either no leakage, an insignificant amount
of leakage, or a plugged leakage pathway exists. The
consequences of a particular accident scenario will be
unaffected by pool bypass for this condition. "Small
Leak" indicates that a small amount of pool bypass is
present. Small amounts of bypass will have marginal
impact on accident consequences. Large amounts of
pool bypass are indicated by "Large Leakage". Accident
consequences will increase in severity when large
amounts of pool bypass exist.

I

l
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- 19EE.3 DETERMINISTIC ANALYSIS scenarios 3 and 4 used a conservative proportionality
3 3constant of 50,000 kg/m (3115 lbm/ft ).

A sensitivity study was performed with MAAP-
ABWR to access the impact of suppression pool Although the Vaughan acrosol plugging model
bypass during severe accident conditions. does not suggest an upper bound on the size of leak

'

paths which can be plugged, there is some question

19EE.3.1 Method ab ut the applicability of the model for leak paths
greater than 1 cm (0.39 in) in diameter. In

. NRC/IDCOR Technical Issue 13A (Reference 2), the
The dom.mant severe accident sequence [ Loss of all NRC assened that the data cited by Morewitz

core Coolmg with vessel failure occurrmg at Low (Reference 3) in support of the Vaughan plugging
Pressure (LCLP)] was chosen to evaluate plant model for pathways greater than I cm diameter does notperformance. MAAP-ABWR runs were made with adequately simulete severe accident conditions. The
effective vacuum breaker area, A/VK, varying from 0 t

2 experiments cited with pathways greater than I cm
2030 cm' (315 in ). The upper bound corresponds to (0.39 ii:) in diameter involved straight ducts with
one fully open vacuum breaker. Five vanations were lengths greater than 10 meters (32.8 ft). Therefore, due
analyzed. In each case the overpressure relief rupture to the lack of appropriate experimental data, the NRC
disk opened when the wetwell pressure reached 0.72

has accepted the Vaughan aerosol plugging model only
MPa (90 psig). The five scenarios were: for leak pathways smaller than I cm (0.39 in). The

NRC's position on this issue is stated in the re.;olution ,

(1) Bypass leakage begins after passive flooder
of NRC/IDCOR Technical Issue 13A (Reference 2).

'<

activation, aerosol plugging is neglected;

In order to accurately simulate aeromt flow i
(2) Bypass leakage is present from the beginning of through open vacuum breaker valves in the ABWR,

the accident, aerosol plugging is neglected; experiments should be conducted with ducts ofless than 1

2 cm (0.79 in) in length. However, the trends of the ip (3) Bypass leakage begins after passive flooder experimental data do not suggest that the Vaughan |
\ activation, aerosol plugging of the vacuum plugging model is invalid for openings only slightly '

k treaker opening is considered; larger than I cm. Unfortunately, no definitive i
conclusions can be reached regarding the applicability i(4) Bypass leakage is present from the beginning of limit without additional experimental data. For this !the accident, aerosol plugging of the vacuum reason, studies were performed with and without

breaker openmg is considered. plugging for vacuum breaker bypass widths up to 1.6
cm (0.63 in) corresponding to an effective area of

(5) Bypass leakage is present from the beginning of 75 cm 2 (11.6 in ). This information is used to2

the accident and the operator initiates the firewater indicated the conservatisms which may exist in the
spray system. analysis.

4

MAAP-ABWR uses the MAAP3.0B aerosol The opening of a stuck-open vacuum breaker is
plugging model developed by E.U. Vaughan neither circular nor rectangular. Rather it is a crescent

|
(Reference 1). The model predicts the mass of aerosol shape formed by two circular disks separating while

'

required to flow through the leak path in order to form a remaining hinged at one point. The leak path width j
plug as a function of the size of the opening. MAAP used for the Vaughan plugging model is conservatively

"
'

conservatively assumes that the flow rate through the assumed to be the maximum crack width. The length of
vacuum breaker opening is not affected by the growing opening is approximated as the effective area divided by
aerosol plug until the aerosol mass required to plug the the width. For vacuum breaker opening widths of up to
leak completely has passed through the opening. For a 1 cm (0.39 in), corresponding to bypass effective areas
circular opening, the mass is proportional to the cube 2of up to 46 cm (6.45 in2), use of the plugging model
of the diameter; and, for a rectangular opening, the provides the best estimate of containment response. As
mass is proportional to the product of the length and discussed above, additional calculations were run for
the square of its width. The proportionality constant widths up to 1.6 cm (0.63 in).

has been experimentall{ (determined to range from310,000 to 50.003kg/m 623 to 3115 lbm/ft ). and
varies with aerosol size, aerosol mass flow rate, and

(n leak path geometry. The MAAP-ABWR runs for
w

Amemimangg 19EE.3 t
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19EE.3.2 Results time continued to decrease to a value of 2.2 hours for a i

fully open vacuum breaker valve.

A series of bypass flow areas was analyzed using
MAAP-ABWR for each of the assumed scenarios. A The 24- and 72. hour Csl release fractions
summary of the time and magnitude of fission product asymptotically approached a maximum value for large

releases for each scenario is presented in Table effective areas.The Csl release fractions for the scenario

19EE.3-1. It was not necessary to run all of the 2 cases are very similar to those for the cases of
variations in bypass area for each of '.he five scenarios scenario 1. The variations in release are caused by

for this analysis.Thus, Table 19EE.3-1 contains some changes in revaporization behavior due the slight

blanks. The characteristics of each scenario is discussed differences in thermal hydraulic performance.

below.
19EE.3.2.3 Late Suppression Pool Bypass
with Plugging19 EE.3.2.1 Late Suppression Pool Bypass

with rso Plugging
For the scenario 3 cases, bypass leakage was

For the scenario 1 accident sequence, the passive assumed to begin after the actuation of the passive

, flooder opens [ based on the gas temperature in the flooder. Plugging of the vacuum breaker opening before

| lower drywell reaching 533 K (500 F)] at 5.5 hours. the wetwell pressure reached the rupture disk setpoint

The pressure in the drywell decreases as cold water was predicted for all cases analyzed. After the leak
floods into the suppression pool from the lower plugs, all flow from the drywell is directed through the

drywell. Fifteen minutes later, the drywell starts to drywell connecting vents into the suppression pool.

| repressurize and the suppression pool bypass is There is then a period in which little steam is generated

presumed to begin. If there is no bypass leakage, the in the wetwell vapor space. The wetwell gas
elapsed time before rupture disk opening and fission temperature decreases during this time due to
product release is about 20 hours. MAAP predicts that condensation on the walls. This in turn causes the
the time to rupture disk opening is not affected for containment pressure to decrease for a short time.

2 Steam generation in the drywell eventually causes theeffective vacuum breaker bypass areas of up to 5 cm
(0.78 in ). As the effective area increases from 5 to 50 suppression pool to heat up and the containment2

2 (0.775 to 7.75 in ), the time to rupture disk pressme inercases again. For cases with vacuum breaker2
|

cm
opening steadily decreases to about 10 hours. Above 50 opening widths up to 1 cm (0.39 in), the clapsed timei

em (7.75 in ), the time asymptotically approaches 9 to rupture disk actuation is about 20 hours, the same as2 2

hours and remains at 9 hours even for a fully open for the case with no bypass leakage. MAAP-ABWR
vacuum breaker valve. predicts Csl releases of less than IE-7 at 72 hours for

all of the opening widths less than I cm.

As expected, fission product releases are much
higher for cases with bypass leakage than for the case The maximum vacuum breaker opening width for

without bypass leakage. For non-bypass cases, the which MAAP predicts that the leak path will plug
release fraction of Csl at 72 hours is less than IE-7. before the rupture disk opens was determined to be 1.25

The release fractions of Csl at 24 and 72 hours em (0A9 in). Even if the rupture disk opens before an
approach asymptotes as the effective bypass area aerosol plug forms, reductions in source term can be
increases. For cases with effective areas greater than observed. After the rupture disk opens, aerosols will
400 cm , the 24 hour Csl release fractions are about 6% continue to flow through the vacuum breaker opening2

and the 72-hour release fractions are about 17%. Most and can eventually form a plug. This essentially
| of the releases occur late in the sequences as fission terminates fission product release. The Csl release

products revaporize from the vessel surfaces. fractions at 72 hours for cases with late bypass and
credit for aerosol plugging are significantly less than

19 EE.3.2.2 Pre-existing Suppression Pool for the cases in which no plugging is assumed.

Bypass with no Plugging
19 EE.3.2.4 Pre-existing Suppression Pool

Bypass leakage was assumed to be present from the Bypass with Plugging
beginning of the accident sequence for the cases in
scenario 2. As with the scenario 1 cases, the elapsed The scenario 4 cases, in which suppression pool

|
time before rupture disk opening is not affected by bypass floi was present from the beginning of the

|
effective bypass areas smaller than 5 cm (0.775 in ). accident, sho,v similar results to those of the scenario 32 2

' Unlike the scenario 1 cases, however, the elapsed time cases. For cases with vacuum breaker opening widths

( did not reach a 9-hour asymptote. Instead, the clapsed up to 0.9 cm (0.35 in), the bypass leak plugged before

!

|
|
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the rupture disk opened and the elapsed time to fission
product release was the same as the case with no bypass

| (about 20 hours). Also, the fission product release for
i these cases at 72 hours was less than 1E-7, as in the
| case with no bypass.
|

2the case with an effective bypass area of 46 cm
2(7.G w ), opening width of 1 cm (0.39 in), exhibited a

different response. The mass of aerosol passing through
the opening was not sufficient to plug the leak before
the wetwell pressure reached 0.72 MPa (90 psig) and
the rupture disk opened. However, the leak did plug
about 30 minutes after the rupture disk opened which ;

reduced the amount of fission products that was released !

to the environment. MAAP predicts a Csl release I
'fraction of 0.04% at 72 hours for this case, which is

about two orders of magnitude less than the
corresponding case in which no plugging is assumed.
The same behavior was observed for the slightly larger

250 cm case.

19EE.3.2.5 Suppression Pool Bypass with
Drywell Spray

The last scenario examined the effects of the
drywell spray on cases with bypass leakage present j
from the beginning of the accident. The firewater
addition system was used for these cases since its
flowrate is smal than the drywell spray function of ,

the RHR system. Assuming the operator initiates the
firewater spray within 2 hours of the start of the

j accident, the elapsed time to rupture disk opening can
be delayed to nearly 30 hours. This time is comparable j
to the base case. LCLP-FS-R-N, with no bypass a

leakage (Subsection 19E.2.2.1).
]|

|

The fission product releases for all bypass areas
analyzed are on the same order of magnitude as the
releases for the cases of scenarios 1 and 2 (with no
plugging or firewater addition), but the clapsed time to
release is much longer. The long times to release allow
for a great deal of fission product decay which leads to a
substantial reduction in risk as compared to cases in
which the drywell spray is not actuated.

I
i

I

I
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19EE.3.3 Conclusions of
Deterministic Analysis

Suppression pool bypass can lead to a significant
increase in fission product release. Releases can be on
the order of 10% for a fully sttek-open vacuum breaker.
For sequences in which the firewater addition system is
used in spray mode, the time to release is not
significantly affected. However, for sequences without
sprays, the time from the beginning of the accident
tmtil the onset of the release can be significantly
reduced. The use of the Morowitz bkekage model
results in a significant improvement in the calculated
risk associated with suppression pool bypass.
Nonetheless, there is a substantial increase in
consequences associated with large bypass areas.
Therefore, suppression pool bypass is examined with a
decomposition event tree analysis in Section 19EE.2.

O

O
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Table 19EE.31
SUMMARY OF VOLATILE FISSION PRODUCT RELEASES FOR SEVERE
ACCIDENTS WITil SUPPRESSION POOL BYPASS LEAKAGE THROUGH

VACUUM BREAKER VALVES

Eff. Arca(cm^2) 0 5 20 41 46 50 58 75 100 400 2030

Leak Whith(cm) 0 0.11 0.44 0.90 1.00 1.09 1.25 1.63 2.17 8.70 "*

Scenario Time to Fission Product Release (hrs)

1 19.9 19.8 15.4 *" "* 9.9 *" 9.1 9.1 9.0 9.0

2 19.9 20.0 13.1 "* "* 5.5 "* 4.0 3.5 2.7 2.2

3 19.9 20.2 20.2 "* "* 20.3 20.4 9.2 * * *

4 19.9 20.2 20.2 20.4 5.9 5.6 *" *" * * *

5 31.1 '" *" *** "* 29.7 "* "* *" "* 28.9

Scenario Csl Release Fraction at 72 hours

I < IE-7 0.38% 1.6% "* *" 3.6% "* 6.3% 8.5% 18 % 17 %

2 < IE-7 0.55% 1.7% "* *" 4.2% 6.5% 8.5% 16 % 18 %"*

3 < IE-7 < 1E-7 < IE-7 "* "* < IE-7 < IE-7 0.06 % * * *

4 < IE-7 < IE-7 < IE-7 < IE-7 0.(M% 0.06% "* "* * * *

5 < IE-7 *" "* *" "* 4.8% "* *" "* "* 14 %

* Plugging presumed to be ineffective
"* Not calculaux!
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' 19EE.4 SUMMARY OF RESULTS

! 19EE.4.1 Quantification of DET

; The quantified event tree is shown in
i Figure 19EE.2-1. The probabilities for different

leakage areas are transferred to containment event trees.;

; ne probabilities arelisted below:

|
| No 1 e* age 0.9782

Smalli range 0.0179,

! Larget range 0.0039.

|
:

|
i

|
.

d

*N 19EE.4-1
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19EE.4.2 Impact. of Release Fractiont

MAAP-ABWR predicts the release fraction of Cs1
for the LCLP case without bypass leakage is less than
IE-7. De effect of Icaiage on the Csl release fraction
(f)is shown below.

Amount of Leakage Reic:tse Fraction of Csl

None f < 1E-7

Small 1% < f < 10%

Large f > 10%

O

O
# -" N 19EE.4 2

.

.. . . .
.

.
_ ._



_ - - _ - ---

ABWR meims

Standard Plant mA

19EE,4.3 Impact on Time to Rupture
Disk Opening

The sensitivity study contained in Section -19EE3
focused on the Loss of all core Cooling with vessel
failure occurring at Low Pressure (LCLP) accident
sequence. This is the dominant sequence and its
response to suppression pool bypass should be 13pical
of the other xcident sequences.

Without suppression pool bypass, rupture disk
opening is predicted to occur at -20 hours into the
accident for cases with passive flooder operation. The
effect of leakage on time to rupture disk opening, r,is
summartzed below.

Amount of T + e Time to Ruoture Disk Openinc

None ~20 hours

Small 6 < r < 16 hours

Large < 6 hours

^==dmen 2 19EE.4 3
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19EE.5 CONCLUSIONS

Suppression pool bypass (the passage of gas and
vapor from the drywell directly into the wetwell air
space) can lead to increased fission product releases. As
shown in Subsection 19E.233.3(4), the only mode of
suppression pool bypass that has the possibility of
significantly increasing risk is vacuum breaker leakage.
This attachment,19EE, determined the probabilities
and consequenas for vacuum breaker leakage areas from
zero to that corresponding to one vacuum breaker stuck
fully open.

!
i

| Fission product release fractions were determined
with MAAP-ABWR using the dominant accident
sequence [ Loss of all core Cooling with vessel failure
occurring a Low Pressure (LCLP)] modified to include
a path between the drywell and the wetwell air space.
Plugging of leakage paths by fission products was
considered for small pathways. Leakage probabilities;

| were determined by reviewing recent operating
experience of wetwell to drywell vacuum breakers in
BWRs with Mark I,Il and III containments.

i

Suppression pool bypass does not significantly add
to the risk associated with the ABWR because the

( bypass areas resulting in increased releases are offset by
low probabilities of occurrence. No leakage and,s

correspondingly, no impact on plant risk is expected to
occur for almost all (approximately 98 percent) of the
accident demands. Small amounts of leakage have a
probability of 1.8 percent per event, and can result in
medium volatile fission product releases (one to ten
percent of initial inventory). Volatile fission product j
releases on the order of 10 to 20 percent of initial
inventory can resuh when large amounts of suppression
pool bypass are present. However, the impact on plant
risk is still negligible because the probability of large
leakage is only 039 percent.

|

|

!

| /m
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V
|
|
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/~ 19H,1 INTRODUCTION ]

| This section presents seismic capacities for
- !

j

selected structures and components that have been |
identified as potentia!!y important to the seismic risk j

' analysis of the ABWR standard plant. The seismic {

capabilities in terms of seismic fragilities are first
estimated, from which the high confidence low
probability of failure (HCLPF) capacities are then j

derived. The HCLPF capacities serve as input to the ;

system analysis following the seismic margins
approach. |

For certain safety-related components such as ;

The peak ground acceleration of the design pumps, valves, and electrical equipment whose
carthquakes is 0.3g for the Safe Shutdown design details are not currently available, the generic ;

Earthquake (SSE). Extensive seismic soil-structure seismic fragilities recommended in the EPRI ALWR ;

interaction analyses of the reactor building and Requirements Document, Appendix A PRA Key j

control building complex were performed for a wide Assumptions and Groundrules (Reference 2) or
'

!range of generie site conditions under a 03g SSE. Other data sources are used as appropriate. Those
The analysis results in terms of site-envelope SSE generic fragilities were chosen based on a review of ;

loads are presented in Appendix 3A of Chapter 3. prior PRAs and fragility data. They are considered |
The standard plant designed to these site-envelope achievable for the ABWRs with an evolutionary I !

seismic loads may result in significant design margins improvement in the seismic capacities of the !

when it is situated at a specific site, particularly a soft components designed to a 03g SSE. {
| soil site. Thus, the seismic capacities estimated from ;

the site-envelope design requirements may be very !

conservative for certain sites. ]

For the seismic category I structures and |
'

| components for which seismic design information is i

available, the seismic fragilities are evaluated uimg
the factor of safety approach, which is called the
Zion method in NUREG/CR-2300, PRA
Procedures Guide (Reference 1). This approach
identifies various conservatisms and associated
uncertainties introduced in the seismic design
process and provides a probabilistic estimate of the
earthquake level required to fail a structure or
component in a postulated failure mode bylinear
extrapolation of the design information
supplemented byjudgement.

i
i

|
,
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{ 19H.2 Fragility Formulation where p(.) is the standard Gaussian cumulative
g distribution function. Figure 19H.21 shows a typical

| Seismic fragility of a structure or component is family of fragility curves for various NEP levels. The
defined herein to be the cumulative conditional center solid curve represents the median fragility
probability of its failure as a function of the mean curve at 50% NEP level. The logarithmic standard
peak ground acceleration (i.e., the average of the deviation of the randomness component $
peak of the two horizontal components). determines the curve slope. The logarithmil

standard deviation of the uncertainty component $ l
The probability model adopted for fragility is a measure of the spread from the median curvM. |

description is the lognormal distribution. Using the The 95th percentile and 5th percentile curves in Fig. |

lognormal distribution assumption, an entire family 19H.2-1 are the upper and lower bounds of the !
of fragility cunes can be fully described in terms of failure probability for a given acceleration, i

the median ground acceleration and two random corresponding to 95% and 5% NEP levels,
variables as: respectively.

When only the point estimate is of interest, which

" T (N (19H.1) is the case for this analysis, the total variability aboutA=A E

the median value is taken to be the square root of
.

the sum of the squares (SRSS) of the randomnessj

| where and uncertainty components.
i

l
A = median peak ground acceleration

corresponding to 50% failure probability. 8=fp2 +p (19H-3)
"

p

a lognormally distributed randomE =

T variable accounting for inherent The fragility curve corresponding to the median
/^ randomness about the median. It is value A with associated composite logarithmic
\. characterized by unit median and standard" deviation can be computed by the following

logarithmic standard deviation equation:

(N
a lognormally distributed random=

,
variable accounting for uncertainty in the 1 a 1

( median value. It is characterized by unit P (A sa) =p [-1n (-)) (19H-4) ]g
median and logarithmic standard $ A ,

# *
deviation $p |

| 1

1
'

This composite fragility curve is also called the
|

failure probability P at acce'fe,ra$ , and $ , thetTon icss tfan orcurve in Fig.19H.21 for illustration. It represents
With known values of A mean fragility curve and is shown as the dashed

r
equal to a given acce'leration a can be computed the best estimate fragility description. )
using the following equation for any nonexceedance
probability (NEP) level O. In estimating the median ground acceleration

capacity and the associated variability, an
I a intermediate variable defined as safety factor F is

P (A < a O) = 4 I- In (-) + utilized. The safety factor is related to the median
g

$ A ground acceleration capacity by the following
T "

relationship.,

i. $ -1

!
N 4 ( 0 )] (19 H - 2 )

l $ A = FA (19H-5)
! 7 m d I

i

b where A s e gr un acce cration of tk reference
d

'
I

j Amendment 28 1911.2 1
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design earthquake to which the structure or
component is designed. A key step in the scismic
fragility estimate thus involves the evaluation of the
factor of safety associated with the design for each
important potential failure mode. The design
margins inherent in the component capacity and the
dynamic response to the specific acceleration are the
two basic considerations. Each of the capacity and
response margins invohrs several variables, and each
variable has a median factor of safety and variability
associated with it. The overall factor of safety F is
the product of the factor of safety for each variable
F..

1

F =Il F. (19H-6)'i

The overall composite logarithmic standard
deviation is SRSS of the composite logarithmic
standard deviations in the indhidual factors of safety.

$c = ,/Z $2 (19H-7)
. ca
1

Knowing the median peak ground acceleration
(Am) and associated loprithmic standard desiation
(S ), the HCLPF capacity is obtained using the

c
equation below.

HCLPF = Am exp(-2326 $) (19H-7a)

O
Amendment 28 19H.2 2
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19H.3 STRUCTURAL FRAGILITY design details and specific site conditions. It is j l
assumed that the mode of failure due to differential

19H.3.1 General building displacement has a capacity no less than the
Feneric piping fragility of 3g (see Table 19H.4-6).- |

The plant structures are divided into two )
categories according to their function and the degree 19H.3.2 -Reaetor BuiIding Comp 1ex :

of integrity required to protect the public during a Structures j
seismic event. These categories are seismic category - j
I and non-category I. Seismic category Iincludes ;

those structures whose failure might cause or Detailed fragility evaluations were made for the !
increase the severity of an accident which would following structures in the reactor building complex.
endanger the public health and safety. The reactor
building and control building structures are in this- Reactor building shear walls
category. The non-category I structures are those Containment
structures which are important to reactor operation, Reactor pressure vessel pedestal }

but are not essential for preventing an accident !

which would endanger the public health and safety, . Those structures were evaluated according to the I

and are not essential for the mitigation of the approach outlined previously and using various safety I
'

consequences of these accidents. One example is the factors as presented below.'
turbine building structure.

The factor of safety for a structure against a !
For the purpose of this study, structures are specific failure mode is the product of the capacity |

considered to fail functionally when inelastic- factor F and structural response factor F ; |
* ''

deformations of the structure under seismic load
increase to the extent that the operability of the
safety-related components attached to the structure F=FF (19H-8) _ ;

# ''
cannot be assured. The ductility limits chosen for i

structures are estimated as corresponding to the I

onset of significant structural damage. For many The individual factors in the capacity and response |
potential modes of failure, this is believed to - factors are presented in the following subsections. '

| represent a conservative bound on the level of
inelastic structural deformation which might 19H.3.2.1 Capacity Factor (F ) ;

interfere with the function of the system housed )
within the structure. The capacity factor represents the capability of a i

structure to w thstand seismic excitation in excess of - I

The potential of seismic-induced soil failure such the design carthquake. This factor is composed of
as liquefaction, differential settlement, or slope two parts:
instability is highly site dependent and cannot be
assessed for generic site conditions. It is assumed in'

: this analysis that there is no soil failure potential in F =-F F (19H-9)* * "
,

the range of ground motions considered.
|

3 Euilding-to-building impact due to differential where F represents the ultimate structural strength '
building displacements under strong earthquakes is margin a'bove the design SSE load, and F - is the
deemed incredible since adjacent buildings are inelastic energy absorption factor accounYing for
separated by more than six feet. Differential
building displacements of sufreient magnitude could, j

however, potentially result in damage to '

interconnecting piping, depending on system
configuration and sliding resistance of building
foundation. Detailed evaluation of seismic capacities
ofinterconnecting systems against differential
building displacement cannot be made due to lack of .

Amendment 3 19H.3-1
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additional capacity of the structure to undergo the actual compressive strength of aged concrete )
inelastic deformations beyond yield. The capacity is commonly 1.3 times the design strength j
estimated by this approach is the clastic capacity (Reference 5). The totallogarithmic standard j

equivalent to the actual nonlinear behavior under deviation about the median strength is about 0.13. i
Istrong motion earthquakes.
!According to the same reference, the ratio of the

a. Strength Factor (F ) median yield strength to the specified strength of
* reinforcing steelis taken to be 1.2 with logarithmic

The strength factor associated with seismic load standard dedation of 0.12.
can be calculated using the following equation. .

The median yield strength of steel plates is
typically 1.25 times the code specified strength with

P-P logarithmic standard deviation of 0.14 (References 5
" "

F= (19H-10) and 6).*
P
' The reactor building shear wallis chosen as an

example for the discussion of the strength factor
where P is the actual ultimate strength, P is the evaluation. For reinforced concrete shear walls the
normal Eperating and operation transient (i.e"., SRV) ultimate shear strength can be computed using the

loads, and P,is the design SSE load. following equation (Reference 7).

The earthquake-resistant structural elements of
the reactor building are reinforced concrete shear v =v +v (19H-11)" C 8walls which are integrated with the reinforced
concrete cylindrical containment through concrete 1 N

= 83 h* -M k[( hfloor slabs. The reactor pressure vessel pedestalis of - -) + -
a composite steel-concrete construction consisting of w 2 4mt
two concentric steel shells filled with concrete in the
annulus. In addition, stiffeners are welded to the + p'* f

Isteel shells. The specified compressive strength of
concrete is 4000 psi. The specified yield strength of
reinforcing steel of ASTM A615, Grade 60 is 60,000 where
psi. The structural steel material for the pedestal
shells and stiffeners is A572, Gr. 50, for which the v = shear strength provided by concrete
specified yield strength is 50,000 psi. These are v" shear strength provided by reinforcing=

'design values; the actual material strengths are stcel
higher. f'

concrete compressive strength m. psi
.

c =

b wall height=

Concrete compressive strength used for design is
* * ** length

normally specified as a value at a specific time after
bear.mg loadN =

mixing (28 or 90 days). This value is verified by
yield strength of re,nforcing steel ,mfy i=

laboratory testing of mix samples. The strength must
P''meet specified values, allowing a finite number of
wallthicknesst =

failures per number of trials. There are two major
factors which affect the actual strength: = Ap + Bp

y h

(1) To meet the design specifications, the contractor p = horizontal steel reinforcement ratio
h

attempts to create a mix that has an ' average * p vertical steel reinforcement ratio=

strength somewhat above the design strength, A*& B = constants depending on h/w:
and

A B
(2) As concrete ages, it increases in strength. h/w < 0.5 1 0

Taking those two elements into consideration, 0.5 <h/w < 1.0 2(1-h/w) 2h/w-1 !

1.0 < h/w 0 1

l
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In computing ultimate shear strength with this standard deviation ranging from 0.02 to 0.1
I equation, the median material strengths of the (Reference 9). For rigid structures (fundamental

concrete and reinforcing steel defined above are frequency above 20 Hz), the following equation given
used and the wall bearing load is conservatively by Reference 9 may be used.
neglected.

( p013 (19H-13)The strength factor F is then calculated using F =

Eq.19H-10 for each of the levels of the reactor "

building shear walls. The operating loads do not
result in lateral shear force and horizontal loads Again,( is an error variable of unit median and
induced by SRV actuations are found to be negligible logarithmic standard deviation ranging from 0.02 to
compared to the SSE-induced horizontal loads. 0.1. For intermediate frequencies, the F factor can
Therefore, the strength factor is the ratio of the be interpolated from Eqs.19H-12 and 19Yi-13.
median shear strength to the design SSE shear. The

l least strength factor is found to be 3.32. The According to Reference 5, the system ductility
associated logarithmic standard deviation is ratio for reinforced concrete shear walls failing in

[ calculated to be 0.09 using the second moment shear is 2.5. The integrated building / containment
approximation (Reference 7) accounting for both system responds in multiple modes with predominant
concrete and reinforcing steel material strength modes up to 10 Hz. The corresponding inelastic
variabilities. There is also an uncertainty associated energy absorption factor is thus about 2.0 according
with Eq.19H-11 since it is an approximate model fit to Eq.19H-12. The associated logarithmic standard
to data The modeling uncertainty is 0.15 expressed deviation is 0.25 (Reference 5). Flexural failures
in terms of logarithmic standard deviation tend to be more ductile than shear failures. A
(Reference 7). The total composite logarithmic ductility ratio of 4.0 is estimated and the
standard deviation in the median strength factor is corresponding F is 2.65 with logarithmic standard

| 0.17, which is the SRSS value of 0.09 for the material deviation of 0.25."
strength uncertainty and 0.15 for the equation
uncertainty. Steel structures are typically more ductile than

concrete structures. When local buckling is
prevented, the allowable ductility ratio is 5

| b. Inelastic Energy Absorption Factor (F ) (Reference 10) for which the corresponding F is 3.

The inelastic energy absorption factor (F )
9

accounts for the fact that an earthquake represents a
limited energy source and many structures are
capable of absorbing substantial amounts of energy
beyond yield without loss of function. The
parameter commonly used to measure the energy
absorption capacity in the inelastic range is the
ductility ratio, u. It is defined as the ratio of the
maximum displacement to the displacement at yicid.
Newmark, Reference 8, has shown that in the
amplified acceleration range (approximately 2 to 8
Hz) the inelastic energy absorption factor F can be
estimated by

F =( / 2#-1 (19H-12)u

! where ( is an error variable to account for the
uncertainty associated with the use of this equation.

} This error variable is assumed to be lognormally
distributed with a median of unity and a logarithmic

Amendment 22 1911.3-3
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i The F factor is taken as unity when the failure response due to the method used in
| mode i"of a brittle type such as buckling or failure of combining the carthquake components

high strength anchor bolts.

'
1911.3.2.2 Structural Response Factor (F )

The giound response spectrum considered in the
The structural response factor (F ) consists of a seismic design is the site-independent spectrum from

number of factors or parameters introduced in the Regulatory Guide (RG) 1.60, normalized to the
calculation of structural response in the seismic design ground acceleration. To facilitate dynamic
dynamic analysis. Response calculations performed analysis using the time history method, artificial
in the design analysis utilized conservative acceleration time histories of three directional

| deterministic parameters. The actual response may components were generated so that the resulting
differ significantly from the calculated response for a spectra envelop the design spectra for the damping
given peak ground acceleration level since many of ratios of interest.
these parameters are random. The structural
response factor is evaluated as the product of the For the purpose of seismic risk assessment, the
following factors that are considered to have the median ground spectrum given in NUREG/CR-0098
most influence on the structural response. (Reference 11) is considered to be the realistic input

ground motion definition. The differences between
the design spectra and median spectra are the

F,,= F FF F F F (19H-14) margins in the ground mc. tion input.dg
,

| where The spectral shape factor (F ) is defined to be
; the ratio of the amplification fa*Etor of the design

F = spectral shape factor accounting for the spectrum to that of the median spectrum at the same'

'"
margin of the design ground response frequency and damping level.
spectra with respect to the median
centered spectra

F = AF / AF (19H-15)
'^ d "F = damping factor accounting for the

d
variability in response due to difference in |

expected dmping at failure and damping In constructing the median spectrum, the I
used in the analysis competent soil condition is conservatively assumed i

since it results in higher maximum ground velocity
F .= soil-structure interaction factor and displacement amplitudes than the rock coadition
ssi

accounting for the variability associated for a same maximum ground acceleration. The
with SSI effects on structural response design spectrum and mediar. spectrum are compared

at the 5% damping level for the maximum ground
F = structural modeling factor accounting for acceleration of Ig. The average spectral shape
" the variability in response due to factors in representative frequency ranges are

modeling assumptions approximately

F = modal response combination factor Frecuency Rance (HH Averace F
** '"

accounting for the variability in response 2 to 10 1.34

due to the method used in combining 10 to 20 1.20

modal responses 20 to 33 1,07

above 33 1.00

F = earthquake component combination
*** factor accounting for the variability in The logarithmic standard deviation in the spectral

shape factor is the variability in the median spectra

O
Amendment 22 191!3 4
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A which is 0.2 according to Reference 2. No variability Frecuency Rance (H7) Averace F Averace B
C

exists for frequencies above 33 Hz. 2 to 10 1.19 0.18
' 10 to 20 1.12 0.11

20 to 33 1.02 0.02
b. Damping Factor (F ) above 33 1.03 0.0

d

:

The SSE loads were calculated using the SSE c. Soil-Strudure Interaction Factor (F .)
'S'

damping ratios specified in RG 1.61.The RG 1.61 !

damping values are considered to be quite
conservative, particularly at response levels near Seismic soil-structure interaction (SSI) analyses
failure. More realistic damping values are specified for the SSE were performed for the reactor building i
in Reference 11. complex situated in a wide range of generic site

conditions as described in Appendix 3A of Chapter
For reinforced concrete structures the damping 3. The design scismic loads were established to be

| ratio considered in the SSE analysis is 7E The the site-envelope loads calculated by the SSI
realistic values at or near yield range from 7 to 10% analyses. The site-envelope loads may have margins

'

(Reference 11). The upper bound value is for a ginn site. The margin may be substantialif the
considered to be median and the lower bound specific site is a soft soil site. Since the ABWR
corresponds to the S4th percentile level. standard plant is designed for generic site conditions,

no credit is taken for site margins. Thus, the F .
The RG 1.60 design ground spectra are used to factor is taken as 1.0. The associated logarithm'I$

evaluate the margin in response due to difference in standard deviation is estimated to be 0.1.
actual damping at failure and design damping. The

,

damping factor F can be calculated to be the ratio
d

of the amplification factor at design damping (AFdd) d. Modehng Fador 7")
/' to the amplification factor at median dampmg

(' (AFmd) at the same frequency.
The reactor building complex structural model

considered in the seismic design analysis is a
F (19H-16) multi-degree-of-freedom system constructedd" dd md

according to common modeling techniques and the
Standard Review Plan (SRP) requirements in terms

The associated logarithmic standard deviation of number of degrees of freedom and subsystem
can be calculated to be the natural log of the ratio of decoupling. The modelis thus considered to be the
the amplification factor at 84th percentile damping best estimate and the resulting dynamic
(AFbd) t the amplification factor at median characteristics are median centered. The modeling
dampmg (Amd) at the same frequency. factor is thus unity. A relatively large logarithmic j

standard deviation of 0.15 is estimated to account for '

the complexity of the integrated reactor building and
O=bN md) (19H-17) the containment design. |c bd

For reinforced concrete structures the average c. Modal Combination Factor (Fy
damping factors and associated logarithmic standard
deviations in representative frequency ranges are
approximately The analysis method used in the seismic response

]sv
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analysis is the time history method solved in the the critical failure modes of the reactor building
frequency domain. The phasing between individual walls, the containment, and the reactor pressure i

'

modal responses are known and the total respons : is vessel pedestal. The overall factor is the product of
the algebraic sum of all modes of interest. The allindhidual factors. The totallogarithmic standard
maximum response is thus precise and the modal deviation is the SRSS value of individuallogarithmic
combination factor (F ) is unity. The associated standard deviations. The seismic fragility in terms of
uncertainties should b*'less than the uncertainties median ground acceleration is the product of the
associated with the response spectrum method, in overall factor and the SSE design ground
which the maximum modal responses are combined acceleration of 03g.
by the SRSS method. Therefore, a relatively small
logarithmic standard deviation of 0.05 is estimated.

19 H.3.3 Other Seismic Category I
Structures

f. Earthquake Component Co.nbination Factor

Yecc) Seismic category I structures other than the
reactor building structures in the ABWR standard

The effects of multi-directional earthquake plant include the control building, and the radwaste
excitation on structural response depend on the building substructures.
geometry, dynamic response characteristics, and
relative magnitudes of the two horizontal and the The control building fragility is evaluated using
vertical earthquake components. The design method the same procedure described above for the reactor
is SRSS, according to RG 1.92, which is considered building. The controlling mode of failure is shear of
to result in median-centered response. The shear walls. Table 19H3-4 shows the margin in each
earthquake component combination factor is 1.0. of the strength and response factors. The resulting

fragility is 4.lg median peak ground acceleration with
The reactor building walls are designed to resist a lograrithmic standard deviation of 0.44.

in-plane loads. The torsional effects were found to
be small and the walls mainly respond to the The radwaste building does not contain
horizontal motion parallel to the walls. The vertical safety-related equipment and its failure will not lead
loads on the walls due to the vertical excitation are to core damage. Subsequently, an estimate of the
typically less significant in contributing to the total radwaste building fragility is not required.
stresses and there is an equal probability of acting
upward or downward. The carthquake component
combination effect on the wall design is thus not
significant and a smalllogarithmic standard desiation
of 0.05 is estimated.

Other major structures inside the reactor
building such as the containment and the pedestal
are cylindrical structures. The responses to the three ;

orthogonal excitation components are essentially 1

'uncoupled. The logarithmic standard desiation is
estimated to be 0.05.

,

|
|

19I13.23 Reactor Building Complex Summary

|

The median values of individual factors and |
associated logarithmic standard deviations are

'

summartzed in Tables 19H3-1 through 19H3-3 for

O
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capacity is estimated for the ABWR non-category I
building structures. The associated logarithmic
standard deviation is estimated to be 0.5 (which is
larger than the median value of 0.45 in the data
base).
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Table 19H.3-1
\

SEISMIC FRAGILITY FOR REACTOR BUILDING

Component: Shear Walls
Failure Mode: . Shear

Factor of Safety Median Value $c

F- : strength margin 332 0.17
8F*

: inelastic energy absorption 2.00 0.25 jF,

F : spectral shape margin 134 0.20

| F : damping margin 1.19 0.18
58

F F. : soil-structure interaction LOO 0.10
'' F" : modeling factor 1.00 0.15

F" : modal combination 1.00 0.05-
F"# : earthquake component combination 1.00 0.05

F: overall factor 10.59 0.45

Median Peak Ground Accelerr. lion = F * Ad = 10.59 * 03 - 3.2g

HCPLF = 1.12g

!

|
;

!
'

l
!

|

.

Amendment M 19H3-8
,

- -- , - ..-. . . , - , . , , . , , . . --



ABWR MAMMAS
Standard Plant nrv A

Table 19H.3 2

SEISMIC FRAGILITY FOR CONTAINMENT

Component: Containment
Failure Mode: Shear

Factor of Safety Median Value
c

F, strength margin 3.22 0.15

*
F : inelastic energy absorption 2.00 0.25

F : spectral shape margin 134 0.20

I F'* : damping margin L19 0.18
F F. : soil-structure interaction 1.00 0.10

5'' F '' modeling factor 1.00 0.15
F" . modal combination 1.00 0.05

: carthquake component combination 1.00 0.05

F : ovemil factor 10.27 0.44

Median Peak Ground Acceleration = F * A 10.27 * 03 = 3.lg
d

HC11F = 1.11g

O
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Table 19H.3-3

SEISMIC FRAGILITY FOR RPV PEDESTAL

Component: RPV Pedestal
Failure Mode: Flexural

Factcr of Safety Median Value $

F : strength margin 431 0.14
'

F
#

F . inelastic energy absorption 2.65 0.25

F : spectral shape margin 1.27 0.20

F'* : damping margin 1.15 0.18

F F. - soil-structure interaction 1.00 0.10

F* . modeling factor 1.00 0.15
''

F* . modal combination 1.00 0.05
F"' : earthquake component combination 1.00 0.05

F : overall factor 16.68 0.44

Median Peak Ground Acceleration = F * Ad = 16.68 * 03 = 5.0g

HCPLF = 1.8g

|
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Table 19H.3-4
:

SEISMIC FRAGILITY FOR CONTROL BUILDING
!

Component: Shear Walls
Failure Mode: Shear

Factor of Safety Median Value $c

F strength margin 4.71 0.17
8

F
*

F inelastic energy absorption 2.00 0.25

spectral shape margin 1.27 0.20F :

F'" . damping margin 1.15 0.15

F F. soil-structure interaction 1.00 0.10

l F"' modeling factor 1.00 0.15''

F" : modal combination 1.00 0.05

carthquake component combination 1.00 0.05

F : overall factor 13.75 0.44
|

Median Peak Ground Acceleration = F * A = 13.75 * 03 = 4.lg
d

HCPLF = 1.47g

I

l

|
>

0
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19H.4 COMPONENTFRAGILITY the skirt and the stabilizers. In this analysis, the
resistance capacity of the support system is

lf 19H.4.1 General conservatively limited to the yielding capacity of the
stabilizers or the skirt, whichever is smaller. !

Seismic fragilities of safety-related components |
were assessed for the following two categories of The critical failure mode is found to be stabilizer i

components: yielding. Its median ground acceleration capacity is |

5.0g with a logarithmic standard deviation of 033.

| (1) ABWR specific components whose fragility - The individual factors contributing to the median It

evaluation is made according to existing design capacity are shown in Table 19H.4-1.'

information.
RPV Internal Components .

i(2) Generic components whose fragilities are based _

on the data recommended in Reference 2 or The internal components examined for scismic j

other data sources as appropriate. fragilities include the shroud support, CRD guide - t

tubes, CRD housings, and fuel assemblies. Failure - |

| 19H.4.2 ABWR Specific Components of those components could potentially result in i
,

inability to insert the control rods to shut down the . |

[Detailed seismic fragility evaluations are reactor.
perfor:r.ed for the following ABWR specific j

components: Tables 19H.4-2 through 19H.4-5 show the failure !

modes and associated median ground acceleration i

Reactor pressure vessel (RPV) capacities of those components. The contributing !

Shroud support factors are also shown in these tables. !
Control rod drive (CRD) guide tubes j

CRD housings
Fuel assemblies t

i&
l The design seismic loads for these components As noted, the fuel asaemblies are found to have

were calculated directly using a coupled building the lowest seismic capacity among the RPV internal
structures and RPV/ internals model. Consequently, components. The failure mode is excessive
no subsystem dynamic analyses using input motions deflection of the fuel channel. The maximum
at support points were required. Therefore,the deflection that the channel can undergo without j

fragility evaluation procedures used for the reactor collapse is limited by the amount that would inhibit
building structures as presented previously are also the control rod from inserting to achieve reactor
applicable to these specific components. scram. The scram limited deflection is larger than

the channel deflection at yield. To assess the seismic

f Reactor Pressure Vessel (RPV) capacity of the channel, the moment-deflection
| resistance function is conservatively assumed to be of

I The failure of the RPV due to an earthquake perfect clasto-plastic. The strength margin is taken

l results in a sequence similar to a large break to be the ratio of the yielding moment to the SSE

i loss-of-coolant accident, with the exception that induced moment. The additional capacity due to

l there may be no means to provide makeup (i.e., inelastic deformation is accounted for with a ductility

| injection or cooling) to the core. The ABWR RPV ratio equal to the scram-limited deflection dhided by
is supported by a conical skirt which is anchored to the yielding deflection. The resulting seismic fragility
the pedestal with 120 2-1/2" diameter high-strength is 1.4g median peak ground acceleration with a
anchor bolts. At an upper elevation, the RPV is logarithmic standard deviation of 035. j

laterally restrained by stabilizers which are |

connected to the reactor shield wall. 19H.4.3 Generic Components i

Failure of the RPV support system would result Detailed fragility evaluations for safety-related =
in excessive RPV deflection which could induce components other than those specific components ;

failure of the connecting pipes. The ultimate presented above cannot be made at this stage of. I

capacity of the support system is provided by both certification due to lack of design details.m
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,
The ABWR generic components of interest for

' this seismic risk analysis are the following:

|

|
Cable trays

t Large flat-bottom storage tanks
!
!
!

!
I

i

|
f
(

!

i

! 9
4

+
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t

!

|
|
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) Air-operated valves
Heat exchangers-

Off-site Power (transformers and ceramic
insulators)
Batteries and battery racks
Battery chargers /Imerters
Electrie equipment (chatter failure mode)

| Switchgear/ Motor control centers

Transformers (not off-site transformers)
Diesel generators and support systems
Turbine-driven pumps
Motor-driven pumps

| Diesel-driven pumps
Small tanks (e.g., standby liquid control tank)
Motor-operated valves
Safety relief, manual, and check vahes
Hydraulie control units
Heating, ventilation, and air conditioning
ducting

| Air handling units / room air conditioners
Piping
Service water pump house

Their seismie fragilities and corresponding
! ( HCLPF valves are summerir.ed in Table 19H.4-6.

( These generic seismie capacities are selected from a,

' ''
review of ALWR recommendation (Reference 2) i

and other PRA studies (Reference 3 and 4). |

|

|

|

|

!

I
l

i

!

| <w

; -
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Table 19H.4-1

SEISMIC FRAGILITY FOR REACTOR PRESSURE VESSEL

Component: RPV

| Failure Mode: Support

Factor of Safety Median Value $

F, . strength margin 12.08 0.14

#
F - inelastic energy absorption 1.00 0.00

F spectral shape margin 1.27 0.20
F'* damping margin 1.0S 0.12[.:.F soil-structure interaction 1.00 0.10

'' F* : modeling factor 1.00 0.15
F" - modal combination 1.00 0.05

: earthquake component combination 1.00 0.05

F : overall factor 16.57 033

Median Peak Ground Acceleration = F * Ad = 16.57 * 03 = 5.0g

HCPLF = 232g

|
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Table 19H.4-2

SEISMIC FRAGIL11Y FOR SHROUD SUPPORT

Component: Shroud Support
Failure Mode: Buckling

Factor of Safety Median Value 8c

F - strength margin 4.99 0.20
'

F

F, inelastic energy absorption 1.00 0.00#

spectral shape margin 1.27 0.20F :

| F" damping margin 1.08 0.125
-

d
F F. - soil-structure interaction 1.00 0.10

: modeling factor 1.00 0.15#F ''''

F" . modal combination 1.00 0.05

(. carthquake component combination 1.00 0.05

F : overall factor 6.84 036

Median Peak Ground Acceleration = F * A E* "

d

HCPLF = 0.87g

Amendment 3 1911.4 5
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Table 19H.4-3
I

SEISMIC FRAGILITY FOR CRD GUIDE TUBES

Component: CRD Guide Tubes
Failure Mode: Buckling

Factor of Safety Median Value $

F strength margin 4.16 02D
5

F
'

F : inelastic energy absorption 1.00 0.00

F : spectral shape margin 1.18 0.20
58

F : damping margin 1.25 0.10
dF F. - soil-structure interaction 1.00 0.10

'' F* modeling factor 1.00 0.15
F" . modal combination 1.00 0.05
F"" : earthquake component combination 1.00 0.05

F : overall factor 6.14 036

Median Peak Ground Acceleration = F * Ad = 6.14 * 03 - 1.8g

HCPLF = 0.78g
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Table 19H.4 4
.

SEISMIC FRAGILITY FOR CRD HOUSINGS
i

Component: CRD Housings

j Failure Mode: Plastic Yiciding

Factor of Safety Median Value $c

F : strength margin 7.92 035
"F

#
F : inelastic energy absorption 110 0.00

u

|

|

! | F : spectral shape margin 1.18 0.20
5

| 1 F" . damping margin 1.25 0.10
d

l F F. : soil-structure interaction 1.00 0.10
! ** F''' - modeling factor 1.00 0.15

F" modal combination 1.00 0.05-

(. carthquake component combination 1.00 0.05

F : overall factor 11.68 0.46

| Median Peak Ground Acceleration = F * A Ed" ' "

|

|
HCPLF = 1.2g

|
,

!
!

|
i

!

|
l

i

|
|

i

|
I

O
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Table 19H.4-5

\ SEISMIC FRAGILITY FOR FUEL ASSEMBLIES

Component: Fuel Assemblies 1

]
Failure Mode: Channel Excessive DeDection

Factor of Safety Median Value $c j
.

F strength margin 236 0.00 !.

'F
#

F . inelastic energy absorption 132 0.21
u

spectral shape margin 1.43 0.20F :

I F'" . damping margin 1.06 0.06
d

F F. : soil-structure interaction 1.00 0.10 |
'' F''' - modeling factor 1.00 0.15

.|F" - modal combination 1.00 0.05
: earthquake component combination 1.00 0.05 !F"#

F : overall factor 4.72 035

i

Median Peak Ground Acceleration = F * Ad = 4.72 * 03 = 1.4g
'

HCPLF = 0.62g
(

|

i

|

|
|

!

|

.
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Table 19H.4-6

SEIS511C CAPACITY SU5151ARY

Fragility

| Capacity ) Combined IICPLF
g

Structure /Comtsonent Failure Mode Am (c) llacertainty (c)
,

Reactor Building Wall Shear 3.2 0.45 1.12
Containment Shear 3.1 0.44 1.11

RPV Pedestal Flerural 5.0 0.44 1.80
Control building Shear 4.1 0.44 1.47
Sersice Water Pump House Structural 1.7 0.45 0.60
Reactor pressure vessel Support 5.0 033 232
Shroud support Buckling 2.0 036 0.87
CRD guide tubes Buckling LS 036 0.78
CRD housing Plastic yielding 3.5 0.46 1.20
Fuel Assemblics Channel deflection 1.4 035 0.62
Hydraulic Control Unit LOF 2.0 0.50 0.63
Cable trays Support 3.0 Ofo 0.74
Large flat-bottom storage tanks Anchorage 2.1 0.45 0.79

Air-operated valves Stem binding / Air line 3.0 0.60 0.74
Heat Exchanger Anchorage 2.0 0.45 0.70
Off-site power Ceramic insulators 03 0.55 0.08
Batteries and battery racks Anchorage /LOF 33 0.46 1.13
Battery chargers / Inverters LOF 2.2 0.46 0.75
Electric equipment (chatter)

function req'd during event Relay chattering ') N/A N/A N/A
I

function req'd after event Relay chattering ') 2.0 0.50 0.63
I

Switchgear/ Motor control centers Functional / Structural 'I 1.8 0 46 0.62
I

Transformers Functional / Structural 1.8 0.46 0.62
Diesel generators & support systems Support 1.8 0.46 0.62
Turbine-driven pumps Anchorage 2.0 0.45 0.70
Motor-drhrn pumps Anchorage / Impeller defle 1.8 0.46 0.62
Small tanks Anchorage 1.8 0.46 0.62
Motor-operated valves Operator distortion 3.0 OIO 0.74
Safety relief, & check valves Internal damage 3.0 0.60 0.74
Manual vahes Internal damage 3.6 Of4 0.89
HVAC ducting Support 3.0 0.60 0.74
Air handling units / Room A.C. Blade rubbing 2.0 0.50 0.63
Piping Support 3.0 0.60 0.74
Diesel-driven pumps Support 1.8 0.46 0.62

|
-

1

|

O|Amendment 2E 191t4.-9
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p Table 19H.4-6

('' SEISMIC CAPACITY SUMMARY (Cont.)

Notes:

Capacities are in terms of median peak ground acceleration.a.

b. Combined uncertainties are composite logarithmic standard deviations
of uncertainty and randomness components.

The potential for relay chatter was treated in the following manner. Only the scram safety function isc

required during a seismic event. This function is fail-safe, so relay chatter would cause a safe state failure
(scram) even if relays were employed. For the ABWR, the scram actuating devices are solid state power
switches with no failure mode similar to relay chatter. The scram function is supplemented by an alternate
scram method (energizing the air header dump valves) to provide diversity. This method uses relay
actuation, but no credit was taken for this capability in the seismic analysis. Therefore, there is no potential
for relay chatter to prevent safety actions during a scismic event.

Switchgear and motor control centers do include relays whose failure could prevent safety actions after the

{ seismic event. It was assumed that the indicated capacity of this equipment (1.8) was more representative i

!than the specific relay chatter value (2.0) since switchgear and motor control centers are normally qualified
;
'

with the auxiliary relays in place. Also, the type of auxiliary relays used tend to be the most rugged of relay ,

types and would have a capacity above 2.0. The multiplexer output devices for ECCS and RHR operation
have been assumed to be solid state devices (rather than relays), so the relay chatter failure mode does not
apply.

m

|
i

,

l

l

1

i
!

l

l

l
: ,m

i t
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19H.5 COL LICENSE INFORMATION follow the guidelines described in EPRI report !
NP-6041, including an assessment of potential J

The COL applicant shall determine the HCLPF seit,mic vulnerabilities, such as marginal anchorage !

values for the plant-specific /as-designed components _of equipment and gross deviations from the design {
| corresponding to those gener'c components defined documents, and spatial interactions (e.g., operators |.

in Subsection 19H.4.3. The values should be being disabled due to the failure of the control room i
'compared to their assumed HCLPF values given in suspended ceiling in a seismic event).

Table 19H.4-6. It should be noted that only the
capacities of important contributors (see Section

|
19.8) need to be determined and compared.

The HCLPF calculations can be made using fra- |
gility analysis or the conservative deterministic j

failure margin (CDFM) approach recommended in )
'l EPRI report NP-6041. The location effects should

be taken into account in determining the limiting f|

capacity of the same component on different ;'

locations. ;

! For structures and components other than the
j generic components mentioned above, HCLPFs ;

! specified in Table 19H.4-6 can be considered I

achieved when the seismic design adequacy is
confirmed if, according to the procedure described in
Subsection 2.3.1.2 of Chapter 2, the site-dependent

i conditions are within the site envelope parameters or |
T the site-specific SSE responses are bounded by those i

considered in the standardized design. Otherwise, I

| site-specific HCLPF capacities for these structures
| and components need to be established. ,

I
' It is not necessary that in each case the HCLPF
| exceed the value assumed in the margins analysis of
: the standardized design. However, depending on the

degree of difference and the significance of the

|
component in accident sequences, an evaluation of

'

the site-specific plant level HCLPF capacity may be
needed. The level of acceptable seismic margin for
the plant should be established in a manner
consistent with that used in existing nuclear power

! plants.
|
.

' The site should also be investigated for the
potential of seismic-induced soil failure (liquefaction,
differential settlement, or slope stability) beyond the
SSE level in accordance with the approach j
recommended in EPRI report NP-6041. )

In order to increase confidence that the seismic
capacities of as-designed structures and components
are realized in the final constructed plant, a seismic
walkdown as well as a review of construction
drawings and documents shall be performed by the
COL applicant. The walkdown procedure should

Amendment I 19HS.1
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19J.4 OPERATOR ACTIONS seismic fault tree, Figure 191.2 7, as the transformer, i ;
'

ETR6C1, with median capacity 1.5g and the inverter, !
Three types of operator actions are critical to the EIV0FIH, with median capacity 1.3g. These ele- |SCETs. The first is the use of the firewater system ments are required to power initiation of the ECC j

to mitigate the effects of the accident. The second is and RHR systems. However,it is possible to manu. !

the manualinitiation of the RHR system after some ally initiate either of these systems as described {
j loss of power cases. The third case is the closure of below. ;

I the RHR suction vah'es after the earthquake causes
!

a pipe break in this system. The first step that the operator should take is to !

manually open the required valves for the system to ,

! 19J.4.1 Firewater Injection Initiation operate. In the case of the RHR system, the oper- t

I ator should open the injection valves of the RHR
| The firewater system is used in two ways in this system and the appropriate service water valves. !

analysis. The first mode is to inject water into the These actions would normally be provided automati-
vessel following loss of all core cooling. Except in cally using 120V AC. |
cases where the RCIC is initially available there is a |

| limited period of time available to begin injection After the valves are properly aligned, the opera-
i into the vessel, about 20 minutes to diagnose and tor r,hould manually close the breakers to provide

begin firewater injection. Based on this time a value power to the pumps. This action, normally initiated
. of 0.9 uas selected for the combined reliability of the automatically using 480V AC may be performed from
I operator and the system to perform this action. the remote shutdown panel if necessary. The

pumps then run directly from the 6.9kV power. .

Secondly, for the cases where the RCIC is inidally
,

available, about 8 hours is available for the operator The actions required of the operators to perform !
to prepare to initiate the firewater system to prevent these actions are very similar to those to initiate the i

core damage. Under these conditions the operator is firewater addition system described above. There-
aware that the RCIC may not operate for more than fore, the reliability used for the firewater system is
8 hours, so he would prepare to initiate the firewater also used for this transformer bypass. For the same i

system when required. This would include ensuring reason, no credit is taken for the firewater system if |'

that pumping power was available by acquiring a fire the operator fails to perform the transformer bypass. !
truck if necessary. Therefore, a value of 0.999 was !

used for the operator reliability under these circum- 19J.4.3 RHR Isolation to Pmvent Suppres-
stances (See Subsection 19KA.2.5). The availability sion Pool Drain
of the firewater system to inject if called upon is
based on the results from the seismic accident events If the RHR heat exchanger anchorage fails,it is
analysis. possible for a pipe to break, allowing flow from the

suppression pool to the pump room. If power is
The third type of firewater use is that which fol- available the operator has sufficient means and indi-

lows a loss of all core cooling where the operator cation to isolate the RHR system, preventing the
failed to begin the firewater addition system before suppression pool from being drained. The reliability
vessel failure occurred. In this case the firewater of the operator to isolate the RHR is discussed in the
system is to be used in drywell spray mode. Several seismic event tree analysis, Subsection 191A.2.6.

,

hours are allowed for this action. Using the logic
about for vessel injection where the RCIC was ini-
tially available, a value of 0.999 was used for the op-
erator reliability. The firewater system availability is
based on the seismic accident events analysis.

19J.4.2 Power Transformer Bypass

A mechanism for loss of core cooling following
an earthquake is the loss of the divisional 480V AC
power or the divisional 120V AC power. The weak-
est elements in these systems are identified in the

Amendment '4 19J.41
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19L1 PURPOSE

h The purpose of this study is to review the
potential risk associated with ABWR operation shile
the plant is shut down. Events that have a potential
to lead to accidents 't hen the ABWR plant is shut
down for maintenance cr refueling are identified and
reviewed against ABWR plant features which
prevent and mitigate these accidents.

Additionalinformation on ABWR shutdown ris
is contained in Appendix 190.

I

A

Amendment I 191 1-1
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19L2 CONCLUSIONS
0
! It is concluded that the ABWR plant is
'

adequately protected against accidents during
shutdown conditions. It is judged that the probability
of core damage during shutdown periods is negligible
and therefore it is concluded that no modifications to
the ABWR plant design are required. It is also
concluded that a detailed probabilistic risk
assessment (FRA) for the ABWR shutdown
conditions is not required.

n

<
k
L Amendment 22 19y.1
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: 19L3 INTRODUCTION one RHR train. Minimum sets of systems are
D identified that,if administratively controlled to not ,

|( General Electric completed a PkA for the be in maintenance, will ensure a conditional core I

' ' ABWR plant as part of the ABWR Standard Safety damage probability of less than 1.0E-05 per year.
Analysis Report (SSAR). The internal event PRA Other items discussed in 190 are: ABWR features
(Section 19.3 of SSAR) provided an extensive to minimize shutdown risk, procedures for
analysis of transients and accidents that initiate completion of outage plans, use of frecre seals,
during power operation. The scismic PRA (Section evaluation of potential vulnerabilities due to new
19.4 of SSAR) also consisted of events that initiate ABWR features, and how ABWR features could

i

during power operation. In both PRAs, it was mitigate past events at operating BWRs. |
, judged that the risks during cold shutdown !'

conditions would be low with respect to those during '

'
power operations for several reasons: most of the
transients that disturb power operations do not apply

; to the shut down plant; low system pressure reduces
the already small frequency ofloss of coolant events
due to pipe break; and low decay heat means long
time periods are available to restore cooling

! capability should residual heat removal system
cooling be interrupted. However, the NRC has
requested (Section 19L.11, Reference 1) that GE
review the risks associated with shutdown in more
detail to support the conclusion that such risks are
low.

!

Shutdown risks have not been studied in detail in
the past. In the Reactor Safety Study (Section
19L.11, Reference 2) the shutdown risks were
estimated to be negligible. EPRI conducted as"

; somewhat detailed review of the shutdown risks for
the Zion plant, a pressurized watei reactor (PWR) ;

j (Section 19L11, Reference 3), and concluded that '

j the mean core damage frequency (CDF) for the |'

shutdown conditions is about a factor of four lower |'

than the corresponding value for power operation.
; In a subsequent study (Section 19L11, Reference 4)

for the Seabrook plant, another PWR, the shutdown |

risk was calculated to be about a factor of 5 lower j
than that for power operation. A recent French |

study (Section 19L.11, Reference 5) has concluded
that shutdown risks for the Paluel PWR plant
constitute about 60% of the total plant risk.4

Recently, the NRC has launched studies to estimate.

the risk associated with shutdown conditions for two i;

plants: Surrey (PWR plant, analyzed by |
Brookhaven) and Grand Gulf (BWR plant, analyzed J

by Sandia National Laboratories). The results of j
these studies are expected in 1993.

~

Appendix 190 contains additional information on
ABWR shutdown risk including a risk assessment of
the loss of an operating RHR system during

m shutdown. This risk assessment evaluates the>

f )I
'

J conditional core damage probability given a loss of
L

Amendment *2B 19L3-1
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19L4 SCOPE OF THE STUDY but are addressed in this study. Events outside the
containment, such as the rupture of the liquid

19L4.1 Mode of Reactor Operation radwaste tank, are not reviewed in this stedy since
they are judged to be negligible contributors to

The various modes of ABWR reactor operation ABWR Plant risk,
as noted in the plant technical specifications are
shown in Table 19L4-1. 19L4.4 Summary of Types of Events

Considered
The ABWR PRA (SSAR Section 19.3) covers |

periods of power operation (mode 1) and start up The types of events considered in this shutdown |
periods (mode 2) whereas this shutdown study covers risk study are summarized as follows
periods of cold shutdown (mode 4) and refueling
(mode 5). Periods of hot shutdown (mode 3) are not (1) Reactivity Excursion Events (Section 19L5)
included in either study. Hot shutdown periods are ;

expected to be relatively small compared to those (2) Reactor Pressure Vess:1 Draining Events 1

previously analyzed (modes 1 and 2) and considered (Section 19L6) J
in this study (modes 4 & 5). Also, hot shutdown can j

be seen as an extension of the shutdown process (3) Loss of Core Cooling (Section 19L7) |
started during Mode 1 and the incremental increase i

in risk during this mode of operation is judged to be (4) Loss of Decay Heat Removal Events (Section !

small since the safety systems available for achieving 19L8) i
hot shutdown continue to be available during hot '

shutdown. (5) External Events (Section 19L9)
'

The types of events during modes 4 and 5 (6) NonCore-Related Events (Section 19L10) j
considered in this study are as follows: !

Reacthiry Excursion Events |

Reactor Pressure Vessel Draining Events )
i Loss of Cooling Events |
!

Loss of Decay Heat Removal Events
|

19L4.2 External Events |
!

Seismic events are the only external events .

analyzed in detail as part of the SSAR submittal. I

Similarly, in this shutdown risk study, only seismic :

events are reviewed and other external events (such
as fire, flood, tornado, etc.) are excluded since they
are judged to be negligible contributors to core ,

damage risk. |

The impact of loss of offsite power during
shutdown is considered as part of the scope
discussed in Subsection 19L4.1.

19L43 Noncore-Related Events

Events which occur inside the containment that
| are not related to the fuelin the reactor core, but

have a potential to release radioactivity to the
environment were not included in the SSAR PRA,

,

!
|

Amendment 22 191.4-1
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Table 19L4-1

I ABWR MODES OF OPERATION

Reactor Mode Average Reactor
,

>1 ode Title Switch Position Coolant Temperature. C

1 Power Operation Run Any temperature

2 Startup Startup/ Hot Standby Any temperature

3 Hot Shutdown Shutdown > 933 C

4 Cold Shutdown Shutdown 1 933 C

N
5 Refueling Shutdown er Refuel 1933 C

(a) In MODES 1 through 4, fuelis in the reactor vessel with the reactor vesselhead closure boltsfally
tensioned. In MODE S,fuelis in the reactor sessel with the reactor vessel head closure bolts less than
fully tensioned or with the head remosed.

(b) Technicalspecification states 'any temperature *, but in this mode, the temperature will be below
boilingpoint.

I

!

Amendment 22 19L4-2
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19L5 REACTIVITY EXCURSION separation of the control rod from the CRD if
EVENTS the contro! rod and hollow piston stick and

separate from the ballnut of the CRD. The
. Reacthity events which have a potential to occur separation switches can also detect if the blade

during power operations are examined for their separates from the hollow piston, even with the
likelihood to occur during shutdown conditions. In hollow piston still resting on the balinut. The
addition, events which have a potential to occur only separation detection device is in operation at all
during shutdown conditions are also reviewed. times. When the separation has been detected,

the interlocks will prevent further rod
19L5.1 Control Rod Drop Accident withdrawal (i.e., will initiate a rod block). Also,

an alarm signal will be initiated in the control
The ABWR fine motion control rod drive room to warn the operator.

(FMCRD) is equipped with several new and unique
-

features to prevent a control rod drop accident (2) The hollow piston part of the FMCRD is
compared with locking piston control rod drives equipped with a latch mechanism. If the hollow
(LPCRD) used in the boiling water reactors (BWR) piston is separated from the ballnut and the rest
currently in operation. Three modes of failure that of the drive due to a stuck rod, the latch will
could lead to a control rod drop accident have been limit any subsequent rod drop to a distancc of 8
identified and a summary of the event causes and inches. (More detailed descriptions of the
preventive and mitigative features included in the FMCRD system are presented in Subsection
FMCRD design is provided in Table 19L.5-1. 4.6.1.)

Subsection 15.4.9 provides a detaiLd review of (3) There is a unique, highly reliable bayonet type
the control rod drop accident during power coupling between the control rod blade, and the
operation and describes the ABWR features that control rod drive. The coupling spud at the top
prevent and mitigate the accident. The following end of the hollow piston engages and locks into
discussion extends the review to shutdown conditions a mating socket at the base of the control rod.

D
(operating modes 4 & 5). The coupling requires a 45 degree rotation for

engaging or disengaging. Once locked, the drive
For the rod drop accident to occur during power and rod form an integral unit that must be

operation, the control rod must stick initially and manually unlocked by specific procedures before
then physically separate from the drive on a control the components can be separated. This feature
rod withdrawal command. Later the same control practically assures that the rod and the drive are
rod becomes unstuck and drops freely resulting in a never accidentally separated, and offers
rod drop accident. For the rod drop accident to protection against the rod drop failure mode 2
occur during operating modes 4 & 5, in addition to (Table 19L.5-1).
the above failures, the reactor must also be critical.
Since the reactor is suberitical in these modes, even (4) Procedural coupling checks are enforced to
with the above sequence of failures,it is impossible assure proper coupling.
for a rod drop accident to occur. The only time
when the above sequence of events could potentially (5) Interlocks have been provided to assure that
result in a rod drop accident is when it occurs in inadvertent criticality does not occur because a
conjunction with the withdrawal of an adjacent control rod is withdrawn coincident with another
control rod for reasons such as testing. As will be control rod.
shown by the following consideration and analysis,
the probability of enntrol rod accident during The Class IE separation detection device and
operating modes 4 & 5 is negligible, the control rod withdrawalinterlock help prevent

each of the three control rod drop failure modes
The ABWR features that help prevent control listed in Table 19L.5-1. The other features that help

rod accidents are as follows- prevent specific failure modes are discussed below.

(1) Each FMCRD is equipped with dual Class IE Control rod drop failure requires the following
separation detection devices that will detect the events / failures:

I
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For Failure Mode 1: It is clear from the above discussion that

multiple hardware failures and human errors have to
(1) operator withdraws a control rod for testing; occur to cause a rod drop accident. Even without a

detailed analysis,it can be seen that the rod drop
(2) a second adjacent control rod sticks and unsticks accident frequency is negligible. It is therefore

at specific times; concluded that the rod drop accident is unlikely to
occur during modes 4 & 5 and is therefore not a

(3) Class IE separation detection of the second safety concern for the ABWR.
control rod nr rod block fails;

19L5.2 Control Rod Ejection Accident
(4) operator tries to withdraw the second control

rod and the interlock fails; The cer. trol rod ejection accident during the
ABWR power operation starts with a major break in

(5) operator ignores alarm and continues the FMCRD housing wcld between the housing and
withdrawal of the second rod; and the RPV, or a major break in the drive mounting

bolts or a drive spool piece. The accident can also be
(6) hollow piston latch of the second rod fails. started with a break in the drive insert line.

Following the break, the reactor pressure exerted on
For Failure Mode 2: the CRD coupling pushes down the hollow piston

and the balinut with a large force. The shaft screw
(1) operator withdraws a control rod for testing; and the motor are forced to unwind, resulting in the

rod being ejected. For the control rod ejection
(2) a second adjacent control rod sticks and unsticks accident to occur during operating modes 4 & 5,in j

at specific times; addition to the above failures, the reactor must also
be critical. Since the reactor is suberitical in these

(3) positive bayonet coupling of the second control modes, even with the above sequences of failures, it
rod experiences structural failure; is impossible for a control rod ejection to occur.

Similarly, the low pressures associated with these
(4) Class IE ,eparation detection of second control operating modes makes the break in the FMCRD

rod or rod block fails; housing or drive insert line extremely unlikely. The
only time when the above sequence of events (i.e.

(5) operator tries to withdraw the second control those that cause control rod ejection accident during
rod and the interlock fails; and power operation) could potentially result in a control

rod ejection accident during operating modes 4 & 5
(6) operator ignores alarm and continues is when it occurs in conjunction with a reactor

withdrawal of the second rod. hydro-test and withdrawal of an adjacent control rod
withdrawn for reasons such as scram time testing. A

For Failure Mode 3: summary of the causes of the rod ejection accident
and the ABWR preventive and mitigathe features is

(1) operator withdraws a control rod for testing; provided in Table 19L5-2. As will be shown by
following consideration and analysis, the probability

(2) operator installs a second adjacent control rod of control rod ejection accident during operating
drive without coupling, and fails to detect the modes 4 & 5 is negligible. '

error during procedural coupling checks;
The ABWR features that prevent and mitigate

(3) the second control rod sticks and unsticks at control rod ejection accidents are:
specific times;

(1) A break in the FMCRD housing (or weld
(4) Class 1E separation detection of the second rod between housing and vessel or drive mounting

or rod block fails; and bolts or drive spool piece) is mitigated by
integral internal blowout supports (" shootout

(5) operator ignores alarm and continues restraints") (Subsection 4.6.1.2.2.9) which
withdrawal of the second rod.

O
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physically prevent the control rod from being accident is unlikely to occur during operating modes
ejected. 4 & 5 and is therefore not a safety concern for the

I ABWR.
(2) A break in the drive insert line is mitigated by

the following: 19L5.3 Refueling Error

(a) Ball check vahr in the CRD insert port. Refueling errors resuhing in the loading of fuel
bundles in two adjacent uncontrolled cells could

(b) Electromechanical brake: The FMCRD result in a reactivity accident. Uncontrolled cells are
design incorporates an electromechanical fuel cells in which control blades have been
brake keyed to the motor shaft. The brake withdrawn. An accident can resuh from inserting a
is normally engaged by a passive spring fuel bundle at the maximum fuel grapple speed into
force. It is disengaged when the spring load a fuel.:d region of the core which has withdrawn
is overcome by the energized magnetic control blades.
force. The braking torque between the
motor shaft and the CRD spool piece is Preventive and mitigative features in the ABWR
sufficient to prevent control rod ejection in plant are summarized in Table 19L.5-3 and discussed
the event of a failure in the pressure below:
retaining parts of the drive mechanism.
The brake is designed so that its failure will (1) In the ABWR plant there is very little incentive
not prevent the control rod from rapid for unloading the entire core. Generally,
insertion (scram). Additional details on the utilities resort to unloading the whole core when
electromechanical brake are provided in there is a need to maintain a large number of
Subsection 4.6.1. control rod drives during a refueling outage. In

the case of ABWR, very few FMCRD need to
(c) Holding torque provided by the permanent be removed for maintenance and therefore

magnet in the step motor prevents rod from there is very little incentive for unloding the
being ejected during operating modes 4 & 5 whole core.

I when the reactor is not under pressure.

(2) With mode switch in the REFUEL position,
Control rod ejection can occur only under the only one rod can be withdrawn. Any attempt to

following conditions- withdraw a second rod results in a rod block
initiated by the refueling interlock.

(1) Failure of FMCRD housing, etc., coupled with
failure ofintegralinternal blowout support of (3) With mode switch in the REFUEL position,if
one FMCRD when an adjacent drive has been any one control blade has been removed, then
withdrawn for testing and reactor is undergoing the refueling interlocks prevent hoisting another
hydro-test (i.e. reactor is at pressure). fu .1 assembly over the vessel. This is done by

physically preventing the automatic refueling
(2) Break in any one of the FMCRD insert pipes machine from moving over the core with one

coupled with the failure of the corresponding control blade withdrawn (Subsection 9.1.4.2.7.1).
ball check valve in the insert port and failure of
the corresponding FMCRD electromechanical Titerefore, for this accident to take place, the
brake when an adjacent drive has been following events must occur.
withdrawn for testing and reactor is undergoing
hydro-test. (1) Utility decides to unload the whole core or

perform control blade shuffling in parallel with
During operating modes 4 & 5, the time refueling.

duration that the reactor is at pressure due to
hydro-test is very small. Also, because of multiple (2) One control blade is removed and its CRD is
independent failures required, the probability of a valved out of ser ice.
control rod ejection accident through above
sequences is judged to be negligibly low. It is

} therefore concluded that the control rod ejection
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(3) The refueling interlock fails and the operators does not follow procedures).
remove the adjacent control blade, and its CRD
is vahed out of service. (3) The second control rod is adjacent to the first

.

control rod withdrawn for testing.
(4) Operator starts loading the fuel bundles. All

fuel cells adjacent to withdrawn blades have (4) The interlock designed to prevent the
been loaded except for the last fuel bundle. withdrawal of the second rod fails.

(5) The last bundle is lowered into the empty (5) Rod fails to seram as designed.
uncontrolled fuel cell.

The refueling interlock and the scram systems
(6) The control room operator fails to observe are highly reliable. The combined probability of

SRNM multiplication. operator error and failure of the above systems
resulting in a rod withdrawal error is judged to be

(7) The reactor goes critical and high flux initiates a negligible.
scram signal but valved out drives cannot scram.

19L5.5 Fuel Loading Error
As a consequence of this accident, local fuel

failures can be expected. GE has studied this During refueling, there is a potential for the
problem and has issued a service information letter reactor to become criticalif a fuelloading error is
(SIL-372) (Section 19L7, Reference 7), to assist the followed by withdrawal of a potentially high worth
operating plants. In that study, GE has found that control rod. The ABWR features that prevent and
for the BWR plants following GE's guidelines, the mitigate this event are as follows-
probability of this accident to be < <1.0E-S per
reactor year and therefore negligible. The (1) Operators follow specific core loading
probability of this accident is also expected to be procedures.
negligible for the ABWR plants.

(2) During core loading, interlocks prevent
19L5,4 Rod Withdrawal Error withdrawal of control rods. ,

During refueling, there is a potential for the (3) Following the full core loading, an as-loaded
reactor to become critical if two adjacent control core verification process is completed.
rods are withdrawn inadvertently. The ABWR

,

i features that prevent and mitigate this event are as (4) If the reactor does become critical on a control
i follows: rod withdrawal, it will be followed by a scram

immediately, since the neutron monitoring
(1) With mode switch in the REFUEL position, system is in operation during refueling,

only one rod can be withdrawn. Any attempt to
withdraw a second rod results in a rod block by Therefore, for this event to take place, the
the refuelinginterlock. following events must take place:

(2) If the interlock fails and the rod is withdrawn, (1) Operators fail to follow fuel loading procedures
the reactor will scram on a high %x signal. The and commit specific loading errors.
scram system is in operation at at times during
the refueling operations. (2) Core verification fails to reveal the fuelloading

error.
Therefore, for this event to take place, the

| following events must occur: (3) Operator withdraws a control rod for testing.

(1) Operator withdraws one control rod for testing. (4) Reactor fails to scram.

(2) Operator decides to test the second control rod it should be noted that not all fuel loading
without inserting the first control (i.e. operator errors can initiate this accident. For fuelloading
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error to be a concern, the high worth fuel bundles
'N must be loaded at the wrong location. The combined I

probability of this error plus the others listed above |
| is judged to be negligible. Therefore,it is concluded |

; that a fuelloading error during refueling is not a i

concern for the ABWR plant. |

19L5.6 Conclusion

It is concluded that, during operation modes 4
and 5, reactivity excursion events have a negligible
probability of occurrence and are therefore not a
safety concern for the ABWR plant.
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Table 19L5-1
p
( CONTROL ROD DROP ACCIDENT
'n

Cause/ Event Presentive
and

liardware Operator Miticative Features

Failun Mode 1

1. - One control rod withdrawn -

for test.

2. A second adjacent - -

rod sticks (still
coupled to hollow
piston)

3. - The second control rod Interlock prevents
is withdrawn withdrawalof the

second control rod

4 Separation of Operator misses alarm & Class IE separation
ballnut and continues withdrawal of detection
hollow piston in the second control rod
the second control
rod

/m \

( 5. The second control - Rod block + hollowpiston
' rod unsticks and latch

drops

Failure Mode 2

1. - One control rod withdrawn -

for test.
,

|

2. A second adjacent - .

control rod sticks

3. - The second control Interlock prevents
rod is withdrawn withdrawal of second

control rod

4 Rod to hollow Operator misses alarm & 1. Positive bayonet
piston separation continues withdrawal of coupling
occurs in the the second control rod 2. Class IE separation
second control rod detection

5. The second control - Rod block
rod unsticks and
drops

n)f
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Table 5-1 (Continued)

CONTROL ROD DROP ACCIDENT

Cause/ Event Preventive
and

liardware Operator hiiticative Features

Failure 5f ade 3

1. - One control rod withdrawn -

for test.

2. - A second adjacent control -

rod is installed without
coupling

I
3. - Error in the second I

control rod not detected i

during coupling check |
l

4. - The second control rod Interlock prevents !
withdrawn withdrawal of second l

control rod

5. The second rod - -

sticks

6. Rod to hollow Operator misses alarm & Class IE separation
piston separation continues withdrawal detection
in the second of the second control
control rod rod

7. The second control - Rod block
rod unsticks and
drops

|

|

!

!

|
|
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Table 5 2
^

/,

( CONTROL ROD EJECTION ACCIDENTs
b

i

Cause/ Event Preventige

and
Hardware Onerator Miticative Features

Failure Mode 1
|

| 1. Reactor under hydro - This occurs during a small
' test fraction of time during

shutdown

2. - One control rod with- -

drawn for testing

3. Break in the None Integralinternal blowout
adjacent FMCRD support (* shootout
housing restraints")

or

weld between
,

housing and '

vessel

A orU CRD mounting
bolts

i

or
.

1

iCRD spool piece

Failure Mode 2 |

1. Reactor under hydro - This occurs during a small
test fraction of time during

shutdowm

2. - One control rod with- -

drawn for testing

3. Break of insert None 1. Ball check valve in ,

pipe in the insert port |
adjacent CRD

2. FMCRD electtw
mechanical brake

,.

(
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Table 5 3

REFUELING ERROR --

Cause

Prrventive ' "

Operator and
liardwart Failure Error / Action Mitientive Features

L - Utility plans to offload No incentive for unloading
all fuel bundles or all fuel bundles because
perform multiple control very few FMCRDs need to
blade shuffles be maintained during

refueling

2. - First CRD removed
.

3. - Adjacent CRD removed Interlock prevents with-
drawal of second CRD

4. - Operator starts loading Automatic refueling
the fuel bundles, the last machine interlocked to
bundle is lowered into prevent hoisting a fuel
the empty uncon- assembly over the vessel

(trolled fuel cell

O'

.

P
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19L6 REACTOR PRESSURE VESSEL maintenance or replacement. Two such
DRAINING EVENTS maintenance activities, replacement of the RIP

motor and replacement of the RIP impe!!er are
There is a potential for draining the reactor discussed below and summarized in Table 19L6-1. ;

vessel during operating modes 4 and 5, either as a i

result of hardwan failures or operator errors or a 19L6.2.1 RIP Motor Replacement ;

combination of both. There is a potential for
,

draining the vessel during maintenance activities This activity is carried out only during operating
'

such as the CRD or reactor internal pump removal mode 5. After the bolts are loosened at the bottom, '

and replacement. There is also a potential for the whole pump moves down by about 6mm until the <

draining the vessel when systems feeding to and impeller backseats to prevent leakage of reactor
bleeding from the RPV are in continuous operation. water when the motor cover is removed. A j

The control room operator routinely monitors the secondary seal is then provided with the help of an j

water level and takes corrective actions,such as iso- inflatable seal. At this point, the RIP motor can be j
lating the appropriate valve when the water level removed and replaced.

'

drops for unexplained reasons. Certain other i
corrective actions initiate automatically. A 19L6.2.2 RIP Impeller Replacement :

discussion of these drain paths and the preventive
and mitigative features of the ABWR design are : Impeller replacement can be carried out only after :
Mmd below. the RIP motor is removed as described above. '

Following the removal of ti.e motor, a temporary ;

19L6.1 FMCRD Replacement cover plate is bohed at the bottom. The impeller is -

then removed from the top. The sealis provided by :

FMCRD replacement can take place only during the inflatable seal and the bolted cover plate at the i
operating mode 5. The replacement is done in two bottom. After the impeller is removed, a cap is in- |
steps. First the CRD spool piece is removed at stalled on the RPV bottom head at the impeller shaft ,

which time the spindle adaptor seats on the splined nozzle to provide additional protection against j
spindle adaptor back seat to prevent any leakage of draining the RPV. I

\ water from the RPV. Next the control blade is -

withdrawn until the blade back-seats on the guide 19L6.23 Potenti;l for Draining |
tube to provide a metal to metal contact. This 7

provides the seal for preventing the reactor water Nuclear plants with RIPS have been in operation
from draining. The drive can then be removed and for over 10 years. Over 100 RIPS and motors have ;

replaced. This arrangement of preventing vessel been removed and reinstalled in the European BWR
draining through back-seating of the control blade is plants without any problem. This has demonstrated i
the same as the one used in the operating BWR that the replacement activities can be carried out j
plants. There is still a potential for the operator to without draining the vessel.- For draining to occur, as -

remove the blade inadvertently. The probability of a minimum, the impeller backseat and the inflatable ;

this error is minimized through administrative seal have to fail when the motor is being replaced. .j
controls. Occasionally a small amount of water Administrative procedures assure that impeller [
leakage is experienced due to imperfect sealing of removal does not' start until the RIP motor is '

the control blade. However, based on hundreds of removed and the temporary cover plate is bolted. In
reactor-years of operating experience, it is judged the most likely failure scenario,it is possible that the
that the probability of draining the vessel during sealing between the impeller and its backseat and the
FMCRD replacement is negligible. In addition, at ' sealing provided by the inflatable seal may not bc .
least two emergency core cooling systems are - . perfect. However, such failures are detectable, and -
required to be available during this mode of result only in a small leakage (less than one gallon
operation, which will mitigate the consequences of- per minute). Under these conditions, the operator
draining. can always bolt the temporary bottom plate if

needed. During impeller replacement, for drainage
19L6.2 Reactor Internal Purnp to occur, the impeller shaft nozzle cap must fail (or

be dislodged), the inflatable seal must fail and finally

e There is a potential for draining the RPV while the bottom plate must also fail. Because of multiple -
the reactor internal pumps (RIP) are undergoing failures required,it isjudged that the probability of
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draining the vessel during RIP maintenance is path 1, (Subsection 19L63.1) the CRD ball check
negligibly low. valve must fail, and the HCU maintenance isolation

valves (F101 and F140) must be open by operator
19L6.3 Control Rod Drive Hydraulic error or mechanical failure. In addition, the scram
System valve must fail to open, the test port valve (F141)

must be open by operator error or by mechanical
During operating modes 4 & 5, the control rod failure, and testing equipment (or lack of) must fail.

drive hydraulic system (CRDHS) continues A drainage of the RPV through this path would lead
operating with one pump running to provide purge to contamination of the plant emironment.
water to the FMCRDs. With one pump in
operation, the head of the pumping wa:er can easily Again, muhiple failures are necessary for path 2 to
overcome the pressurized head of the RPV; hence, occur; and, should a failure occur, only 2 CRD's will
there is no possibility of draining the RPV. In the be affected and the slow discharge rate will provide
event that neither pump is in operation, there is a time to correct the situation. Therefore, the
potential for draining the RPV through the CRDHS probability of draining the RPV through this path is
as discussed below, summarized in Table 19L5-2, judged to be negligible.
and shown in Figure 19L6-1. As will be shown by
the following considerations and analysis, the 19L633 Path 3
probability of draining the RPV through the CRD
hydraulic system is negligible. Path 3 is similar to path 2 with the exception that

the test port valve (F141) remains closed, the check
19L63.1 Path ! valve (F138) must fail and HCU isolation valve

(F104) must fail open or be left open by the
When neither pump is in operation, the scram operator. Such an event could cause drainage of the

valves will open due to low hydraulic control unit RPV water into the CRDH System. As with all
(HCU) charging header pressure, and will stay open other paths in this system, multiple combinations are
if (1) the reactor protection system (RPS) scram needed for an event to occur and the drainage rate
logic is not reset, or (2) there is no instrument air will be slow. Therefore, the probability of draining
available to the scram valve, or (3) the scram pilot the RPV through this path is judged to be negligible,
solenoid valves are disconnected from the RPS
scram circuits. This, combined with the failures of 19L63.4 Conclusion
the CRD ball check valve and check valve (F115),
and the mechanical failure of the HCU maintenance In conclusion, because of the multiple failures
isolation valves (F101, F140) and HCU drain valve required in each HCU, it is judged that the
(F113) to isolate when closed by the operator or the probability of draining the vessel through the
operator error to leave them open, will lead to CRDHS during shutdown is negligibly low. Also,
drainage of the RPV into the CRD hydraulic system. because of the small drain line size, adequate time is

available to remedy the situation should vessel drain
Multiple failures are necessary for path 1 to start. It is therefore concluded that dering operating

occur. Should they occur in one HCU, only 2 CRD's modes 4 & 5, draining of RPV through failures in
will be affected. In addition, the size of the piping CRDHS is not a safety concern for the ABWR plant.
connection between the RPV and CRDHS, being
only 32mm diameter, allows for a discharge rate 19L6.4 Reactor Water Cleanup Systern
which will provide enough time to remedy the
situation. Therefore, the probability of draining the During the operating modes 4 & 5, the reactor
RPV through this path isjudged to be negligible. water cleanup (CUW) system is used in conjunction

with the fuel pool cooling and cleanup system (FPC)
19L63.2 Path 2 to provide continuous cleaning of the reactor water.

During these modes, one or both pumps operate to
In the event where neither pump is in operation provide 100% capacity. Reactor water flows from

and the scram valves fail to open, there is still the RPV via both the RPV bottom head line and a
another potential path for draining the RPV through shared nozzle with the RHR suction line. There is a
the CRDHS. Similar to the failures that resulted in potenIia1 for draining Ihe RPV tbrough
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the CUW System during shutdown mode as 19L6.4.3 Path 4 |
discussed below, summarized in Table 19L6-3 and i

shown in Figure 19L.6-2. As will be shown by the Valves FD22, F024 and F025 are normally closed. !
following considerations and analysis, the probability During the plant startup mode, excess water '

of draining the RPV through the CUW system is generated by reactor water level swell is dumped in a !

negligible. controlled manner to the suppression pool. Flow I

control valve F022 regulates the blowdown flow.
19L.6.4.1 Path 1 Should all three be inadvertently left open or fail

open at the same time during operating modes 4 or !

During modes 4 and 5, one potential path for 5 RPV water will drain to the suppression pool. :
,

RPV drainage occurs when vahes F500 and F501 are There are a number of preventive and mitigative i'

!open (f ailed open or inadvertently opened by features in the ABWR design. The valves are
.

operator). Reactor water will drain to the low redundant and the valve status (open, closed)is v

| conductivity waste (LCW) sump in the drywell indicated in the control room for all three valves. In r

through a 50mm diameter pipe. This path is unlikely the unlikely event that reactor water is drained {
to occur because valves F500 and F501 are in series, through this path, high flow will be detected by flow !

F500 is locked closed, and both valves are under transmitter FT-017 and signals will be sent to the ;

administrative control. However, should this drain leak detection system to isolate the CUW system. }
path be established, when the LCW drywell floor Furthermore,if this drain path is established,it will ,

; sump water level reaches high level, a persistent terminate on reactor level 3 isolation of valves F002 |
| alarm is annunciated in the main control room to & F003. Also, the operator monitors the reactor

alert the operator for proper action. Also, drainage water levelin the control room and takes mitigative
;
'

will be slow because of the small (50mm diameter) actions. Because of all these preventive and i

size of the drain line, thereby allowing adequate time mitigative features, the probability of draining the ,

to correct the situation. Because of the above RPV by this path is judged to be negligible, i

features, the probability of draining the RPV by this j
path isjudged to be negligible. 19L.6.4.4 Path 5 i

| 19L.6.4.2 Paths 2 & 3 Path 5 is dependent on valves F022 and F023. !

| Both are normally closed during operating modes 4
! Paths 2 and 3 are dependent on the normally and 5. During startup, excess wattr generated by

,

closed valves FOSSA and F055B. Both are used for reactor water level swell is dumped in a controlled <

chemical flushing and decontamination before manner to the LCW collector tank. . Flow control
- maintenance. Should either of these two valves be valve F022 modulates the blowdown flow. If both

left open during operating modes 4 or 5 (either by valves are left open (by operator error or equipment
equipment failure or by operator error), reactor failure), RPV water will drain to the LCW collector
water will drain into the reactor building. Floor tank. There are a number of preventive and
drain sumps are provided in the reactor building to mitigative features in the ABWR design. The valves
collect waste from the equipment drains. If the are redundant and the valve status (open, closed) is
water levelin th=: drain sumps reaches a high level, indicated in the control room for all three valves. In
an alarm is annunciated in the main control room to the unlikely event that RPV water drains through
alert the operator. Should paths 2 or 3 occur, the these valves, high flow will be detected by flow
drain path, a 50mm diameter pipe, will allow transmitter FT-017 which will send a signal to the
sufficient time to correct the situation. Should no leak detection system to isolate the CUW System. If
corrective action be taken manually, on reaching established, the drain path will terminate on reactor
reactor water level 3, valves F002 & F003 will be level 3 isolation as before. Also, the operator
isolated automatically, terminating the event. Also, monitors the reactor water level in the control room
the operator monitors the reactor water level in the and takes mitigative actions. Because of all these
control room and takes mitigative actions. Because preventive and mitigathne features, the probability of
of all these preventive and mitigative features, the draining the RPV by this path is judged to be ,

Iprobability of draining the RPV by this path is negligible.
judged to be negligible.

Amendment 22 19L6 3
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19L6.4.5 Path 6 concluded that draining of the RPV through CUW
system failures is not a safety concern for the ABWR

Valve F056, which is used for chemical washing plant
and decontamination before maintenance, is
normally closed during operating modes 4 & 5. If it 19L6.5 Residual Heat Removal System
fails open or is inadvertently left open by the
operator when the CUW pump is in operation, The ABWR residual heat removal (RHR) system
reactor water will drain into the reactor building. is a closed system consisting of three independent
Similar to path 2, floor drain sumps are prodded in pump loops (A, B, and C - where B and C are
the reactor building to collect waste from the similar) which inject water into the vessel and/or
equipment drains and high water levels in these remove heat from the reactor core or containment.
sumps will activate an alarm to alert the operator. Loop A differs from B and C in that its return line
Since this is a 50mm diameter pipe, the slow goes to the RPV through the feedwater line whereas
drainage rate will allow sufficient time to correct the loop B & C return lines go directly to the RPV. In
situation before level 3 is reached at which point the addition, loop A does not have connections to the
path will terminate on reactor level 3 isolation signal. drywell or wetwell sprays or a return to the fuel pool
Also, the operator monitors the reactor water level cooling system. However, for purposes of this
in the control room and takes mitigative actions. analysis, the differences are minor and the three
Because of all these preventive and mitigative loops can be considered identical. The RHR system
features, the probability of draining the RPV by this has many modes of operation, each mode making
path isjudged to be negligible. use of common RHR system components. These

components are actuated by the operator; hence, the
19L6.4.6 Path 7 operation is subject to operator error which could

potentially lead to drainage of the RPV. Potential
Path 7 is similar to path 4. If valves F022 and paths for draining the RPV through the RHR system

F025 are inadvertently left open or fail open at the during operating modes 4 and 5 are discussed below,
same time, RPV water will drain to the suppression summarized in Table 19L6-4, and depicted in Figure
pool. The two valves in series and the valve status 19L6-3. Of the various modes of RHR operation it
indicator help lower the possibility of this path was judged that the potential for RPV draining was
occurring. In the unlikely event this path were to the greatest during the shutdown cooling mode.
occur, flow transmitter FT-017 will detect the high Therefore, the potential RPV draining paths start
flow and signal the leak detection system to isolate with the RHR in the shutdown cooling mode of
the CUW system. If unmitigated, the drain path will operation. As will be shown by the following
be terminated on reactor water level 3. As in the consideration and analysis, the probability of
case for path 4, the probability of draining the RPV draining the RPV through the RHR system is
through this path isjudged to be negligible. negligibly low. Even if all the preventive and

mitigative features fail, RPV draining will stop when
19L6.4.7 Conclusion the RHR shutdows cooling nozzle is uncovered at

which point there it still 1.7 meters of water over the
Because of the multiple failures or operator top of the active fuet

errors required for each of the above paths to occur,
and the leak detection instrumentation in the drywell 19L6.5.1 Path I
and reactor building that will alert the operator,it is
judged that the probability of draining the RPV During the shutdown cooling mode of operation,
during shutdown mode through the reactor water pump C001 is in operation and valves F010, F011,
cleanup system is negligibly low. Furthermore, as a F012, F004, F005 and F007 are normally open. One
mitigative measure, at reactor water level 3, CUW potential path will occur if valve F026 is open (by
system valves F002 and F003 isolate the reactor from mechanical failure or operator error). This will lead
the CUW system. In practically all cases, even if all to drainage of RPV water to HCW (high
the above features should fail, the RPV drain will conductivity water). The preventive and mitigative
stop automatically when the RPV outlet nozzle is features are as follows: valves FC'O and F011 will
uncovered. At that point, there is still 1.7 meters of isolate the reactor from the RHR system at reactor
water over the top of the active core. It is therefore water level 3; the operator monitors reactor water

Amendment 22 19L(4
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level in the control room and correctly responds to drain into the fuel pool through a 300rnm diameterp control room indicators and alarms; and the drain pipe. The preventive and mitigative features are as
!

\ path is only a 50mm diameter line allowing sufficient follows: vah e F014 is equipped with a key lock; and
time for corrective action. Because of all these
preventhc and mitigative measures, the probability

valves F010 and F011 will isolate the system at

of draining the RPV by this path is judged to be
reactor water level 3. Also the operator should
correctly respond when alerted by control roomnegligible.
alarms and indicators. Because of all these

19L6.5.2 Path 2 preventive and mitigathe measures the probability of
draining the RPV by this path is judged to be
negligible.

With the pump running during the shutdown
cooling mode of operation, path 2 will be established 19L6.5.5 Path 5
if the liquid waste flush valves (F029 and FD30) are
open by mechanical failure or operator error. Potential draining path 5 will occur if the drywellThrough this route, RPV water will drain to

spray isolation valves (F017, F018) are opened
radwaste via a 150mm diameter pipe. To prevent inadvertently or fail to close during the shutdownthis from occurring, valves F029 and F030 are cooling mode of operation. If this path is
required to be closed during shutdown cooling mode,

established, RPV water will be sprayed in the drywelland if open, their open status will be indicated in the
through a 250mm diameter pipe. The prevenths and

control room. Also at reactor water level 3, valves mitigathe features are as follows: during shutdown
F010 and F011 will isolate the system. Finally, the cooling, with the drywell pressure low, valves F017
operator monitors the reactor water level in the
control room and takes correcthe actions. Because

and F018 cannot be opened at the same time

of all these preventive and mitigative measures, the
because they are interlocked such that both can be

probability of draining the RPV by this path is opened simultaneously only if the drywell pressure is

judged to be negligible. high. The status of vahes F017 and FDIS is indicated
in the control room. Futhermore, the isolation

19L6.5.3 Path 3 valves F010 and F011 will isolate on reactor level 3
and the operator monitoring the water levelin the

During the shutdown cooling mode of operation, a introl room will take corrective actions to further
i "igate this drain path. Because of these presenthe

if the suppression pool return valve (F008) is open
an. mitigathe measures, the probability for draining(by mechanical failure or operator error), potential

draining path 3 will be established. This path will
the RPV by this path isjudged to be negligible.

drain reactor water to the suppression pool. The 19L6.5.6 Path 6
preventive and mitigative features are as follows: an
interlock prevents opening of valve FOOS if F012 is
open and vice versa and indicators in the control During shutdown cooling mode operation, the

wetwell spray isolation valve, F019 is normally
room will show the status of F008 and the reactor closed. If F019 is open (by operator error orwater level which will prompt the operator to

mechanical failure), RPV water will be sprayed incorrectly respond to these control room indicators
the wetwell through a 100mm diameter pipe. Thisand alarmt In addition, valves F010 and F011 will

isolate the RHR system at reactor level 3. Because event is unlikely to occur since it requires F019 to be
open, the operator to incorrectly respond to control

of all these preventive and mitigati e measures, the
room alarms and indicators, and the failure of vahes

probability of draining the RPV by this path is
judged to be negligible. F010 and F011 toisolate the reactor from the RHR

system at level 3. Because of these preventive and

19L6.5.4 Path 4 mitigative measures, the probability of draining the
RPV by this path is negligibly low.

The fuel poolisolation valves (F014 and F015) 19L6.5.7 Path 7
are normally closed during shutdown cooling mode.
Potential path 4 is established when the fuel pool
isolation valves are open (by mechanical failure or During shutdown cooling mode operation,

opening of normally locked closed valves F016 (byoperator error). By this path, reactor water will
mechanical failure or operator error) establishes

Amendmem 22
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drain path 7 between the RPV and the fuel pool. control room indicators to prevent such paths,it is

However, since the fuel poolis at a higher elevation judged that the probability of draining the vessel
than the RPV, water cannot drain from the RPV to during shutdown, through the RHR system is
the fuel pool, and therefore this path is not a concern negligibly low. Furthermore, as a mitigative

measure, in all cases, at reactor water level 3, vahesfor the ABWR plant.
F010 and F011 isolate the reactor from the RHR
system. Even if all these safety features fail, the19L65.8 Path 8
RPV draining will stop automatically when the RHR

Potential path 8 will occur during shutdown shutdown cooling nozzle is uncovered at which point

cooling mode of operation if the normally closed there is still1.7 meters of water over the top of the

valve F001 is open (inadvertently or by mechanical acti e fuel. It is therefore concluded that draining of

failure). Path 8 will drain RPV water to the
RPV through failures in RHR System is not a safety

suppression pool through an 450mm diameter Sp . concern for the ABWR plant.

The preventive and mitigative features in the design
are as follows: both F010 and F011 are interlocked

19L6.6 Summary of Reactor Pressure

to be opened only when the RPV is depressurized, Vessel Draining Events
F012 is interlocked such that it cannot be opened
unless F001 is closed, and similarly, valve F001 Based on a review of maintenance activities which

cannot be opened unless valve FD12 is closed. If the have the potential to drain the RPV and based on a

RPV drain path is established, draining will stop on review of the operation of water systems which are

reactor level 3 isolation of valves F010 & F011. Also, connected to the RPV,it is concluded that during

the operator monitors the reactor levelin the control operating modes 4 and 5, draining of the RPV is not

room and takes corrective actions. Because of all a safety concern for the ABWR plant,

these preventive and mitigative measures, the
probability of draining the RPV through this path is
judged to be negligible.

-

19L65.9 Path 9

Path 9 has the potential to drain reactor water to
the suppression pool. The minimum flow valve,
F021, will automatically open when pump C001 is
running and the flow through the main loop
(downstream of F004 and F013) is below the low
flow setpoint. The valve will automatically close
when the low setpoint is reached indicating sufficient
flow. Inadvertent opening of this valve will divert the
flow to the suppression pool. The preventive and
mitigative features in the design are as follows: valve
F021 closes on receipt of normal flow signalin the
main loop, the isolation valves F010 and F011 will
isolate on reactor level 3 and the operator monitors

the reactor water levelin the control room and will
take corrective actions to mitigate the event.
Because of all these preventive and mitigative
measures, the probability of draining the RPV by this

path is negligibly low.

19L.6.5.10 Conclusion

Because of the multiple failures or operator
errors required for each of the above paths to occur,
and the numerous key locks, valve interlocks and

19L44
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Table 19L6-1

POTENTIAL FOR DRAINING RPV DURING RIP MAINTENANCE

Cause

Preventive
and

ActMtv
_ Cause Miticative Features

Replacement of RIP Potentialleakage path 1) Impeller backscats to
motor frem RPV to outside due prevent leak

to pressure difference

2) Inflatable seal
provides backup seal

Replacement of RIP Same as above 1 & 2) Same as above
impeller since inidally the ,

motor is removed

3) Temporary bottom
plate is bolted

4) Impeller removal
results in the loss
of the backseat seal,
but capisinserted
in the impeiler
cavity to provide

. additional protection

<
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i 50>
E Table 19L6-2 m d||

E$R

$ POTENTIAL FOR DRAINING RPV THROUGH "%
CONTROL ROD DRIVE HYDRAULIC SYSTEM AT SHUTDOWN

a
E

PATil liOUIPMENT FAILURE OPERATOR ERROR RESUlil3 PREVENTIVE /MITitJATIVE MEASURES

1A Iloth CRD pumps Drain RPV water Pump required to run continuously

+ into CRDIIS
CRD ball check vahr

+ Multiple failures necessary

llCU maintenance isolation /
drain vahrs (F101, F140, F113) Potential draining pipes are only

32mm cach allowing sufficient time+

Check vahc (FI15) for mitigation

lit CRD ball check valve 11oth pumps off SecIA Sec 1A

+ +

Check vahc (Fil5) IICU maintenance isola-
tion / drain valves (F101,
F140, Fil3) left open

2A Iloth CRD Pumps RPV water leaks See 1A

+ intollC'1
CRD Ilall Check Vahr emironment

4

IICU maintenance isolation
vahes(F101 F140)

+

Scram valve chised
+

Test port vahr open

(F141)
m
s4 +

k Test equipment yS
>

~

9 9 e
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[ Table 19L.6-2 (Cont'd) g
il cudy POTENTIAL FOR DRAINING RPV THROUGH g

CONTROL ROD DRIVE HYDRAULIC SYSTEM AT SHUTDOWN y
7

PATil EOUIPMENT FAILURE OPERATOR ERROR RESULTN PREVENTIVE /htITIGATIVE bfEASURES d
2B CRD ball check valve Both pumps off Sec 2A See IA

+ +

Scrarr vahrs closed IICU maintenance isolation
valves (F101, F140) open

+

Test port valve (F141) open
+

No test fixture in
test port

3A Both CRD pumps See 1A Sec 1A
+

CRD ball check valve
+

IICU maintenance isolation /
drain vahrs (F101, F140, F104)

+

Scram valve closed
+

. check valve (F138)

3B CRD ball check valve Both pumps off SeelA See1A
+ +

Scram vahr closed IICU maintenance isolation
+ valves (F101, F140, F104) y

4 Check vah. F138 Icft open li',

f E 5S

>f!
*
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E Table 19L6-3 E
it E.$"
g POTENTIAL FOR DRAINING RPV THROUGH

REACTOR WATER CLEANUP SYSTEM y
5

13 1_11 EOUIPMENT FAILURE OPERATOR ERHQE RESULTS PREVENTIVE / MITIGATIVE MEASURES E

1A Vahe F500 fails open Reactor water Drain line is only 50mm diameter
+ drains to low lxak detection alarm in main control room

Valve F501 fails open conductivity waste Valves are redundant
sump Operator monitors reactor water level in

the control room and takes corrective
action

in Valve F500 open See 1A Vahr F500 under key lock +
+ administrative control + vahrs

Valve F501 open are redundant
Sec1A

2 and 3 Valve R155A fails open RPV water drainage Drain Line is only 50mm diameter
A or into reactor Leak detection alarm in main control room

Valve R)5SB fails open building Path terminates on reactor
Level 3 isolation signal
Operator monitors reactor water level in
the control room and takes corrective
action

2 and 3 Valve R)55A open sec 2A Sec 2A
B or

Valve F055B open

0m

I' x$
2yr
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g Table 19L6-3 (Cont'd) Ej
c.

%j
,

$ POTENTIAL FOR DRAINING RPV THROUGH

REACTOR WATER CLEANUP SYSTEM m
ET
5

PATil EOUIPMENT FAILURE OPERATOR ERROR RESULTS PREVENTIVE /MITi(;ATIVE MEASURES ~

4A Valve IV22 fails open RPV water drainage Redundant (3) valves
+ to suppre jon CUW isolation on high flow

Valve 1924 fails open pool Controf room indicalor of valve stalus
+ Path terminates on reactor level 3

Valve IM25 fails open isolation signal
Operator monitors reactor water level in
the control room and takes corrective
action

4B. Valve F022 open Sec 4A Sec 4A
4

Valve l'024 open
+

Valve FU25 open

SA Valve F022 fails open RPV water drainage Redundant (2) valvet
+ to LCW collector CUW isolation on high flow

Valve IV23 fails open tank Path terminates on re.ctor Level 3
isolation signal

,

Operator monitors reactor water level in
the control room and takes corrective !

action
,

t

SB Valve TT2 open Sec SA SecSA :

+ g
Valve FJ23 open ,g

fO '
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i Table 19L.6-3 (Cont'd) Ed
! 5d
g POTENTIAL FOR DRAINING RPV THROUGH =g

'
REACTOR WATER CLEANUP SYSTEM 2

m

PATil EQl):PMENT FAILURE OPERATOR ERROR RESULTS PREVENTIVE / MITIGATIVE MEASUR_ES E

6A Valve F056 fails open See2A Sec 2a

6 11 Vaht F056 open See 2A See 2A

7A Vahr R122 faik open See 4A Sec 4A
+

Vaht F025 fails open

7 11 Vahr R)22 open Sec4A Sec 4A
+

Valve R)25 open

7;gn

9 0 0
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f
V

i m>
E ||di Table 19L6-4 t
||3 'g

a CL

$ POTENTIAL FOR DRAINING RPV THROUGH y
,

a.
RESIDUAL HEAT REMOVAL SYSTEM y

iT
PATil EOUIPMENT FAILURE OPERATOR ERROR RESUI!IS PREVENTIVE / MITIGATIVE MEASURES E

1A Pump CtX)1 running
+

Valve 1011 open Drain RPV water 1. 1910 & 1911 isolation on reactor

[A] = + to IICW level 3
Valve im10 open

4 2. Operator monitors levelin controf
Vaht IV12 open room and takes corrective action

>

' Vaht IV25 fails open 3. Drain line is only 50mm diameter
allowing sufficient time for-

-

corrective action

IB [A] See 1A See 1A
+

Valve F026 inadvertently
opened

2A [A] Drain RPV water 1. Requires multiple valve
+ to radwaste failures / openings -

Vaive F029 fails open 150mm diam. pige
+ 2. Indicatorsin control room will

Vaht F030 fails open show F029 and F030 open

3. F010 & F01I willisolate on reactor
level 3 w

"o 5
r
g 4. Operator monitorslevelin control ye~g

room and takes corrective actions >g"'
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E Table 19L.6-4 (Cont'd) $
cLM,

! R

$ POTENTIAL FOR DRAINING RPV THROUGH {f
RESIDUAL HEAT REMOVAL SYSTEM -c

57
:s
~

I ATil EOUIPMENT FAILURE OPERATOR ERROR RESUITS PREVENTIVE / MITIGATIVE MEASURES

?!) [A] Sec 2A Sec 2A
+

Valve R129 inadvertently
open

+

Valve R130 inadvertently
open

3A [A] Drain RPV water 1. Valve interlock between RNAS + IV12

+ to suppression

Valve RX18 fails open pool 2. Indicators in control room will show
IMO8open

3. F010 & 1911 will isolate on reactor
level 3

4. Operator monitorslevelin control
roon and takes corrective action

3 13 |A] See3A Sec 3A
+

Valve F088 inadvertently
opened

0
>4
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i Table 19L.6-4 (Cont'd) EiWe a sE
g POTENTIAL FOR DRAINING RPV THROUGH

RESIDUAL HEAT REMOVAL SYSTEM "
2
w

PATil EOUIPMENT FAILURE OPERATGR ERROR RESUI113 PREVENTIVE / MITIGATIVE MEASURES 3

4A [A] Drain RPV water 1. Requires multiple valve
+ to fuel fool via failures / openings

Valve FUl4 fails open 300mm diameter pipe
+ 2. FTil4 is keylocked

Valve F015 fails open .
3. Indicators in control room show

ITil4 and F015 open

4. F010 & F0ll willisolate on reactor
level 3 '

5. Operator monitors levelin control
room and takes corrective actions

4B |A) Sec 4A Sec 4A
+

Valve F014 inadvertently
opened

+

Valve IT115 inadvertently
opened

ti
"a nk( ?~

>@u
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k
i Table 19L6-4 (Cont'd)

yw
i d
il POTENTIAL FOR DRAINING RPV THROUGH g
y

RESIDUAL HEAT REMOVAL SYSTEM
y
ET

E
PATil EOUIPh1Efff FAILURE OPERATOR ERROR RESULTS PREVENTIVE /h1ITIGATIVE AIEASURES

Drain RPV water 1. Requires multiple valve
5A (A| to drywellvia failurcs/ openings

+

Vahr R)17 fails open spray through
250mm line 2. R)l7 and R)1R interh>cked such that

+ both can be opened simultaneously
Vaht R118 fails open onlyif the drywell pressure is high

3. Indicators will show R)l7 and R)l8
open

4 R110 & F011 will isolate on reactor
level 3

5. Operator monitors level in control
room and takes corrective actions

5 13 [A| SecSA Sec SA

+

Vahr R)l7 inadvertently
opened

+

Valve R)l8 inadvertently
opened

0
3 x$
E ?8
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E Table 19L6-4 (Cont'd) EW

3sB #

h POTENTIAL FOR DRAINING RPV THROUGH ,

RESIDUAL HEAT REMOVAL SYSTEM y
~

ss

PATil EOUIPS1ENT FAILURE OPERATOR ERROR RESUI,TS PREVENTIVE /Af fTIGATIVE SIEASURES E L

6A [A] Drain RPV water 1. Requires valve failure / opening

+ to wetwell
Valve IU19 fails open spray via 100mm 2. Indicators in control room will .

diameter pipe IV17 open

3. F010 & F0li will isolate on reactor
level 3

4. Operator monitors level in controf
room and takes corrective actions

60 [A] Sec6A Sec6A
+

Vaive FU19 inadvertently
opened

7A [Al Drain RPV water 1. F016 is a h>cked closed manual valve

+ to fuel pool
Valve F016 fails open via 50mm diam. pipe 2. IT10 & F011 willisolate on reactor

level 3
3. Operator monitors levelin contrel

room and takes corrective actions

7B [A] Sec 7A Sec 7A
+

Valve F016 inadvertently y

4 opened W

E TS
$!U
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g Table 19L.6-4 (Cont'd) $s$g

6 POTENTIAL FOR DRAINING RPV THROUGH $%2
RESIDUAL HEAT REMOVAL SYSTEM -e

5
::

PATil EOUIPMENT FAILURE OPERATOR ERROR RESULTS PREVENTIVE / MITIGATIVE MEASURES "

8A [A] Drain RPV water 1. Valve interlock lxtween valves RX)!
to suppression and IV12+

Valve R11I fails open pool via 450mm
diameter pipe 2. R)l0 & 1911 will isolate in reactor

level 3

3. Operator monitors level in control
room and takes correction actions

88 [A| Sec 8A Sec 8A
+

Valve RX)1 inadvertently
opened

9A Minimum flow valve IV21 Reactor water is L IV21 chises on nominal flow signal in
opens during low flow diverted to the shutdown cooling mode
during shutdown pool suppression pool
cooling mode 2. 1910 and R111 willisolate the

reactor level 3

3. Operator monitors level in control
room and takes corrective actions

9B Operator inadvertently Sec 9A Sec9A
opens minimum flow valve
IV21 during shutdown pool
cooling mode e,

P x$
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19L,7 LOSS OF CORE COOLING none or these systems are available during operating
mode 5, the reactor will not be pressurized since the

19L7.1 Introduction pressure vessel head has been removed. An
additional difference is that if none of these sources

During operating modes 4 & 5, with the RHR of water is available, a flexible hose connected to the
system in operation in the shutdown cooling mode, AC independent water addition system from any
no steam is being produced in the reactor and outside source of water can be used to cool the core
therefore there is no need for making up reactor since the decay heat rate diminishes substantially by
coolant inventory using core cooling systems. Thus the time operating mode 5 is reached. It is thus
loss of core cooling capability in itself is not a concluded that loss of core cooling is more limiting
concern unless either the RHR system becomes for operating mode 4 than for operating mode 5. ;

unavailable causing loss of coolant inventory through Therefore, the remainder of this review focuses on <

evaporation or the RPV is drained. As discussed in operating mode 4.

! Section 19L.6 the probability of draining the RPV is ;

negligible. The remaining sequences where loss of 19L7.3 Review of Accident Sequence
'core cooling becomes a potential concern are

mummd below. The sequence of concern starts with a loss of j
RHR event. It is assumed that the low pressure core i

Appendix 190 contains additional information on flooder LPFL (A, B & C) are unavailable and for i
'

| the risk associated with loss of core cooling during core damage to occur the loss of RHR must be
shutdown. followed by failure of all remaining core cooling

systems that meet the success criteria. Based on '

19L7.2 Success Criteria results of the internal event PRA,it is clear that the
;

combined probability of failure of all systems is
'

Many systems continue to be available for dominated by support system failures, especially !

cooling the core during operating mode 4. offsite and onsite power failures. Table 19L.7-1 i

shows the dependency of the core cooling systems on
'.# A list of core cooling systems that satisfy the core power support systems. The ABWR p ant technicali

! cooling success criteria are as follows: specifications require that during operating mode 4, !

|
at least one offsite AC power source and one diesel ,

t CRDHS generator be available. In addition, the gas turbme is !
expected to be available. |or

HPCF B or C |
or It is judged that the time wir,dow during which j

LPFL A, B or C operating mode 4 is most vulnerable to accidents is [;

! or the first week of operation in that mode. Following
'

1 feedwater pump + 1 condensate pump + 1 that period, decay heat levels are low enough that ,

condensate transfer pump there is a high probability of recovering a failed
or system. During the first week, the most dominant; ,

'

AC independent water addition system cut-set for core damage is expected to consist of the
following basic events:

| Note that no credit is taken for the RCIC
| because of lack of steam in the reactor. If none of a) Loss of off-site power during the first one

these systems are available initially, the reactor will week period of operating in mode 4 with no ]
heat up and be repressurized. If one of the high recovery,and
pressure make up systems is recovered, then
immediate coolant makeup is possible. However, b) Failure of one diesel generator, and
should one of the failed low pressure core cooling
systems be recovered, the reactor will have to be c) Combustion turbine failure to start, and |
depressurtzed prior to coolant injection.

d) Failure of operator to initiate the AC
i The systems that satisfy the core cooling success independent water addition system, and

| -N criteria for operating mode 5 are essentially same as

) those for operating mode 4. One difference is that if e) Failure of operator to recover any one of the'

( failed systems.>

! I

Amendment 9 19L7-1
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Given the loss of offsi'e power frequency of 0.1
per year, frequency of (a) is 2.0E-3 (without any
credit for recovery of offsite power). Failure
probability of diesel generator (b) is 2.5E-02/

| demand. Combustion turbine failure probability (c)
is 5.0E-2/ demand. And (d), the operator failure to
initiate the AC independent water addition system,is
estimated to be 1.0E-3/ demand. Even without
estimating (c),it can be seen that the combined
failure probability of all these systems is ( 2.5E-09
per year) negligible.

It is recognized that there are other cut-sets that
could contribute to core damage. Also, at certain
times, some of the systems may be unavailable due to
maintenance. (The plant technical specifications
control the number of safety systems that can
unavailable at any gisen time.) On the other hand,
the above calculation takes no credit for power or
equipment recovery, even though sufficient time is
available. Therefore,it is judged that even after the
abow coraiderations are factored in, the combined
failure probability would be negligible.

19L7.4 Conclusion

It is concluded that loss of core cooling capability
during operating modes 4 & 5 is a negligible
contributor to ABWR plant risk.

.

A

Amendment +3 19L7-2
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Table 19L7-1

DEPENDENCY OF CORE COOLING

SYSTEMS ON ELECTRICAL POWER

PO%TR SYSTEMS
FIRE

| SYSTEM OFFSITE COMBUSTION DG1 DG2 DG3 DIV1 DIV2 DIV3 DIESEL
POWER TURBINE DC DC DC GENERATOR

RCIC XX

HPCF(B) OR OR OR XX

HPCF(C) OR OR OR XX

FW(A) OR OR OR* OR* OR*

FW(B) OR

CRD (A) OR OR OR* OR* OR'

CRD (B) OR OR

LPFL(A) OR* OR OR XX

LPFL(B) OR* OR OR XX

LPFL(C) OR* OR OR XX

FIREWATER" OR* OR OR* XX OR

CONDENSATE
(A) OR OR* OR* OR*
(B) OR
(C) XX
(D) XX

Notes:

DG1 - Dieselgenerator1
FW - Feedwater
LPFL - low pressure core, flooder
OR - Redundant supply to other ors
XX - loss of this power supply means loss of system

| - Assumes feedback capability for combustion turbine distnlution system*

- AC independent water addition system"

6
t

Amendment 2 19L7-3
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) 19L8 LOSS OF DECAY HEAT - Reactor water cleanup heat exchanger

j( REMOVAL EVENTS
: An overpressure relief rupture disk (containment

19L8.1 Introduction vent) has been added to the ABWR design and this'

i can also be used to remove the containment heat

: In the ABWR internal event PRA, Section 193) under certain conditions.

i accident sequences were analyzed to a point where

i the reactor is in a condition of hot stable shutdown The success criteria for operating mode 4 are
; with the reactor mode switch in shutdown, the given in Table 19LS-1. It should be noted that even

reactor suberitical, pressures and temperatures though the reactor is at low pressure, main (2

| stabilized and within limits, containment and condenser and RWCU beat exchangers can still be j

i suppression pool cooling being maintained and used to remove decay heat following failure of the
i vessel water level controlled. The heat removal RHR system. The overpressure relief rupture disk
'

systems were evaluated for the first 20 hours of comes into play when the containment is pressurized

| operation. Therefore, the shutdown risk evaluation following the loss of all heat r::moval systems.
for operating mode 4 begins at 20 hours after i

shutdown. Twenty hours of shutdown cooling results During operating mode 5 both the RPV and
in a reactor coolant temperature of 51fC or less. It drywell heads are open and the containment is thus |

!takes about 2 to 3 days to resch operating mode 5. " vented" already. Complete failure of heat removal
Therefore, evaluation for operating mode 5 starts at functions would result in initially heating the pool of i

about 48 hours after reactor shutdown. water and eventually, in the worst case, boiling the
'

water. For all practical purposes this is similar to i

Appendix 190 contains additional information on removing Ihe containment heat through the
the risk associated with loss of decay heat removal overpressure relief rupture disk (vent) following

,

during shutdown conditions. which the suppression pool begins to boil. In both !

cases water m'akeup to the respective pools is
19L8.2 Accident Initiators necessary. In other words, operating the reactor in

mode 5 can be seen as operating with a vented .

The core cooling and heat removal systems are containment, and if heat removal functions are lost !

either available or in operation at the onset of during this mode, the only action needed is to make j
operating modes 4 and 5. (Scenarios involving up the water inventory lost by evaporation. !

failure of these systems prior to shutdown are '|
analyzed in the SSAR internal event PRA.) This There is sufficient time available to provide the j

means, prior to operating mode 4, at least 20 hours makeup water and therefore loss' of RHR during i

of core and containment cooling has been operating mode 5 is not judged to be a safety i
!successfully in operation. At this point, accidents concern. Therefore, the rest of this review focuses

involving loss of the intended RHR heat removal on operating mode 4.
function can be initiated only as follows:

. ,

19L8.4 Review of Accident Sequence '

- Internal failures in the RHR System, or |
- Failures in the RHR support systems such as At the start of the event, the core cooling as well |

'

offsite and onsite power, or service water, or as the heat removal functions are in operation.
Improper operation of the RHR system (flow Initially, the heat is removed by the main condenser-

diversion by operator). and after the reactor pressure is reduced,if the
reactor is not isolated, the RHR system is engaged in

19L8.3 Success Criteria the shutdown cooling mode. If the reactor is-

isolated, core cooling is provided by the high
The ABWR plant features many redundant pressure system and the heat rejected to the

means of removing decay heat. In the SSAR internal suppression pool through the SRVs is removed by
event PRA, depending upon the sequence, credit has the RHR system in the suppression pool cooling
been taken for the following: mode. At about 20 hours into the event, with the |

reactor temperature at approximately $1.7 C, the |
- Main condenser (normal heat removal path) RHR system fails as a result of internal failures, or
- RHR (3 redundant loops)

%
,

!

Amendc)ent 'A 19LS-1
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support system failures. loss of RHR function is the periodically made up. Thus, in summary, it is
initiator. Success criteria are listed in Table 19LS-1.

concluded that loss of containment cooling function |during operating modes 4 and 5 pose a negligible
The probability that all these systems will fail due threat to the ABWR plant safety.

to unrelated problems is judged to be negligible. It is
more likely that these systems will fail as a result of
failures in the support systems. Table 19LS-2 shows
the power related support systems for the systems
listed in the success criteria. The ABWR plant
technical specifications require that during operating
mode 4, at least one offsite AC power source and
one diesel generator be available. In addition, the
gas turbine is crpected to be available. The most
likely accident initiator is the loss of offsite power. If
power is not recovered in time (say 24 hours), and
the diesel generator and the gas turbine fail to start,
then the only heat removal system available is the
overpressure relief rupture disk. The combined
probability of event sequence is calculated as follows:

| Loss of offsite power = 2.0E-3/ year
during one week (See Subsection

19L7.3)

Offsite power not re- = 2.3E-4/ demand
covered in 24 hours (19L11,Ref 6)

Failure of one diesel 22.5E-02/ demand
generator

| Combustion turbine 2 5.0E-02/ demand
failure to start

Failure of overpressure 21.0E-3/ demand
rupture disk

The combined failure probability of this sequence
of events is then calculated to be negligible (26.0E-
13 per year). It is recognized that this analysis does
not include all the failure paths and does not account
for equipment that are unavailable due to main-
tenance. On the other hand,it should also be noted
that failure of heat removal function does not
automatically lead to core damage as has been
assumed above. Only a fraction of these sequences
lead to core damage as would be evident if detailed
containraent event trees were developed. On
balance,it is concluded that the probability of core
damage, resulting from a loss of containment heat
removal function during operating mode 4 is
negligible. It has also been identified that no
problems are anticipated during operating mode 5 as
long as the water evaporated by boiling is

Amendment 28 19LS-2
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Table 19L8-1
A
( ) SUCCESS CRITERIA FOR LONG TERM HEAT

'

v
REMOVAL FOR OPERATING MODE 4

Function Success Crituia

Contaiment RHR-A or B or C )U
heat removal or
during operating Normal heat regoval usingimode 4 main condenser

or i

Reactor water cleanup i

or i
N '

Overpressure relief rupture dix
:
!

!

|

Notes:

1) RHR can be operated in either the suppression pool cooling or the shutdown cooling mode.
Shutdown cooling requires the reactor to be at low pressure.

2) Reactor will have to be pressurized and MSIVs opened for establishing this path.

( 3) Reactor may have to be pressurized to use the RWCU system efficiently to remove decay!

''
heat or reactor water could be drained to the main condenser hotwell through the RWCU

,

system and reactor water makeup obtained from HPCF, feedwater, CRD byrdraulic l

system, or the AC independent water addition system.

4) Reactor will have to be pressunzed and heat transferred to the suppression pool through
safety / relief valves. Long term suppression pool makeup will be required to compensate

| for water lost through evaporation and reactor water makeup must be obtained from any of
the methods indicated in Note 3 above.

i

|

!

[s-~~)
'

'

Amendment % 191 8-3~~
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Table 19L.8-2

DEPENDENCY OF HEAT REMOVAL SYSTEMS ON ELECTRICAL POWER '

|
i

!

| SYSTEM OITSITE GAS DG1 DG2 DG3 DIV1 DIV2 DIV3
i POWER TURBINE DC DC DC
|

RHR (A) OR* OR OR XX

RHR (B) OR* OR OR XX

, RHR (C) OR* OR OR XX
l

RWCU A OR* OR

RWCU B OR* OR

t OVERPRESSURE
! RELIEF "
|

MAIN XX
CONDENSER

i

Notes:

! DG1: Diesel generators
I OR: Redundant supply to other ors

XX: 1.oss of this power supply means loss of system
| *: Assumes feedback capability for combustion turbine distribution system.

": Does not need power source for operation. Also, the function provided by the overpressure
relief can be provided by operator opening one of the containment doors.

!

i

<

| |
1

!

I

i

!

|

|

9I|Amendment 28 19LB4
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19K.1 Introduction

In this appendix, the results of the PRA are
reviewed to determine the appropriate reliability and
maintenance actions that should be considered
throughout the life of an ABWR plant so that the
PRA remains an adequate basis for quantifying plant
safety. These actions comprise a part of the plant's
reliability assurance program (RAP).

Paragraph 8.8, * Maintenance and Surveillance *,
of the ABWR Licensing Review Bases (Reference
1), reads in part, *GE is to provide in the SSAR the Q

reliability and maintenance criteria that a future
applicant must satisfy to ensure that the safety of the
as-built facility will continue to be accurately
described by the certified design.* This appendix
provides the PRA based reliability and maintenance
actions which should be considered for incorpora-
tion into the future applicant's (i.e., the applicant
referencing the ABWR design) operating and
raaintenance procedures required by Standard
Review Plan (SRP) Section 13.52. As indicated in
Table 1.8-19, SRP 13.52 is an interface requirement
to be provided by the utility applicant referencing the
ABWR design.

O

O Amendmen- 19K.1-1
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19K.2 General Approach

To determine the appropriate reliability and
maintenance-related activities that should be
considered to assure that plant safetyis maintained
as operation proceeds, results of PRA and other
analyses were reviewed. The objective of the reviev,
was to determine the relative importance of
prevention and mitigation features of the ABWR in
satisfying the key PRA goals related to core damage
frequency (CDF) and frequency of off-site release.
Also considered were the initiating events that had
significant impact on CDF. From this review
(Section 19K3), the most important plant features
were identified.

The PRA was further reviewed (Sections 19K.4
through 19K.10) for other important features, the
failure of which was not addressed directly in Section

'

19K3, to supplement the above list. Finally (Section
19K.11), the indhidual features identified in Sections
19K3 through 19K.10 were reviewed to determine

,
appropriate maintenance and surveillance actions.

<

Amendmem 2 19K.2-1
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SECTION 19K3

TABLES
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1
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19K.3 Determination of"Important laitiating events that are significant contributors
Structures Systems and to CDF in the Level 1 analysis are listed in Table
Componen,ts for Level 1 Analysis 19K.3-3. There are N: such events which are shown'

with their frequency and their total and relative
To determine which plant structures, systems and contribution to CDF. The three most significant

components (SSCs) are the most important with events, accounting for more than 70% of the CDF,
respect to CDF, the Level 1 analysis results were are all station blackout events. The next two esents,
analyzed. The SSCs were listed in order of contributing 11% and 7% of CDF, respectively, are
Fussell-Vesely (FV) importance, or the percent of isolation / loss of feedwater and manual reactor
cutsets that contribute to the CDF, as calculated by shutdown. All other initiating events contribute less
the CAFTA code. A second criterion for selecting than 5% of CDF cach.
SSCs was to consider those SSCs with high * risk
achievement worth *, or the increase in CDF if that The components within the control of the COL
SSC always fails. The 19 SSCs of greatest applicant that are of most significance to limiting the
importance, in that they had FV importance greater frequency of station blackout are the diesel
than 1%, contributed more than 60% of the sum of generators and the combustion turbine. The COL
the importances and they are shown in Table applicant should assure that maintenance and test
19K.3-1. Also shown for each SSC is its risk activities for these components are appropriate to
achievement worth, and five additional SSCs with .ssure high reliability.
risk achievement worth greater than 20 were
considered. Not shown in Table 19K.3-1 are several Systems that are most important to limiting the
human error contributions. Significant human errors frequency ofisolation/ loss of feedwater are the
are addressed in Subsection 19D.7. feedwater and feedwater control (FWC) systems.

The FWC system is triply redundant, having digital
The 24 SSCs in Table 19K.3-1 were further logic with self-checking. The automatic checking of

evaluated to eliminate those with a combination of the FWC system assures that its reliability remains
low values for both FV importance and risk high throughout operation. The COL applicant
achiewment worth. The five SSCs meeting this should assure that maintenance and test activitics for
criterion are so indicated. However, one of those risk-significant components in the FW system, the
five is retained because of its designation as a FW pumps and motors, are appropriate to assure
* critical task * in the human factors evaluation of high reliability.
Subsection 18E.2. The other four are not considered
further in this Section. Unplanned manual reactor shutdowns occur with

a relatively short time for preparation,in contrast
The remaining 20 designated SSCs of Table with a planned shutdown. To assure that the

19K.3-1 should be included with important SSCs unplanned shutdowns will not cause undue risk to
being considered for periodic testing and/or the plant, the training procedures should include
preventive maintenance (PM) as part of the adequate training, including simulator exercises, for
Reliability Assurance Program (RAP) of the plant such events so the operating crews can respond to
owner / operator. The reliability and maintenance plant conditions during such shutdowns on short
actions suggested for the listed SSCs are identified in notice.
Section 19K.1L

The RAP activities for important SSCs identified
A second table,19.K.3 2, was prepared to show by consideration of initiating events are included in

those SSCs with risk achievement worth between 5 Table 19K.11 1.
and 20. These SSCs all have very low Fussell-Vesely
importance, indicating a low probability of failure. Tbc relative importance of some ABWR features
However,if they fail, the impact on CDF is not is not established by the Level 1 analysis described
negligible. Most of these SSCs have risk above because some important SSCs are not treated
achievement worth of 12 because their failure would in the Level I calculation. To identify other
result in failure of the RCIC system to perform its important SSCs, the Level 2, seismic, fire, flood and
function. shutdown analyses results were carefully reviewed by

knowledgeable engineers who identified additional
SSCs for the RAP. The nnportant SSCs identified in

Amendment $ .19K.11
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these other studies are given in Sections 19K.4
through 19K.10, and RAP activities are in Section
19K.11.

1

.
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Table 19K.3-1

i ABWR SSCs of Greatest Importance for CDF, Level 1 Analysis

Fussell-Vesely Risk
Importance Achievement

SSC *Te Worth

ROC System (Unavailable, Test or

Maintenance ) 21.8 12.
Multiplex Transmission Network (CCF) 12.1 204,400.
RCC Turbine 12.0 12.
RQC Pump 7.4 12.
Triplogic Units 6.0 204,300.
Remote Multiplexing Units 6.0 204,300.
ROC Turbine Lubrication System 4.6 12.

Station Batteries (CCF) 33 13,160.
Single Offsite Power Line 3.1 4.1
RQC Min Flow Bypass Vahr E51-FD11 (NOFO) 2.0 12.
ROC Min Flow Bypass Valve E51-FD11 (NCFC) L9 12.
RQCInjection Vahr E51-F004 (NCFC) 1.9 12.
ROC Steam Supply Valve E51-F037 ( ) L9 12.

HPCFMaintenance Valve E22-g5Bp'1.7 2.7
Combustion Turbine Generator 1.7 13
ROCIsolation SignalIegic 1.5 12.

Both Offsite Pger Sources 13 14.

HPCFgump 1.1 2.6
SRVs 1.0 43
RHR Flow Transmitters (CCF Miscalibration) 0.2 32.
SRV (CCF) < 0.1 189.
Level 2 Sensors (CCF) < 0.1 273.
Level 8 Sensors (CCF Miscalibration) < 0.1 28.
DigitalTrip Modules (CCF) < < 0.1 281.

II) SSCs with low FV importance and low risk achievement worth. Not considered further for
RAP.

I) SSC with low FV importance and low risk achievement worth, but retained because of
human factor importance.

~

'

Amendment 27 19K.3-3



_ ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

ABWR mamis i
| Standard Plant Rev. A

'

|

!

Table 19K.3-2

ABWR SSCs With Risk Achievement Worth
Between 5 & 20 For CDF, I2 vel 1 Analysis

|

Fussell-Vesely Risk
importance Achievement

SSC 8Tc Worth

RCIC Turbine Exhaust Isolation
Vaht F039 Limit Switch Fails 0.74 12.

RCIC Steam Supply Bypass Valve
F045 Limit Switch Fails 0.74 12.

Div 1 Transmission Ntwk Failure (EMS) 0.70 13.
All 3 Diesel Generators, CCF 0.56 11.

,

1st ESF RMU Div 1 Fails 034 13. !
2nd ESF RMU Div 1 Fails 034 13.
RCIC Flow Sensor E51-FT007-2 Fails 032 12.

RCIC isolation Valve F036 Fails (NOFC) 0.18 12.

RCIC isolation Va!ve F035 Fails (NOFC) 0.18 12.

RCIC Isolation Valve F039 Fails (NOFC) 0.18 12.

RCIC Check Valve ESI-F003 Fails to Open 0.15 12.
RCIC Check Vsht F038 Fails to Open 0.15 12.
RCIC Outboard Check Vaht FD05

Fails to Open 0.15 12.
NBS Isolation Check Valve B21-F003B

(FW Isolation) Fails Closed 0.15 12.
NBS Isolat'an Check Valve B21-F004B

(FW Isolation) Fails Closed 0.15 12.

NBS Manual Vahe B21-F005B (FW
Isolation) Fails Closed (NOFC) 0.14 12.

RCIC Pres Sensor PIS-2605 Miscalibcated 0.054 12.
RCIC Flow Sensor FT-007-2 Miscalibrated 0.054 12.
RCIC Pressure Sensor E51-PIS-2605 Fails 0.013 12.

Failure of Divh'on 1 Distribution Panel 0.0064 12.
SP Temp High (Loss of Pump Head) 0.00055 6.6
SLU/ EMS Link for Div i SLU 1 Fails

(RCIC Fails) 0.00046 12.

SLU/ EMS Link for Div 1 SLU 2 Fails
(RCIC Fails) 0.00046 12.

Notes: EMS = EssentialMultiplexingSystem
ESF = Engineered Safety Feature
RMU = Remote Multiplex Unit
SLU = Safety System Logic Unit

Amendment 3 19K.3-4
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Table 19K.3-3

ABWR Initiating Event Contribution
to CDF, Level 1 Analysis

Events Total Percent CDF
Initiatine Event Per Year CDF X 10 Contribution

Station Blackout for Less
Than Two Hours 1.22E-6 6.67 42.7

Station Blackout for Two
to Eight Hours 4.46E-7 2.57 16.5

Station Blackout for More
Than Eight Hours 1.62E-8 1.71 11.0

Isoladon/less of Feedwater 0.18 1.70 10.9

Unplant ed Manual Reactor
Shutdowa 1.00 1.15 7.4

I

I
Amendment N 39333
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19K.4 Determination of"Important important SSCs for the LDF system since they
Structures Systems and provide for flooding of the drywell floor.
Componen,ts for Level 2 AnalysisI

4. The containment overpressure protection system
(COPS) -- The COPS is important since it

The Level 2 analysis evaluates the offsite release prevents containment failure and assures a fission
of fission products following core damage. Those product relense path through the suppression
analyses related to the consequences of core damage pool. This serves so limit the potential offsite dose
were reviewed, including source term sensitivity after a core damage event. Sequences which
studies, deterministic analy is of plant performance, result in slow pressurization will lead to a failure
end containment event trees. Those systems which in the wetwell, as opposed to the drywell. Since
would be important with regard to mitigating a core the suppression pool scrubs fission products
damage event were considered as potential before they enter the werwell air space, this results
risk-significant SSCs. The following features were in a much lower source term than does the case of
identified: a drywell head failure.

1. The automatic depressurization system (ADS)- The COPS will also reduce the potential for a
The ADS depressurizes the RPV so that the low Class II sequet.cc to lead to core damage. The
pressure systems can inject water. Even if no predominan! mechnism for core damage in Class
water injection is available, the depressurization Il sequences is failure of containment or reactor
via one safety / relief vahe (SRV) eliminates the building structures causing damage to long term
potential for direct containment heating in event heat removal equipment. Operation of the COPS
of RPV failure. The SRVs are important SSCs directs the gas flow to the stack, preventing
for the ADS since they are the components that damage to the equipment. The COPS SSCs
function to release steam to reduce RPV identified by the analysis are the rupture disks,
pressure. which prevent containment failure and limit offsite

doses after core damage, the isolation vahrs, and

I
2. The ac-independent water addition (ACIWA) the flow lines.

system -- The ACIWA system has two major
benefits. First,it can inject water into the RPV 5. The RHR system is a primary source of decay
to prevent core damage or facilitate in-vessel heat removal. Decay heat removalis necessary to
recovery. Second, it helps protect the prevent fission product release from the
containment by flooding the lower drywell containment in the unlikely event of a severe
(diverse from LDF) to cool corium in event of accident. Also, the drywell spray function of the
core melt and vessel failure. The ACIWA system RHR is an important feature in limiting the
can also be used to reduce high drywell consequences of the level 2 analysis. The valves
temperature when operated in the drywell spray of the RHR system that control this spray function
mode. are included in RAP. The wetwell spray function

of the RHR is used for control of bypass leakage
Also, for sequences with loss of containment heat by keeping containment pressure low. It does not
removal, the ACIWA system adds thermal mass play as important a role in the analyses performed
to the containment, significantly delaying the as does the drywell spray, so its components will
time of rupture disk opening. The important not be a part of the RAP.
SSCs for the ACIWA system are the valves and
the diesel-driven pump, as they provide for she The RAP act.Nities for important SSCs identified
addition of water to the core and/or drywell. by this Level 2 awiysis are given in Table 19K.11-L

3. The lower drywell flooder (LDF) -- The LDF
<

system was selected because it is important in
providing cooling for corium released from the
reactor vessel and in scrubbing fission products
released from the corium in the event all the

D
automatic and manual systems fail to inject
water. The LDF fusible plug valves are

Amendment 2P
19KA-1
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19K.5 Determination of"Important
Structures Systems and
Componen,ts for Seismic Analysis

%,

The seismic analysis considers the potential for
i core damage from plant damage resulting from a i

,

j seismic event. The results of the seismic analysis |identified key features by consideration of those :|

SSCs important to reactor shutdown or to decay heat
! removal which could potentially be damaged by

|
| seismic action. The following features were ;

identified as having high confidence, low probability
of failure (HCLPF) capacities less than 0.60 (twice
SSE). |

- The diesel generators,480Vac transformers, and
j

motor control centers of the ac power system
!

- The batteries, battery racks and inverters of the
|

de power system
- The motor driven pumps, heat exchangers, and

room air conditioning units of the senice water
;

system
i

- The motor driven pumps of the high pressure ;
core flooder system 1

- The motor driven pumps of the residual heat :
removal system -

|
- The SLC tank and the motor driven pumps of the

;
standbyliquid control system

{
- The motor driven pumps of the fire water system |

The RAP activities for important SSCs identified i
by this seismic analysis are given in Table 19K.11-1.

|

|

|
!

IAmendment 19K.5-1
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j 19K.6 Determination of'Important
i Structures, Systems and !

| Components' for Fire Analysis .

a |
! The fire analysis conuders the potential for core |
; damage from plant damage resulting from a fire. ,

| The important SSCs identified by this analysis are l
the room fire barriers, which prevent the fire from ;

j spreading to other rooms, the smoke removal ;

j system, which maintains pressure differentials to
'

j exhaust smoke rather than allow it to reach other
!i areas, and the remote shutdown panel and control

) which are needed following a fire in the control room >

j or HVAC failure in the control room. !
;

,

k

! The RAP activities for important SSCs identified ;

by this fire analysis are given in Table 19K.11-1. j

I
: ,

i i
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1 19K.7 Determination of'Important
Structures, Systems and:

| Components for Flood Analysis
.

. The flood analysis considers the potential for
! core damage from plant damage resulting from a
j flood. The important SSCs identified by this analysis

are the ECCS room and turbine building / service'
i

f building water tight doors, which prevent water from I

: flowing into rooms other than the one with the leak, j
'

isolation valves on the reactor senice water system, j

which limit the amount of water spilled into the |
| control building, and circuit breakers that will trip ;

RSW pumps, which also limits the amount of water ]

: spiBed into the control building. {
l

'

j The RAP activities for important SSCs identified ;

( by this flood analysis are given in Table 19K.11-1.
! ,

| ;
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19K.8 Determination of1mportantl

! Structures, Systems and
i Components for Shutdown Analysis

|

The shutdown analysis considers the potential for
core damage during shutdown. Potential core

.Idamage during shutdown arises when the RHR
system is lost. The important SSCs identifed by this .

analysis are the ADS system, the RHR system for
'

shutdown cooling and in the low pressure flooder |

| (LPFL) mode, the high pressure core flooder i

| (HPCF) system, and the control rod drive (CRD)
system. Also important are the support systems, ac '

power and de power. The important components are
SRVs of the ADS system, valves and pumps of the '

RHR system and of the LPFL, HPCF and CRD I

j systems.
!.,

The RAP activities for important SSCs identified ;

by this shutdown analysis are given in Table j

| 19K 11-1. |

|
1

I
i

!

|

|
2

|

|

|

!

l
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| 19K.9 Reliability and Maintenance
! Actions

Several plant systems have multiple trains of
which only one is required to operate to perform the <

system safety function, the other trains providing |
redundancy. Because of this redundancy, j
components of the systems may not show up in a '

listing of high importance components. However,it j

is possible that operation or maintenance activities
related to these systems could introduce some |
common cause failures which could affect all similar

i trains of a given system and, thereby, render all
|

trains of such systems incapable of performing their
|

| safety functions. Fngneeringjudgment was used to |
identify the multiple train systems having important j
safety functions that should be checked in addition to
any identified component tests or maintenance. The }
systems selected are the RHR system in the
shutdown cooling and the low pressure flooder j
(LPFL) mode, the high pressure core flooder ;

(HPCF) system, the reactor water cleanup (CUW)
system, the reactor service water (RSW) system, and

|
the ac electrical system. j

.

A single train of each of these systems should be |
designated for RAP by the COL applicant and the !
train should be given a walkdown inspection every

,

refueling outage. The inspection should verify that j
system equipment is being operated and maintained

|properly so that there is no reason to suspect that ;
other trains of the same system have problems that

,

would preclude the system from performing its safety ;
functions. The RAP activities for trains of systems ;
identified by this analysis are given in Talae '

19K.11 1.
|

|

Amendment '8 19K.9-1
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19K.10 Identification ofImportant
Capabilities Outside the Control
Room i

- I

Most safety related actions by plant operators are I

conducted from inside the control room. However, |

in some sequences it is necessary for the operators to '

take appropriate action from stations outside the
control room. Engineering judgment was used to !
identify activities that the operators should be

i capable of performing outside the control room,
| during internal flood, during reactor shutdown, or

when the control room is inaccessible, such as in
3

event of a fire. '

. !

| The identified activities outside the control room j
| are: (1) execution of the emergency operation i

procedures for operating the remote shutdown
panels; (2) manual operation of the RCIC from !
outside the control room; (3) closing water tight !
doors that are open (if there is flooding in the intact |
RSW division) before opening doors to attempt I

corrective action; (4) manual lineup of the ;

combustion turbine generator and emergency diesel !
generators to non-safety related buses; (5) manual !
connection of the ac-independent water addition i
system; (6) manual bypass of the regenerative heat

O crrhanger in the reactor water cleanup system; and

Q (7) connection of the diesel fire truck to the
ac-independent water addition system after a seismic
event. The RAP activities identified by these |
considerations are given in Table 19K.11-1.

!

!

|

N
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19K.11 Reliability and Maintenance The RCIC pump is tested at the same time by
Actions measurement of speed, flow rate, differential

pressure, and vibration. The turbine lube oil pump
The individual SSCs identified as being operation and many of the RCIC valves are also

"important"in Sections 19K.3 through 19K.10 were tested when the turbine testing is done. These RAP
reviewed to determine the appropriate reliability and activities are included in Table 19K.11-1.
maintenance actions. These actions are defined in
this secdon. Trip logic units (TLUs) for the reactor protection

system (RPS) represent another high importance
The important SSCs are tabulated in Table component. Functional tests of these TLUt are

19K.11-1, showing the failure mode or cause, the performed at frequent intervals by the on-line,
recommended maintenance, the test or maintenance self-test feature of ABWR solid-state logic.
intervals and the basis for intervals, and the Additional off-line, semi automatic, end-to-end
unavailability or failure rate. Where several (sensor input to trip actuator) tesdag of TLUs, which
components in one system are identified, such as for exercises the safety system logic and control logic
the RCIC, the ACIWA, and COPS, only the system processes,is important because it allows the
unavailability is given. If the owner / operator cannot detection of failures not sensed by the on-line
demonstrate each component meeting its system. The TLU tests that are suggested as part of
unavailability assumpdon, the PRA assumptions will the RAP are given in Table 19K.11-1.
still be valid if the system unavail- ability assumption
is met. Station batteries receive periodic checks in

accordance with plant technical specifications. These
19K.11.1 Component Inspections and checks will be adequate to assure that the batteries
Maintenance will have the reliability assumed in safety analyses.

The system of greatest FV importance is the For the normally closed, fail closed (NCFC)
RCIC system, which has been assigned 2% injection valves, the steam supply valves and the
unavailability for test and maintenance. The amount bypass valves of the RCIC system, which normally
of time the RCIC system is unavailable because of are not required to operate during plant operation, a
test and maintenance should be monitored to assure quarterly full stroke test is judged to be appropriate
that it remains within the 2% assumption annually. for the RAP. Such tests are in compliance with

ASME Code requirements for valves in nuclear
Multiplexers which provide multiple signals to plants. Detailed disassembly, inspection and

several systems are identiSed by the Level l analysis refurbishment of valves would be donc less
as high importance components. Safety system frequently. The normally open, fail open (NOFO)
multiplexers have a built-in self test that checks bypass valves should be considered for similar tests.
circuits frequently. 'In addition, one of four Suggested RAP activities and frequencies, and the
muldplexers can be bypassed and tested during plant basis for each suggested activity, are shown in Table
operation without loss of system function. Such tests 19K.11-1 for identified failure modes.
provide a complete simulation of the multiplexer
signals, more than included in the self-test. During The HPCF maintenance valve is normally locked
plant outages more detailed multiplexer tests are open, and its failure mode is being left closed
possible, including a complete system test and following maintenance. To prevent this human error
identification of signal errors. These tests will from occurring, administrative controls should
include verification that the remote multiplexing require independent venfication of the valve position
units function properly. Multiplexer tests that are following maintenance, positive control of the key to
suggested as part of the RAP are given in Table the valve lock, and control room verification of the
19K.11-1. valve position prior to startup. The RAP activities

are in Table 19K.11-1.
The turbine of the RCIC system is an important

component, as identified in Table 19K.3-1. Periodic The RCIC isolation signallogic should have a
startup and operation of the RCIC turbine is one logic functional test every three months to assure it is
way to monitor this turbine, and less frequent turbine functioning properly as shown in Table 19K.11-1.
inspection and refurbishment are also recommended. !

Amendmem 7 19K 11-1
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Reliability of offsite power sources cannot be they would function properly if conditions required a
e completely controlled by the plant. However, to change in position. These valve tests are included in

assure that plant equipment does not contribute to Table 19K.11-1.
power losses, inspection of switchyaru equipment
should be performed with a frequency of at least 19K.11.2 RCIC System Testing
once every six months in accordance with site
administrative procedures. Such inspections should The Level 1 analysis identified the reactor core
include confirmation of secure structural mounting isolation cc, ling (RCIC) system as one whose
of equipment, physical condition of insulators and failures contribute substantially to CDF. Failure of
other supporting apparatus, and visual inspection of RCIC to start or failure to continue operation after I

transformers and other oil filled equipment for oil start are failure modes that are identified as
leaks. Infrared thermography should be used to significant. To provide assurance that the RCIC
detect hot spots on electrical equipment and operation will be as reliable as assumed for the
connections. All supports and supporting structures analysis it is suggested that the system be started and

*
should be examined for structural integrity. operated long enough to demonstrate stable
Suggested RAP activities are given in Table operation at least once every three months. The flow
19K 11-L rate of RCIC should be measured to verify that it

meets design requirements for injection into the
Common cause failures (CCFs) of RHR flow RPV. Quarterly tests are with flow to the

meter calibration. level 8 sensor calibration, Level 2 suppression pool. The RCIC system test will
sensor calibration, and of digital trip modules accomplish many of the RCIC turbine, pump and
(DTMs) will have acceptable probabilities if valve tests and will demonstrate that the Division 1
adequate administrative controls are exercised. distribution panelis functioning. Components of
Calibration procedures for RHR flow meters and for RCIC that have been identified as significant,
Level 8 sensors should include notes about the safety including many vakes and instruments, are included
importance of these instruments. The procedure for in Table 19K.11-1 with identified failure modes and
testing DTMs should include a warning about their suggested RAP activities.
importance to safety. Suggested RAP activities are
given in Table 19K.11-L 19K.11.3 Depressurization

The CCF of safety relief valves (SRVs) can be The ADS technical specifications were reviewed,
kept to an acceptably low probability if the SRVs and it was concluded that no additional reliability
receive the appropriate inservice inspection,if and maintenance actions are needed. Testing of
identified problems receive root cause analysis and ADS system SRVs is included in Table 19K.11-1 with
correction, and if the configuration and qualified life the other RAP activities.
of the valves at the site (or elsewhere) is maintained
correctly, including consideration for aging and wear 19K.11.4 Lower Drywell Flooder (LDF)
of parts. The SRV control panel can also be tested,
separate from valve operation, to assure that it works Activities suggested for RAP are given in Table
properly. An inservice check to detect for valve 19K.11-1 and discussed below.
leakage that can lead to setpoint drift is the
temperature alarm on the tail pipe. The inservice L The ten fusible plug valve flanges and outlets
inspection of SRVs is included in Table 19K.11-1 for should be inspected every refueling outage to
RAP. assure there is no leakage.

Isolation check valves of the NBS are leak tested 2. Two of ten fusible plug valves should be removed,
at refueling outages, and that test demonstrates that inspected and their temperature setpoints tested
the valves move from open to closed. Subsequent every two refueling outages. (See testing and
plant operation of the feedwater system opens the inspection requirements, Section 9.5.12.4.)
valves, giving assurance that they have ability to
open. The NBS manual isolation valve has a stroke
test at each refueling outage to assure that it can
function. Testable check valves of the RCIC system
can also be checked at each refueling to assure that

Arnendment 'A 19K ll-2
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19K.11.5 AC-Independent Water Addition 2. As a part of the normal testing required by the |

( (Firewater) System utility's fire protection procedures, the following ;

tests should be considered: j(^ Inspection and testing of this system should be j
included in RAP. However, because of the (a) Once every two refueling outages or every .

importance of manual alignment, lining up the four years (which ever is most convenient) !

firewater should be specifically included in the the fire truck should be used to pressurize the !
training programs to assure that the system benefits fire protection system and test the flow :
are obtained. capacity. Suction should be from both fire i

protection tanks and the ultimate heat sink j
The strategy rh =A belowis recommended to water supply.

test key components to assure that pumps and valves (b) Once every two refueling outages or every L

are operable and that there is no significant flow four years the flow capacity of both the {
blockage in the flow paths from the fire water system ac-driven and the direct diesel driven fire :

to the reactor pressure vessel and to the drywell pumps should be tested. This flow test can be ;
spray. Component testing is included in Table alternated with the fire truck flow test (2a i

19K.11-1. above). The diesel driven fire water pump is j
assumed to have 90% reliability for !

1. On-site fire truck (pumper) maintenance should - supporting the water injection function. I

be conducted in accordance with the utility's !

normal fire protection maintenance procedures. 3. Once every two years the RHR nonsafety related [
A site service test of fire truck performance valve (E11-F103C of Figure 5.4-10, Sheet 7) which |

should be performed annually or after any major must operate to provide flow to the vessel, or to f
repairs in conformance with Chapter 11 of the dryweli spray or wetwell spray, should be i

'NFPA1901, " Standard on Automotive Fire manually opened and closed. Safety related valer
Apparatus". These tests should demonstrate that E11-F101C and E11-F102C are exercised every [
the pumper / engine combination is capable of three months as part of the valve in-service testing ;

Imeeting the performance requirements of the program.
j original certification or acceptance tests. Fire ;

truck reliability for supporting the water injection 4. Once every four years the ac independent water ;

function is assumed to be 90% A satisfactory addition (ACIWA) flow and flow monitoring j

service test should consist of pumping water to instrumentation from the fire protection system i
the ground or back to the suction source as (FPS) to the RHR main loop should be tested.
follows: This can be accomplished during a reactor

; shutdown by initially isolating and closing off the
(a) Twenty minutes of pumping 100 percent branch lines of the RHR main loop C (however, ;

rated capacity, preferably at draft, at 150 psi the heat exchanger throttle valve E11-F004C
(1039 kPa) net pump pressure; remains open) and stopping both pumps, C001C |

and 0002C. After ACIWA valves E11-F101C and jt

| (b) Ten minutes of pumping 70 percent rated E11-F102C are opened to apply the FPS pressure '

capacity at 200 psi (1379 kPa) net pump to the RHR main loop, the shutoff head pressure
pressure;and should be verified. With the RHR main loop

closed off, no flow should occur. Then for a short
| (c) Ten minutes of pumping 50 percent rated time period, the flushing drain to the radwaste
! capacity at 250 psi (1724 kPa) net pump using valves E11-F029C and E11-F030C, Figure

pressure. 5.4-10, Sheet 6, can be opened. The resulting flow
can be measured with flow meter E11-FE012B,

| Engine speed should be recorded for each Figure 5.4-10, Sheet. 4.
condition. A * spurt * test need not be conducted,
but if care is taken to ensure that the pump does Throttling valve E11-F030C can be used to turn
not cavitate, running the pumper with wide open the flow on and off and limit the flow to the
throttle at 165 psi (1138 kPa) net pump pressure desired rate and duration. The flow duration !

( may give a good indication of engine condition. should be minimired to reduce the load to
, radwaste. The test should be repeated first with
s,

Amendment 2B 19K tt-3
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i vahe E11-F101C closed, then with the fire truck 19K.11.7 Seismic Related Inspections
hose connection and valves E11-F101C and

l E11-F103C opened, Figure 5.4-10, Sheet 7. The seismic capability of the following equipment
is identified (Subsection 19K.5) as risk-significant:,

j 5. Once every five years all fire protection and emergency diesel generators,4S0Vac transformers
RHR piping which forms the ac-independent and motor control centers of the ac power system;
water addition system should be tested to ensure batteries, battery racks and imtrters of the de power

, that it is structurally intact and properly system; motor driven pu.nps, heat exchangers and
J supported. roota air conditioning units of the service water

system; the SLC tank and motor driven pumps of the
i 6. Seismic-related inspections listed in Subsection standby liquid control system; and motor driven
! 19K.11.7 should be done, pumps of the HPCF system, the RHR system and

the fire water system. For this equipment, the
19K.11.6 Contairiment Overpressure following seismic related inspections should be

j Protection Systent (COPS) conducted once every 10 years or after any
] earthquake equal to or greater than the operating

The COTS is identified in Section 19K.4 as basis carthquake (OBE):'

} important to limiting fission product release.
j Suggested system component testing as part of RAP 1. Repcat the seismic walkdown which was

'.s identified in Table 19K.11-1. Also, system flow conducted after construction in the general area
testing and special operator training should be of the equipment. (The examination for seismic'

| considered for inclusion in the RAP. vulnerabilities described in EPRI NP-6041, not
iucluding a repeat of the calculational portion of >

1. Air-operated valves (AOVs) in series with the walkdown, is one acceptable method of
rupture disks should be maintained in the same accompisshing the desired inspection. This
manner as other containment isolation valves. It examination willinclude such issues as component
is suggested that, during preoperational testing functionality or integrity, component anchorage,:

and during each R/M outage, each valve be and secondary component interaction.)
exercised and proper open and closed local and
control room indication be cheeked. Any 2. Visually inspect all related supporting dedces and*

position other than full open should alarm in the supporting structures.
; control room. After valves are returned to the

open position, indication should be verified 19K.11.8 Plant Structures
locally and in the main control room. These tests
are included in Table 19K 11-1. No maintenance activities other than those.

i already associated with the in-service surveillance of

| 2. Rupture disks should be maintained as required the seismic instruments defined in Subsection 3.7.4.5
: by the ASME code. The rupture disk are needed for scismic events. The seismic

, manufacturer should perform the necessary tests instrumentation program (Subsection 3.7.4) is
j to certify that the rupture disks will open at a designed to provide information on the input ground
i pressure within 2% of the rated value. Every five motion and resultant responses of representative

years, the disks should be tested and replaced. Category I structures and equipment in the event an
These tests are included in Table 19K.11-1. carthquake occurs sufficient to activate the seismic

instrumentation. If the earthquake exceeds the
3. A flow test should be conducted every five years OBE, the plant is shut down, manually if necessary,

to assure that there are no obstructions in the and a detailed post-carthquake evaluatior,is under-
pressure relief path. taken. When it is determined that plant structures

and equipment were not damaged, the plant can be
4. Special training on operator actions following safely re-started on the basis of seismic

rupture disk opening should be included in the considerations.
plant training program.

Amendment J 19K 11-4
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19K.11.9 Hydraulic Control Units and 19K.11.12 Fire Protection

p) Control Rod Drives
The room fire barriers, the smoke removal ii('

i The technical specifications associated with the system, and the remote shutdown panel and control
hydraulic control units and control rod drives were were determined to be relatively important
reviewed. It was concluded that no additional (Subsection 19K.6). Fire barriers, including

' reliability and maintenance actions are needed penetrations, rshould be inspected periodically to
beyond those in technical specifications. assure that they retain their integrity with respect to

confining a fire. The smoke removal system should 1

19K.11.10 Etnergency Diesel Generators be operated annually to demonstrate that it will be |'

able to muintain a negative pressure in a room with a
Maintenance for the emergency diesel generators fire so that probability of propagation of fire and/or

is expected to be performed in accordance with site smoke to other rooms is low.
, procedures and the manufacturer's recommend-

ations. Surveillance testing is required in accordance Smoke removal system testing will be performed
with Regulatory Guide 1.108, *Periodie Testing of on each smoke removal zone in the reactor building,
Diesel Generators *, and with the surveillance the service building and the radwaste building.
requirements described in the Technical Smoke removal system testing will be patterned after
Specifications (Se tion 16.11.1) beginning with SR damper alignment intended for smoke removal

! 3.8.1.4. Seismic related inspections noted in operation of the system. This consists of reducing
Subsection 19K.11.7 should be done. normal exhaust from adjoining zones, to increase

their pressure, and bypassing exhaust filters or small
Maintaining emergency diesel generator relia- exhaust fans in the zone being tested to increase its

bility is a basic part of the station blackout rule exhaust flow rate. This will establish a pressure
(10CFR50.63). A reliability assurance program is differential between zones to reduce the possibility
required which maintains a target reliability, in view that sznoke will get into zones not directly affected by
of the existing requirements noted above,it isjudged a fire.

/' that additional reliability and maintenance activities
, (" are not needed. Personnel entry to an area experiencing a fire is
*

gained from an adjacent fire area which, by design, is
19K.11.11 Cornbustion Turbine Generator at a positive pressure with respect to the area

containing the fire. The pressure differential is
Maintenance for the combustion turbine sufficient to provide adequate velocity through the

generator (CTG) is expected to be performed in open door to push the combustion products back,

accordance with site procedures and the into the zone of the fire. The flow through the open
manufacturer's recommendations. Suggested door into the area of the fire and out of the area

'

surveillance testing includes monthly operation at through the fire's exhaust duct system is enhanced by
'

rated speed and rated load until temperatures reach the positive pressure of the non-fire area. The
: steady state values, approximately one hour. Alt.o HVAC systems with recirculated air are manually

monthly there should be a check of oil levels and switched over to a once-through system during a fire4

assurance that there are no oil or fuelleaks. or test, so there is no direct mixing of smoke from
Quarterly the oil should be sampled and analyzed for one room to another.
acceptable quality. At each refueling / maintenance
outage CTG fuel oil and lube oil and fuel, oil and air The differential pressure between zones will be
filters should be replaced and there should be a greater if all doors are closed, but each zone is
thorough inspection of the entire assembly, including relatively large, so one or two open doors between
assurance that the inlet and outlet plenums are not zones will not have a sigt.ificant impact on the tests
blocked or deteriorating. Also, a complete visual or on smoke removal system operation during a fire.
inspection of the power unit should be made to Personnel should be advised that it is permissible to
assure that support boks are secured and that there open doors during a test (or during a fire), but that
are no cracks and no blown gasket or engine hot doors should normally be closed at those times. This
spots. These tests and preventive maintenance will allow personnel access to all related areas, and

( aethities are included in Table 19K.11-1. will not unduly restrict fire fighting personnelin
( event of a fire.
L

Amendment 2 19K115
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The remote shutdown panel should be tested During plant shutdown the normal cooling for the
periodically to show that it can perform its functions reactor wi!! be by one division of the RHR system,
that willlead to safe shutdown. These RAP aethities which is powered by its divisional ac power with
related to fire protection are included in Table instrumentation power from the dhisional de pou cr.
19K.11-1. A second RHR division of safety system with its

supporting ac and de power will be in standby, ready
19K.11.13 Flood Protection to operate at any time. (Electrical equipment from

other systems is expected be operating on the power
The important SSCs for flood protection are the systems that are in standby for the RHR function.)

water tight doors in the turbine building and in The third division of safety system is completely
ECCS rooms, the RSW isolation valves and the available for maintenance.
circuit breakers that trip RSW pumps (Subsection
19K.7). Periodically room water barriers should be Testing and maintenance aethities will be possible
inspected to assure that they will prevent the spread on ac and de power systems in the third division
of flooding, RSW isolation vahrs (MOVs) should be which is in maintenance. Inspections related to
stroke tested (normally accomplished by switching reliability of offsite ac power systems are discussed in
from one pump to the standby pump in a given Section 19K.11.1, as are periodic checks on station
loop), and the ability of RSW pump circuit breakers batteries. Testing of emergency die:el eneratorsE
to trip upon receipt of a trip signal should be and the combustion turbine generator are costred in
demonstrated. These RAP aethities are included in Sections 19K.11.10 and 19K.11.11, respectively.
Table 19K.11-L Since the two operating power systems are

continuously monitored, it is not necessary to identify
19K.11.14 Shutdown Protection additional special tests or maintenance as part of the

RAP for the ac and de power systems.
The shutdown analysis (Subsection 19K.8)

identified as important components the SRVs of the
ADS system and valves and pumps of the RHR
system (including the LPFL mode) and of the HPCF
and CRD systems. RAP activities for SRVs are
covered in Subsection 19K.113. Testing of valves
and pumps of the RHR system and for the HPCF
and LPFL function of the RHR are covered by the
technical specifications and vahr and pump inservice
testing (Table 3.9-8) for these systems. These testing
requirements were reviewed and it was concluded
that no additional reliability and maintenance actions
are needed. This RHR testing also provides
adequate assurance that the suppression pool
temperature will be maintained below its high
temperature limit (Table 19K3-2).

lThe CRD system is normally operating, but '

system flow can be increased by opening some !
partially closed valves and/or by operating the I

second pump in addition to the operating one. The
' RAP activity, in Table 19K.11-1, is to review the

CRD operating procedures and verify that they
include steps to increase flow when necessary in a
manner consistent with GE's Sersice Information
Letter, * Increase CRD System Flow to RPV After
Shutdown for Emergency *, SIL 200, Rev.1,
Supplement 1.

Oj
Amendment 19K.114
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TABLE 19K.11-1
r
( FAILURE MODES & RAP ACTIVITIES

UNAYAIL-
TEST OR ABILFIY,

FAILURE RECOMhfENDED h1AINTENANCE FAILURE
COMPONENT MODE /CAUSE M AINTEN ANCE INWRVAL ltASIS RATE

RQC Sptem System failure See following items See below See below 6.3&2

ROC System Unavailable due to Monitor unavailable time, compare Annually Irvel1 Note (1)

test or maintenance with assumed 2% analysis

Multiplexers Common cause failure System functional test 3 months Exper.cnce 5.9&7

of au MUX to pve

proper signals Complete sptem test, error check 2 years Experience

!

One ESF RMU Failure of rence System functional test 3 months Experience 3.054

for Div 1 or multiplex urut or

one SLU/ EMS hnk between RMU and Complete system test crmr 2 years Expenchec

link for SLU safety system lope check

Div 1 unit

ROCTurbme Mechanical failure to Turbine startup and operation; 3 months Expenenec*

& Pump operate measure pump vibration velocity & Note (1)
(System Test) displacement, flow, speed, diff.

pressure.

Turbine inspection. 5 years Expenence' 3JD&7

refurbishment

RPS Tnp Lope Failure to tnp upon System functional test 3 months Expenence

Uruu demand

Complete system test, error R/M outage Expenence Note (1)
check

RCIC Turbine Lube oil pump Lutie oil pump operation and 3 months Expenence Note (1)
Lube System failure oil pressure check

.

These types of valves and turbines have been used in operating BWRs, so there is much experie e to
guide owners / operators in care of the equipment.

Note (1);RCIC component failure rates are included within the system unavailability.

.

Amendment 1%. 19K.11-7



4

ABWR '

niaoosS
Standard Plant nev. A

,

TABLE 19K.11-1 !:

FAILURE MODES & RAP ACTIVITIES (Continued)
'

TES T OR ABILITY,
FAILURE RECOMMENDED MAINTENANCE FAILURE

,

COMPONENT MODF/CAUSE M AINTENANCE INTERVAL BASIS RATE

ROC Check Failure to open Open and close dunng system test 3 months Expenence* Note (1)
Valve F038.

i
!

ROC Check Failure to open Open and close test R/M outage Expenenec* Note (1)
Valves F003 &
RO4

ROC isolation failure to provide Impe functional test 3 months Experience Note (I)g

SignalImpe isolation signal
,

steen condations

marrant

4

ROC Min ih Failure 1 operate Stroke test 3 months Expenence*; Note (1)
Bypass Valve because of mechanical ASME Code ISI

(NOFO or problems

NCFC) Visual and penetrant inspection 10 years 1,o* fai1ere

of stem, ultrasonic inspection of rate; ASME
,

,
stern replace if necessary. Code 151.

!

Failure to cperate Dectncal etreuit test 3 months Expenence Note (1)
because of electnca!

problems;

|

ROC Injecten Failure to open Stroke test 3 months Experience ; Note (1)
Valve and because of mech- ASME Code IS!
Turbine Steam anical problems
Supply Vatve Visual and penetrant inspection 10 years Low f a ilu re

of stem, ultrasonic inspection of rate; ASME

stem; replace if necessary. Code 151.

Failure to open Beetncal circuit test 3 months Expenence
,

'

because of electncal l

Iproblems

,

'

These types of valves and turbines have been used in operating BWRs, so there is much
experience to guide owners / operators in care of the equipment.

1

1

Note (1): RCIC component failure rates are ineludt hithin the system unavailability .

Amendment 2E 19K11-8
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TABII 19K.11-1
! ,

ig FAILURE MODES & RAP ACTIVITIES (Continued)
'

UNAVAlle ''

! TEST OR ABILITY, -

j FAILURE RECOMMENDED MAlhTENANCE FAILURE
j COMPONENT MODE /CAUSE MAINTENANCE INTERVAL BASIS RATE

|
I e

I ROCisolation Spunous failure Stroke test 3 months Experienec ; Note (1)

Valves (NOPC) because of mechanical ASME Code ISI:

| problems

j Visual and penetrant inspection 10 years Low Iaiiure }
1 of stem, ultrasonic inspection of rate: ASME i

J stem; replace if necessary. Code ISI.

d '

1 -

Spunous failure Dectncal careuit test 3 months Expenenec !
;
j because of electncal ;

j problems |
. \

! * !
} limit Smitches Failure of switch to Observation oflimit switch 3 months Expenenet Note (1) j
i on ROCTur- change position when actuation dunng valve stroke j

bine Exhaust valve movement occurs test i
4

i isolation Valve

j and Steam

; Supply Bypass
i Valve

RQC Flow Sensor fails Calsbration of sensor R/M outage Experience Note (1)
Sensor FT-007-2

Miscalibration Reviewcalibration procedures for R/M ourg Judgment Note (1) -,

note about potential safety

4 consideratsons

!
l

j ROC Pressure Sensor fails Calibration of sensor R/M outage Experience Note (1)
i Sensor P15-2605

j Mscalibration Review calibration procedures for R/M outage Judgment Nxe (1)
l note about potential safety

,
considerations

|

1
s

a NBS isolation Fails to open Izak rate test and subsequent R/M outage Experience 1.4FA
Check Valves operation of valvesj
003B & 004B

$
;
1

1

|
1

Note (1): RCIC component failure rates are induded within the system unavailability.i

3

Amendment *'t 19K.11-9
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TABLE 19K.11-1

FAILURE MODES & RAP ACFIVITIES (Continued)

UNAVAIL-
TEST OR ABILITY,

FAILURE RECOMMENDED MAlh"IINANCE FAILURE
COMPONENT MODE /CAUSE MAINTENANCE INTERVAL IRSIS RATE

NBS Alanual Normally open valve Stroke test R/M outage Expenence 1.354
*alve MB fails clor.ed

(NOFC)

HPCF Mainten- Failure to open vatve Independent wnfication of valve After Judgment 1.052
ance Valve after maintenance poution following maintenance; maintenance,

position venfication before before

startup startup

Switch Yard Failure results m inspect switch yard equipment for 3 years Expenence N/A
Equrpment loss of offsite signs of mapsent iaalure, such

poetr as insecure structures, degraded

msulators,leakmg oil. Use

thermography to detect hot spots
on transformers, insulators,

carenit breakers & connectors.

Repair as necessary.

O
RHR Flow Common mocle Review calibration procedures for Annual Judgment 5.055
Meters inrscalibration note about patential safety

considerations

level 2 Sensors Common mode Review calibration procedures for Annual Judgment 2.456
miscalibration note about potential safety

considerations

level B Sensors Common mode Review calibration procedures for Annual Judgment 2.055
miscalibr tion note about potentM safety 1

considerations I

Digi aI Trip Common cause failure Review tnp unit test procedure Annue. Judgment 3.057
Modules totnp to assure note about potential

safety considerations

ADS Spiem failure of several Inspect and replace degradable 5 years Environmental 5.0D6

SRVs SRVs to open on parts and test for correct (max) quahlication

demand or failure to operation

remain open

G,
Note (2): ACIWA component failure rates are included within the system unavailability.

Amendment 4r 19K.11-10
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TABLE 19K.11-1

FAILURE MODES & RAP ACTIVITIES (Continued)
w

UNAVAIL-
TEST OR ABILITY,

FAILURE RECOMMENDED MAINTENANCE FAILURE
COMPONENT MODE /CAUSE M AINTENANCE INTERVAL BASIS RATE

Renw: vane, test for serpoins 3 years Expenence,

pressure, adjust setpomt as ANSI /ASME
necessary, test for seat leakage, OM-1

repair. Stagger testing of

wsNes.50% at one outage

Control panel test 3 months Experience

IDF Fusible leakage Inspect for leakage R/M outage Judgment 153
Plug Valves

Failure o opea at Two of ten plup replaced; tested 2 R/M Judgment

temperature to venfy temperature serpoint outages

ACIWA Sptem System unavailable See followmg items See below See belcw 152

ACIWA Dow Failure to accurately Measure rero Dow and full system 4 years Judgment Note (2)
Instrumentation monitor flow flow

n

ACIWA Manual Failed closed Review procedure to assure note 2 years Experience Note (2)j
Valves followmg maintenance regarding safety considerations

Farewster Failure of pumps to 20 min pump at 100% rated now, 1 year Judgment Note (2)
System Pumps prende required now 150 psi

on Fire Truck at pressure

10 min pump at 70% rated flow, 1 year Judgment j

200 psi

10 min pump at 50% rated flow. Iyear Judgment

250 psi

Failure of system to Test system flow with fire truck 4 years Judgment Note (2)
deiner required flow pumps, water from tanks & frorn

UHS

Test system now with ac-driven 4 years Judgment

and diesel dnven pumps, water

from tants & from UHS

Note (2): ACIWA component failure rates are included within the system unavailability,

Note (3): COPS component failure rates are included within the system unavailability,

Amendment 19K11-11
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TABLE 19K.11-1

FAILURE MODES & RAP ACTIVITIES (Continued)

UNAVAIL-
TEST OR ABILITY,

FAILURE RECO51 MENDED MAIN'ENANCE FAILURE
CON 1PONENT MODE /CAUSE M AINTEN ANCE INTERVAL BASIS RAE

ACIWA Failure to pump Pump start test 3 months Expenence Note (2)
Diesel Pump on demand

Pump fkw tes: 4 years Expenence

RilR Non- Failure to open on ManuaHy open and ekme vahr 2 years Expenence Note (2)
Safety Related demand

Valve

Pipeg of Pipirg failure that Pipmg visual inspection under 5 years Judgment Note (2)
ac-Indepen- precludes succcuful operstmg pressure to assure no

dent Water operation leaks

Additson

System Papmg support visual inspecten 5 years Judgment

to anure structural adequacy

COPS System System unavailable See followmg nems See below See below IE-2

COPS AOVs Inadvertently left Stroke test, paut on indication R/M outage Erpenence Note (3)
open folkwmg check. ve nfication of local and

maintenanct control room andacation folkwing
test

COPS Rupture Failure to open on Dak replacement 5 years ASME Code Note (3)
DaLs demand

Venfication of actuation mithin 5 years ASME Code

2% of rated pressure

COPS Dow Dow blockage 5 years Judgment Note (3)
12nes Fkm test to assure no aLage

in hne

Fire Bamers railure to retain Inspection of fire bame 3 1 year & Judgment N/A
Between Rooms miegnty meludmg seats and penetrations after major

maintenance

Smoke Remcwal Failure to mamtam Operate system to assure that it 1 year Judgment N/A
System low room preuure functions as designed

Note (3): COPS component failure rates are included within the system unavailability.

Amendment 28 19kll-12
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TABLE 19K.11-1

FAILURE MODES & RAP ACTIVITIES (Continued)

UNAVAIL-
TEST OR ABIL11Y,

FAILURE RECOMMENDED MAINTENANCE FAILURE
COMPONENT MODE /CAUSE MAINTENANCE INTERVAL BASIS RA~E

!

Remote Shut- Failure to prmide Demonstrate abihty to shut down R/M outage Judgment N/A
down Panel control for reactor reactor and remove deesy heat by

shutdown operation at remote shutdown

panel !

.

Turbine Build- Failure to tetain Inspection of water barners, 1 yesr & Judgment N/A |
ing & ECCS integnry includmg penetrations af er major i

Room Water maintenance ;

Barners

|
RSW 1 solation Failure to close on Stroke test 1 month Experience 4&3
Valves demand !

RSW Pump Failure to trip pump Breaker tnp test to assure trip 6 months Judgment 153
Circuit on demand on demand

'

Breakers

CRD System Failure to increase Review CRD operating procedures 2 years Judgment 2.052
Flow lacrease CRD flowin shutdown to assure that steps to prmideg ,

increased flow are consistent !
mth SIL 203 !

I
!

de Dw 1 Ds- Panel failure Panel function is demonstrated by 3 months Expenence 5.856
?tributa:m Panel system test

Du1 EMS Network failure System functional test 3 months Expenence 5.954
l Transmission

Network Complete system test, error 2 years Experience

j check |

1

|
Combustion Failure to start and Start and operate CIG at rated Monthly Experience SDS2 i

Turbine run speed and load for 1 hour j
Generator

(CIG) Check oillevels, check for leaks Monthly Experience

Sample, analyze oit 3 months Experience

Replace oil and filters: inspect R/M outage Experience

inlet and outlet plenums and

entre auembly

i
Amendment 2h 191i11-13
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TABLE 19K.11-1

FAILURE MODES & RAP ACTIVITIES (Continued)

UNAVAIIe
TEST OR ABILID',

| FAILURE RECOMMENDED MAINTENANCE FAILURE
COMPONENT MODE /CAUSE MAINTENANCE INTERVAL IRSIS RATE

Structures of Structural failure of Senmic wn!Ldown to assun 10 years Judgment N/A
a: Power EDGs, suppons dunng structural integnty

480Vac Trans- sesmic event

formers & Visual inspectxm, suppon 10 years Judgment N/A
MCCs; de structures & devices.

Battenes,
I Battery Racks & Postarthquake evaluation After OBE or Judgment N/A

Inverters; larger quake

PSW Pumps,

IIXs,& A/C
Units: SLC

Tank & Pumps;

& Pumps of

! IIPCF. ACIWA

( &RHR
!

Single Train of Common mode type System walkdown to identify CCF R/M outage Judgement N/A
RIIR failun type problems

|
; System

(Shutdown

| Cooling &
LPIT,

Modes)

Single Train of Common mode type System walki'own to identify CCF R/M outage Judgement N/A
IIPCF System failure r3pe problems

Single Tram of Common mode type System walkdown to identify CCF R/M outage Judgement N/A
CUW System failure type problems

Single Tram of Common mode type System walkdown to sientify CCF R/M outage Judgement N/A
RSW System failure type problems

Single Train of Common mode type System walkdown to identify CCF R/M outage Judgement N/A
se EIcetrical failure type problems

System ,

,

G>Amendment F 19Kil-14
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i 19M.1 INTRODUCTION
I

\ As part of the Advanced Boiling Water Reactor
' (ABWR) design certification process, the USNRC

requested that General Electric expand upon earlier
i considerations of the subject of fire risk. Through

discussions with the NRC it was mutually .yeed that
a fire screening analysis approach was appropriate.
It was further agreed that the Fire Vulnerability

,

| Evaluation (FIVE) Methodology Plant Screening
i Guide (Reference 1) being developed by the Electric

Power Research Institute (EPRI) provided an
appropriate vehicle for performing this analysis.

The FIVE methodology provides procedures
for identifying fire compartments for evaluation
purposes, defining fire ignition frequencies, and
performing quantitative screening analyses of fire
risk. The criterion for screening acceptability is that
the risk of core damage from any postulated fire be

! less than 1.0E-06 per year. Any fire scenarios not
i meeting this criterion require more detailed
'

consideration.

Five bounding fire scenarios and corresponding
ignition frequencies were developed on the basis of
the FIVE methodology. The first three of these
consider the impact of fires which incapacitate each

y/ of the three divisions of emergency power, and thus
j the ECCS equipment which is dependent on each for
| successful performance. The fourth scenario

considers the impact of a fire in the control room
with the assumption that the only ECCS functions

i available are those that can be controlled and
operated from the remote shutdown panel, and the
RCIC, which can be manually operated outside of
the control room. The fifth and final scenario
examines the consequences of a fire in the turbine
building based upon the assumption that resulting
loss of off-site power bounds the possible outcomes

i

of thisinitiator.

O\
l )

Amendment 22 19M 1-1
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| 19M.2 BASIS OF THE ANALYSIS
,

( ) This analysis is prepared with Figures 5.1 and
6.0 and related text sections from the FIVE
Methodology Draft Report as the basis. In
performing this analysis the ABWR was broken into

I three major groupings as follows:

(1) A safety-related building grouping consisting of
the reactor building except primary con-
tainment, control building except the control
room complex, and the intake structure. This
grouping contains all of the equipment required
for safe shutdown except that within primary
containment and the control room complex.

; The buildings are subdivided by three hour
| rated fire barriers into fire areas corresponding

| to the safety divisions. Each division is
considered as , unit, although each division'

encompasses several fire areas in three
buildings. For these groupings, it is
conservatively assumed that a fire at any
location in a divisional fire area results in the,

I immediate loss of function of the division. This
precludes having to calculate the rate of spread
and possible magnitude of a fire within a fire

i area. The requirement that the fire contain-
| ment system be capable of confining any fire
!y/ within the fire area of origin is documented in l

| Subsection 9.5.1.
.

(2) Control room complex. The control room
complex contains safety-related equipment
from all four dhisions in a single fire area and
therefore must be uniquely analyzed. The
redundant symm to the control room is the
remote shut. . un panel. For the purposes of
this analysis, remote manual operation of the )
RCIC system is also included as a method of
mitigation.

(3) Turbine building. As documented in
Subsection 9A.5.5.1, fire induced failure of the
small amount of safety-related sensors located |

in this building cannot prevent safe shutdown of
the plant. The turbine building is included in
the analysis because a turbine building fire
could result in a plant shutdown concurrent
with a loss of off site power.

3
i

Amendment 22 19M.2-1
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19M.3 SUMMARY OF RESULTS i
!

All three major groupings were determined to j
be "Significant Fire Areas * by the screening
procedures outlined in FIVE Methodology Figure
5.1, which is included as SSAR Figure 19M.3-1. i

They were then screened out by the Step 2 path of ;

the procedures outlined in FIVE Figure 6.0, which is i

included as SSAR Figure 19M.3-2, on the basis that: !

(1) The product of the Fire Ignition Frequency and i

the probability that the redundant or alternate ,

'
systems would not be available was less than
1.0E-6 per year. |

i

(2) The redundant or alternate systems for which
credit was taken are in fire areas other than the
one experiencing the fire and therefore the fire
cannot affect the redundant or alternate ,

systems. Fire areas are separated by three i

hour fire rated barners.

A summary of the results of the analysis is !

given in Table 19M.3-1. Note that the core damage !
frequencies per year are less than 1.0E-6 for all

.

cases. Originally, the remote shutdown panel |
included controls for just three safety-relief valves. !

For this configuration, the core damage frequency !
'for a fire in the control room was greater than

1.0E-6, even though credit was taken for local .

manual operation of the RCIC. A control switch for >

a fourth SRV was added to the remote shutdown
panel. This dropped the probability of core damage

| for a control room fire to 8.94E-07. This is
considered a very conservative estimate because of
the conservative assumptions that a fire in one area
disables all potentially affected equipment. Taking

'

credit for the distance between fire sources and
targets would reduce the core damage probability to
a fraction of this calculated low probability. For this
reason, it was judged not appropriate to add these
results to other core damage frequencies estimated
elsewhere in Chapter 19.

The analyses required to calculate the fire
ignition frequencies and combine them with the PRA
models are included in Sections 19M.4 through
19M.6.

IAmendment 19M.31
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i
Table 19M.3-1 ;

!

FIRE RISK SCREENING ANALYSIS SUMMARY ;

i

Fire Core Dennage {
Ignition Frequency ;

Initiators And Conditions Frequency PerYear i
!

!

Safety Related Buildings

Dhision 1 Fire 8.15E-02 434E-08
i

Dhision 2 Fire 835E-02 1.11E-07 _ p

r

Division 3 Fire 8.92E-02 5.95E-08 [

Control Room Fire With Remote [
Controlof 4 SRVs and RCIC '4.40E-02 8.94E-07 |

|

Turbine Building Fire 1.85E-01 2.19E-07 |
|
i

!

!

!
,

!

!
,

- i

|
!
|

)
i

1

!

|Amendmem I 19M.3-2
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PHASEI QUALITATIVE ANALYSIS

IDENTIFY PLAST FIRE
AREAS

(Use Table 1 Marix)

P

UST SAFE SHUIVO%W SYSTEMS
(Use Table 1 Manx)

V

IDENTIFY SAFESHUTD0%NSYSTEMS
IN EACH FIRE AREA
(Use Table 1. Mant)

|
T No

O*
SHUTD0%W EQUIPMENTIN FIRE AREA

y Yes

FIRE CAUSES DEMAND No
FOR SAFESHUTDOwW

EQUIPAEST N AREA
SCREENED

OLT

Yes

V

SIGNIFICANT FIRE AREAS

v

p PHASEIII
WALKD0%W/

VERIRCATION
PHASED OF DATA

QUAS*ITTA1TVE ANALYSIS

FIGURE 5.1

Figure 19M.3-1 PHASE I QUALITATIVE ANALYSIS FLOW CHART

Amendment 20
39g,3 3



i

ABWR 22^ = S
Standard Plant "^

.

O
i
,

e

d
G.I'
l

E
o ,s. ,

a a

__
,

..e

:fp,)"!!!!
;

5
__

2 1he +*.
2

i i e j ~*

i_t
+

i i:s
-=

:ls- s.< t e e s -=

$$ 3g
8_ E .' :<5

En I E !
azo - _

Ed i ! .

o , i ?n 1 2
~

E

- 1
E I i [-*
m : 1 -
h "E Eu

.m. r

C
C

e E. -

E|| , I!!:: !
EsgIl I 5511

Eja-- --

[ 5Eg 2
gjaA ss Jt: eES

E. e
n s a

!
_

E E

.) E
..

-l jr e!! g E i f3 g
!!I'st +!illi lee iB"*

1_. -+ :
!E !!t.E 1"[~ ] -

i 5
g- te

E 2e c =
_

i 9
Figure 19M.3-2 PHASE 11 OUALITATIVE ANALYSIS FLOW CHART

Amendment 20
IE34



_ _

ABWR usamas
Standard Plant nev. A

APPENDIX 19M.6

) TABLE OF CONTENTS
w

Section Title Eage :

1

19M.6.1 Methodoloer 19M.6-1

19M.6.2 Results 19M.6-1 ;

,

TABLES ~I
i

!Table Title Page

19M.6-1 ABWR Fire Risk Screening Analysis
Summary 19M.6-3

|

19M.6-2 Divisional and Control Room Fire Risk
W/ Remote Controlof RCIC & 4 SRVs for |

CR Fires 19M.6-4 *

I.19M.6-3 Summary of ABWR Fire Risk Screening
Analyses for Tubine Building Fire 19M.6-5

:

19M.6-4 ABWR Control Room Fire Risk Screemng ,

Analysis Summary 19M.6-6 4

O -

ILLUSTRATIONS
f

Figure Title Eage
.

|

| 19M.6-1 Division 1 ElectricalFire 19M.6-7 i
! !

19M.6-2 Dhision 2 ElectricalFire 19M.6-8 !
|

19M.6-3 Dhision 3 ElectricalFire 19M.6-9 |
}

19M.6-4 Control Room Fire 19M.6-10 :
1

19M.6-5 Turbine Building Fire (Loss of Offsite i

Power and Station Blackout Event Tree) 19M.6-11 |
l
'

19M.6-6 loss of Offsite Power Event Tree 19M.6-12

19M.6-7 less of Offsite Power Event Tree 19M.6-13
,

|

19M.6-8 loss of Offsite Power Event Tree 19M.6-14 ]

% 19M.6-ii

Amendment 20

. ,. . _ . . _ . _.-



ABWR nramis
Standard Plant an. A

APPENDIX 19M.6

ILLUSTRATIONS (Continued)

m- m m
19M.6-9 Station Blackout Event Tree 19M.6-15

19M.6-10 Station Blackout Event Tree 19M.616 i

19M.6-11 Station Blackout Event Tree 19M.6-17
!,

1

,

.

O
i

i

|

|

|
1

l.

!

19M.6-iii

O,
Amendment 20 ,

!

I
1



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

i

ABWR 23A6100AS

Standard Plant nev ^
.

I

19M.6 CALCULATION OF CORE Fire disabling electrical 1
DAMAGE FREQUENCIES Dhision 3 8.92E-02 j

l

19M.6.1 Methodology Control room fire limiting !

ECCS control to remote j
The calculations were based upon original shutdown panel 4.40E-02 ;

ABWR functional fault trees for the reactor water j
injection and heat removal funaions, which included Turbine building fire resulting j

a gas turbine generator as a diverse source of in loss of off-site power 1.85E-01 j
emergency power. The fault trees and input data are |

| described in detail in Chapter 19. Fault tree analyses 19M.6.2 Results 1

were performed using the CAFTA computer :

program. Calculated core damage frequencies for each of ;

'the initiating events are summarized in Table
Functional fauh trees were developed to reflect 19M.6-1. Breakdowns of core damage frequency by ;

the reduced injection and heat removal capabilities accident ! ass for each initiator are pro ided in Tables !
defined by each of the five bounding fire scenarios. 19M.6-2 and 19M.6-3. It should be noted that the 4

Estunates of expected core damage frequency were core damage frequencies for Class 11 events are
developed for each scenario by applying results of reduced by a factor of 1.0E-04 prior to summation in
these functional fault tree analyses to accident the ' TOT. CDF" columns and rows of the latter two ;

sequence event tree structures developed for the tables. This accounts for recovery acions for I.evel 1 ;
ABWR internal events PRA, and described in PRA Class II events identified in the Level 2 ,

Chapter 19. The isolation / loss of feedwater event containment event tree analyses in Section 19D.5. |

tree, Figure 19D.4-3, was selcaed for evaluation as a j

conservative representation of the sequence of events Event trees used for the ABWR fire risk j
for fires which lead to divisional power loss and for screening analysis for divisional and control room !
control room fires. fires are illustrated in Figures 19M.6-1 through ;

,

| 19M.6-4. Those for the turbine building fire event are |
|

The consequences of a turbine build %g fire given in Figures 19M.6-5 through 19M.6-11. As
were determmed to be bounded by a loss of off-site indicated in Tables 19M.6-2 and 19M.6-3, only event
power event, and therefore the loss of off-site power sequences categorized as accident Class I are found to
event trees, Figures 19D.4-4 through 19D.4-10, were contribute significantly to core damage frequency. It
used as the basis for its assessment. can also be seen from the tables that all postulated

fire events pass the screening criterion of 1.0E-06 per
Conservative estimates of fire initiating event year.

frequencies and assumed consequences were
developed in a precedmg task using the EPRI FIVE The event tree figures and summary tables show
methodology. The initiating event frequencies the main contributor to core damage frequency for
obtained and used in this analysis are as follows: each initiator leading to a dhisional pow er loss to be

that sequence in which both high pressure injection
initiating Event and and manual depressurization fail, following successful
Assumed Consecuence Annual Freauency scram and SRV performance and loss of feedwater.

In the case of the control room fire event, assumed
Fire disabling electrical inability to recover feedwater or inject condensate at
Dhision 1 8.15E-02 low pressure increases the values of both high and low

pressure Class I sequences. The probability of failure
Fire disabling electrical to manually depressurize also has greater impact in
Dhision 2 835E-02 this latter event, since only four SRVs can be

controlled from the remote controllocation in the
modified scenario, and opening of three is required
for success. For the dhisional fire sequences, failure
to depressurize is essentially determined by human

Amendment 2 19M4-1
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error. Turbine building fire core damage frequency
is dominated by station blackout event sequences.

The core damage frequency initially calculated
for control room fires (initiating event CR) was over
two orders of magnitude greater than that predicted
for a divisional electrical fire, and did not pass the
FIVE Methodology screen. This was due to the
provision of capability at the remote shutdown
location to control a single loop for high pressure
injection (HPCF) as well as only three safety relief
valves for depressurization. With respect to the
latter, successful operation of all three vahrs would
be necessary to prevent core damage in the event of
a need to depressurize. Therefore, a more detailed
analjsis was required for this initiator, as well as
consideration of possible system control capability
modifications to the remote shutdown control
system.

Potential courses of action to reduce control
room fire risk which were identified and evaluated
included the following:

Providing control capability for a fourth SRV at
the remote shutdown control panel, and

Taking credit for operating the RCIC system
from outside the control room if determined to
be practical, i. c., from the motor control
center, remote shutdown panel and locally at
the RCIC.

Examination of the latter possibility led to the
conclusion that successful operation of the RCIC
system from outside the control room would be
practical, and it is an interface requirement that the
applicant provide an emergency operating procedure
for manual operation of the RCIC.

Results of these evaluations are documented in
Table 19M.6-4. It can be seen that neither of the
above actions by itself satisfies the screening
criterion of 1.0E-06. In combination, however, the
criterion is met, and with incorporation of the above
two actions no further analyses are required to
demonstrate acceptably low fire risk for the ABWR.

19 Nth 2Amendment 22
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Table 19M.6-1
I

ABWR FIRE RISK SCREENING ANALYSIS SUMMARY

CORE DAMAGE
INm4TURS AND CONDmONS FREOUENCY (ner wear)

Dhision 1 fire 4.34E-08

Dhision 2 fire 1.11E-07 f

1

Dhision 3 fire 5.95E-08 !
;

Control room fire v.ith remote 8.94E-07 !

control of 4 SRVs and RCIC |
1
i

Turbine Building Fire 2.19E-07 '

I

!
'

!

.

|

!
I
I

l

|

!
|

Amendmen 18 19M&3
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Table 19M.6-2g g
9 m
y DIVISIONAL AND CONTROL ROOM FIRE RISK W/ REMOTE s
i CONTROL OF RCIC & 4SRVs FOR CR FIRES $~
W E

INIT. Accident Class m
Event IA I H-1 1H-2 I H-3 IC ID ll Illa IllD IV TOT. CDF F

d
3.56E-08 7.08E-11 --- --- --- 434E-08DID 7.69E4D --- -- --- ---

1.llE-076.67E-08 6.87E-Il -- --- ---D2D 4.42E-08 --- -- --- ---

--- --- --- --- 5.08E-08 734E-11 5.95E-08D3D 8.59E4n --- --- ---

CR 2.73E-07 --- --- -- --- 6.21 E-07 132E-10 --- -- -- 8.94E-07

i

i
!

Ij

>-

$ MS
' - ?g

E >g'

|

O O O;
;
t
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O 3 O
cn>

R Table 19M.6-3 E
E E.
R SUMMARY OF ABWR RISK SCREENING ANALYSES m

.." FOR TURBINE BUILDING FIRE 3.,

3!
=

INIT ACCIDENT CIASS E
Event IA I B-1 18-2 1 R-3 IC ID II IIIA lilD IV TOT.CDF PERCENT

8.25E-09 3.75E 4 003.61E-IlTE2 8.21E-09 -- --- --- ----- -- --- --

530E-09 2.41E + 001.72E-Il 1.18E-12TE8 5.28E-09 --- --- --
--- -- --- --

3.06E-09 139E + 00--- -- --- --- 1.91E4)9 9.44E-IlTE0 1.06E-09 -- -- --

1.24E-07 5.64 E + 011.24E-07 -- --- --- ---UE2 2.67E 12 -- -- ... ---

4.76E-08 2.17E + 014.76E-08BE8 -- - - - --- -- -- --- --- --
---

3.16E-08 _1.44 E + 01-- --- 3.00E-08 1.64E-09 ---BE0 -- --- -- --- --

TOT.
CDF 1.46E-08 4.76E-08 3.00E-08 1.64E-09 0.00E + 00 1.26E-07 9.56E-Il 0.00E + 00 0.00E + 00 0.00E+00 2.19E-07 1.0)E + 02

PERCEIR 6.64E + 00 2.17E + 01 136E + 01 7.46E-01 0.00E + 00 5.73E + 01 435E-02 0.00E + 00 0.00E + 00 0.00E + 00 1.00E + 02

I

r

N

w

{!b
t >

_ - - - - - _ - . _ . _ _ . - - _ .
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Table 19M.6-4

ABWR CONTROL ROOM FIRE RISK SCREENING ANALYSIS SUMMARY

CORE DAMAGE
CONDirIONS OF THE CONTROL ROOM FIRE ANALYSIS FREOUENCY (orr war)

Remote control of 3 SRVs 6.27E-05

Remote control of 4 SRVs 1.27E-05

Remote control of 3 SRVs and RCIC 3.89E-05

Remote control of 4 SRVs and RCIC 8.94E-07

O

Amendment 2R 19M.6-6
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19P.1 INTRODUCTION AND SUMMARY

This section provides a description of an
evaluation of potential changes to the ABWR design
in order to determine whether further modifications
can be justified.

!

!
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19P.1.1 Backgmund

The U.S. Nuclear Regulatory Commission's
policy related to severe accidents requires,in part,
that an application for a design approval comply with
the requirements of 10CFR50.34(f). Item (f)(1)(!)
requires " performance of] a plant site specific [PRA]
the aim of which is to seek iroprovements in the
reliability of core and containment heat removal
systems as are significant and practical and do not
impact excessively on the plant". Chapter 19
provides the base PRA of the ABWR plant.

To address this requirement, a review of
potential modifications to the ABWR design, beyond
those included in the Probabilistic Risk Assessment
(FRA), was conducted to evaluate whether potential
severe accident design features could be justified on
the basis of cost per person-rem averted.

This appendix summarizes the results of GE's
review and evaluation of the ABWR design.
Improvements have been reviewed against
conservative estimates of risk reduction based on the
PRA and minimum order of magnitude costs, to
determine what modifications are potentially
attractive.

O

9___ . . . .
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19P.1.2 Evaluation Criteria

The benefit of a particular modification was
defined to be its reduction in the risk to the general
public.

Offsite factors evaluated were limited to health
effects to the general public based on total exposure
(in person-rem) to the population within 50 miles of
the site. Five representative US regions were
evaluated for selected individual ABWR sequences
by the CRACO2 code. The regional results were
then averaged to determine the exposures.
Consistent with the standard used by the NRC to
evaluate radiological impacts, health effect costs

,

were evaluated based on a value of $ 1000 per offsite 1

person-rem averted due to the design modification. )
i

l

The offsite costs for other items such as j
relocation of local residents, elimination of land use j

and decontamination of contaminated land were not .

considered. Reductions in the risk of incurring |
onsite costs including economic losses, replacement !

power costs and direct accident costs are considered
]in this evaluation as credits against in the cost cf the <

modification.
i
r

Based on the PRA results (Section 19P.2) 82% of j
the offsite risk results from very low probability

,

events which have high consequence. The maximum j
justifiable cost of a modification was determined to '

be $183. Therefore, based on this methodology, no ,

modifications are justifiable. However, a variety of !

modifications were reviewed to establish the relative {
attractheness of potential changes. |

|
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19P.1.3 Methodology to 1991 U.S. dollars.

The overall approach was to estimate the benefit For modifications which reduce the core damage
of modifications in terms of dollar cost per total frequency, the costs of modifications (see Section
person-rem averted. Underestimated costs and 19P.5) were further reduced by an amount
overestimated benefits were assessed in order to proportional to the reduction present worth of the
favor modifications. Because of the uncertainties in risk of averted onsite costs. Onsite costs include
the methodology and the desire to address severe replacement power costs, direct accident costs
accidents with sensible modifications, this basis is (including onsite cleanup) and the economic loss of
judged to be acceptable for purposes of this study. the facility. Evaluation of this credit included the

following considerations:
19P.13.1 Selection of Modifications

(1) Accidents were assumed to occur at any time
Potential modifications were identified from a during the 60 year life of the plant. All onsite

variety of previous industry and NRC sponsored costs associated with the accident were
studies of preventative and mitigative features which evaluated as to their value at the time of the
address severe accidents. Based on this composite accident. The economic risk of such onsite
list of modifications considered on previous designs, costs was evaluated as a function of time
potential modifications were selected for further based on the onsite costs and the core
review based on being 1) applicable to the ABWR damage frequency determined by the PRA.
design and 2) not included in the reference PRA. The plant core damage frequency was
Additional detail on the selection of modifications is considered to be constant over the life of the
provided in Section 19P3. plant. The economic risks were then

evaluated based on the present worth of the
19P.13.2 Costs Basis time dependent economic risks.

Rough order of magnitude costs were assigned (2) Replacement power was based on a rate of
for each modification based on the costs of systems 5.013/kwh differential as bar cost. The

,

and system improvements determined by GE. These differential rate was assumed to be constant '

costs represent the estimated incremental costs that over the remaining life of the plant.
would be incurred in a new plant rather than costs

I that would apply on a backfit basis. Section 19P.5 (3) The economic value of the facility at the time
| defines the cost estimates for each of the of the accident was based on a straight line
| modifications. depreciated value. The initialinvested cost

was taken at $1.4 Billion based on DOE cost
Even for a new plant such as the ABWR, guidelines.

relatively large costs (several million dollars) can be
expected for some modifications if they involve (4) Accident costs for onsite cleanup and facility
modifications of the building structures or were evaluated based on escalated costs to
arrangement. This is because the cost of labor and the time of the accident. Reference accident
material is often a function of the building area costs to the facility were assumed to be $2
required. For other modifications which involve Billion.
minor hardware addition, the cost is often dominated
by the need for procedure and training additions (5) The economic evaluations were based on a
which can amount to hundreds of thousands of discount rate of 8% and escalation factor of
dollars. 3%.

The costs estimates were intentionally biased on 19P.133 Benefit Basis
the low side, but all knowri or reasonably expected
costs were accounted for in order that a reasonable The cumulative risk of accidents occurring during
assessment of the minimum cost would be obtained. the life of the plant was used as a basis for estimating
Actual plant costs are expected to be higher than the maximum benefit that could be derived from
indicated in this evaluation. All costs are referenced modifications. A particular modification's benefit

was based on its effect on the frequency of events or

Amendment *JX 19P.1-4
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associated offsite dose summarized in Tables 19P.2-1
and Table 19P.2-2. Dominant contributing failure

y probabilities were identified based on the PRA.
' Changes in these probabilities were estimated to

evaluate the benefit of modifications. This basis is
consistent with the approach taken in previous NRC
evaluations. The cumulative offsite risk was
evaluated over a 60 year plant life with no escalation
in the evaluation criteria of $1000/ person-rem.

Section 19P.4 summarizes each concept and
estimated benefit for each individual potential
inodification. For each modification the cost per
person-rem averted was evaluated to obtain the
results of the individual evaluations. Thcse
conclusions are provided in Section 19P.7.

19PJ.4 Summary of Results

Potentially attractive modifications were selected
based on previous evaluations of potential prevention
and mitigation concepts applicable during severe
accidents. Of the modifications applicable to the
ABWR design and which were not already
implemented, twenty one were selected for
additional resiew.

[N None of the modifications considered met the\") $1,000/ person-rem averted criteria. The low
'

evaluated frequency of core damage and subsequent
release of radioactive material does not support
modification to the ABWR based on costs in
relationship to the benefit of averted exposures.

Since the most beneficial modification was
evaluated to be several orders of magnitude higher
than the criteria,it was concluded that no additional
modifications are warranted in the ABWR design to
address severe accidents. Furthermore, due to its
magnitude it can be calculated that this conclusion
will not be sensitive to variations in the assumptions
used in the PRA results.

p\
\
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19P.2 SEVERE ACCIDENT RISK OF Case 7 Low Pressure Core Melt with Drywell
ABWR Head failure and no mitigation.

The reference design for this study was the ABWR Case 8 High Pressure Core Melt with Early
PRA as presented in the treated in the internal Containment failure,
events PRA [Section 19.0]. This evaluation accounts
for features which were included in the current Case 9 ATWS event with Drywell Head
ABWR design specifically to address severe failure.
accidents. These are further discussed in Section
19.3.1.5. These features and the reference NCL Normal Containment Leakage to
description include: Reactor Building.

SSAR References The offsite exposures for each case shown in
1) Firewaterpumpcrosstie 5.4.L1.10 Table 19P.2-1 were calculated by the CRAC2 code
2) Passive containment flooder 19.5.12 for five representative US regions for the selected
3) Gas turbine generator 9.5.11 indhidual ABWR sequences as discussed in Section
4) Overpressure Protection 6.2.5.2.6 19E3.

A summary of the core damage frequency and Table 19P.2-2 provides additional detail on the
offsite exposure frequency with these features individual contributors to the total core damage
included is shown in Table 19P.2-1. Event frequency. As indicated on Table 19P.2-2, the core
frequencies used in this evaluation were the same as damage frequency is dominated by low pressure
assumed in the base PRA. transient events (LCLP) (61.4%), followed by high

pressure transient events (LCHP) (28.1%) and
The offsite exposures shown in Table 19P.21 station blackout sequences (SBRC) (103%).

were calculated by the CRAC2 code for release cases
with similar consequences. Although discussed in Review of Table 19P.2-1 also indicates that the
Appendix 19ES.2, the cases can be characterized as dominant contributors to the ABWR offsite
follows: exposure risk are the relathcly low probability (less

than 4E-10/yr), high consequence events (Cases 6
Case 1 Core Melt arrested in vessel or in through 9) which contribute about 82% of the offsite

Containment with actuation of exposurc risk.
containment rupture disk.

Case 2 Low Pressure Core Melt with
suppression pool bypass and actuation
of containment rupture disk.

Case 3 High Pressure Core Melt with drywell
Head failure and fire water spray
initiation.

Case 4 Suppression Pool Decontamination
reduction (Not used).

1

Case 5 Large Break LOCA without recovery
and with actuation of containment
rupture disk.

Case 6 High Pressure Core Melt with
Drywell Head failure and no firewater
sprayinitiation.

Amendmen E 19P.21
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; Table 19P.2-1

OFFSITE ACCIDENT CASES

CASE FREQUENCY MANREM EXPOSURE ** CONTRIBUTION
(per yr) (per event) (per 60 yrs) (%)

Case 1 2.0E-08 11,500 .014 7.7
Case 2 7EE-11 8,328 3.9E-5 0.02

'

Case 3 13E-12 371,400 2.8E-5 0.02
Case 4 0 206,400 0 0
Case 5 63E-12 93,380 35E-5 0.02
Case 6 1.2E-10 2,416,000 .018 93 !
Case 7 3.7E-10 2,726,000 .061 33.2 |
Case 8 2.1E-10 3,202,000 .040 21.9 !
Case 9 15E-10 3,312,000 .031 16.8 i
NCL 1.4E-07 2300 .019 10 4 |

!

TOTAL 1.6E-07 .183 100

* For case descriptions see Table 19E3-6; frequencies are based on Table 19P.2-2. ;

" Average of regional values used; see Section 19E3. )
|

[
!

!
t

|

'

l

i
|

! !
i

|

|

|

|

|
'

|

I

l

|

|
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Table 19P.2-2
,

4

l

Core Damage Frequency Contributors

EVENT SEQUENCE %

INIT. LTENT IA 1B1 182 183 1D II IIID IV TOTAL CONTRIB

SCRAM 1.1E-08 43E-10 93E-13 1.1E-OS 73
TURB TRIP 6EE-09 2.7E-10 3.7E-11 7.1E-09 4.5

ISOLATION 1EE-OS 7.1E-10 1.1E-11 1.9E-08 11.9

LOOP 2 4.1E-09 15E-11 4.2E-13 4.1E-09 2.6

LOOPS 2.4E-09 9.6E-12 1.4E-12 2.4E-09 1.5

LOOP 8 + SEE-10 1.1E-09 6.0E-11 1.7E-09 1.1

SBO2 6.6E-12 6.7E-08 6.7E-OS 42.9

SBOS 2.6E-OS 2.6E-OS 16.7

SBOS+ ISE-OS 8.9E-10 1.6E-08 103
IORV 1.1E-09 2.0E-10 93E-13 13E-09 OE
SB LOCA 25E-10 2.5E-10 0.2

ATWS 15E-10 1.5E-10 0.1

TOTAL 4.4E-08 2.6E-081.5D08 8.9D10 7.0E.08 1.1E-10 2.5D10 1.5E-10 157D07 100

OFFSITE RELEASE GROUP
LCIIP SBRC LCLP LilRC LBLC A'IWS TOTAL CASE i

CASE 1 3.4E-09 7.9E-10 1.6E-08 5.1E-11 2.0E-0S
CASE 2 7EE-11 7EE-11
CASE 3 13E-12 13E-12
CASE 4 0
CASE 5 63E-12 63E-12
CASE 6 1.2E-10 1.2E-10
CASE 7 1.1E-10 2.6E-10 3.70E-10
CASE 8 2.1E-10 2.1E-10
CASE 9 1.1E-12 15E-10 1.5E-10

NCL(N) 4.0E-08 15E-08 8.0E-OS 2.0E-10 1.4E-07

TOTAL 4.4E-08 1.6E-08 9.6E-08 1.1E 12 25E-10 15D10 1."E 07

CONTRIB % 28.1 10 3 61.4 0.122 0.2 0.1 100

* For description see Section 19F ''

Amendmengf 19P2-3
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i 19P.3 POTENTIAL ABWR MODIFI-
| TIONS
|

|
~

Potential modifications to the ABWR design
were derived from a survey of various studies )

'

indicated in references 19P.8.1 through 19P.S.7 and !

the ABWR design process discussed in Section 19.7. )
| From these, a composite list of modifications was |

established. This list of potential modifications was j
reviewed to identify concepts which were already!

i

included in the ABWR design or which are not
| applicable. ,

i i

Table 19P3-1 summarizes the complete list of |
modifications and their cinufication according to the |
following categories: !

,

l :

| 1. Modification is applicable to ABWR and already
incorporated in the ABWR design. No further j
evaluation is needed. (Table 19P3-1 prosides ar i

cross reference to the supporting section of the j
SSAR.) !

I

2. Modification is applicable to ABWR and not I

incorporated in ABWR design. (Table 19P3-2
lists the Category 2 modifications which are
evaluated further in this report.)

3. Modification is not applicable to the ABWR
design due to the basis prosided.

4. Modification is applicable to ABWR and is
incorporated with the referenced modification

?

|

I

I
i

!

!

1

'
i
!

'
Amendment . . 19P.3-1
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Table 19P.3-1

\ MODIFICATIONS CONSIDERED

Basis

(SSAR Referrace
Modification Category Refenvnce) (19P.8-X)

1. ACCIDENT MANAGEMENT ,

a. Severe Accident EPGs/AMGs 2 1 ;

b. Computer Aided Instrumentation 2 1 !

c. Improved Maintenance Procedures / Manuals 2 1

.Id. Preventive Maintenance Features 4 SeeIc 1

c. Improved Accident Mgt Instrumentation 4 See Ib I |
f. Remote Shutdown Station 1 (7.4.2) 1 (
g. Security System 1 (13.6 3) 1 ;

h. Simulator Training for Severe Accidents 4 See Ib 1

2. REACTOR DECAY HEAT REMOVAL
a. Passive High Pressure S3 stem 2 1 I

b. Improved Depressurization 2 1,2,3,5 !
c. Suppression PoolJockey Pump 2 1

3

d. Improved High Pressure Systems 1 (63) 1 I

c. Additional Active High Pressure System 1 (63) 1,5 [
f. Improved 1.ow Pressure System (Firepump) 1 (5.4.7.1.1.10) 1,2,3

|
g. . Dedicated Suppression Pool Coohng 1 (6.2.2) 1,2 ;
h. Safety Related Condensate Storage Tank 2 1 !

i. Extended Station Blackout Injection 4 see 10e 1 |j. Improved Recirculation Mode 3 PWR 3

3. CONTAINMENT CAPABILITY
!a. larger Volume Containment 2 1,4

b. Increased Containment Pressure Capacity 2 1 >

c. Improved Vacuum Breakers 2 1 |

d. Increased Temperature Margin for Seals 1 (19F3.2.2) 1,4 )
c. Improved Leak Detection 1 (73.2) 3

'

f. Suppression Pool Scrubbing 1 (19E3.2) $
g. Improved Bottom Penetration Design 2

4. COSTAINMENT HEAT REMOVAL
a. Larger Volume Suppression Pool 2 1

b. RWCU Decay Heat Removal 1 (193) 2
c. High FlowSuppression Pool Cooling 1 (6.2.2) 1,4

d. Passive Overpressure relief 1 (6.2.5.2.6) 2,5

5. CONTAINMENT ATMOSPHERE MASS REMOVAL
a. High Flow Unfiltered Vent 3 Mark III 1,4

b. High Flow Filtered Vent 3 Mark III 1,4

c. Low Flow (filtered) Vent 2 1,2,3,4

d. Low Flow Vent (uniiltcred) 1 (6.2.5.2.6) 1,2,3,4

Amendment ' i 19P.3-2
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Table 19P.3-1

MODIFICATIONS CONSIDERED (Continued)

Rasis
(SSAR Reference

Modification Category Reference) (19P.S.X)
6. COMBUSTIBLE GAS CONTROL
a. Post Accident Inerting System 3 Inerted 1,4

b. Hydrogen Control by Venting 3 Inerted 1,4

c. Preine-ting 1 Inerted 1,4

d. Ignition Systems 3 Inerted 1,3,4,6
c. Fire Suppression System Inerting 3 Inerted 1,4

7. CONTAINMENT SPRAY SYSTEMS
a. Drywell Head Flooding 2 2
b. Containment Spray Augmentation 1 (5.4.7.1.1.10) 1,2,3,6

8. PREVENTION CONCEPTS
Additional Service Water Pump 2 3a.

b. Improved Operating Response 1 (7.7.2) I

c. Diverse Injection System 4 See 2a 1

d. Operating Experience Feedback 1 1

c. Improved MSIV/SRV Design 1 (5.4.5,5.4.13) 1

9. AC POWER SUPPLIES
a. S: cam Driven Turbine Generator 2 1

b. Alternate Pump Power Source 2 1

c. Deleted
d. Additional Diesel Generator 1 (83.1) 1,3
c. Increased Electrical Divisions 1 (83.1) I

f. Improved Uninterruptable Power Supplies 1 (83.1) I

g. AC Bus Cross-ties 1 (83.1) I

h. Gas Turbine 1 (9.5.11) 1

i. Dedicated RHR (bunkered) Power Supply 4 See 2g 1

10. DC POWER SUPPLIES
a. Dedicated DC Power Supply 2 1

b. Additional Batteries / Divisions 4 See10e 1

c. Fuel Cells 4 See 10e 1

d. DC Cross-ties 1 (83.2) 1 |
e. Extended Station Blackout Provisions 1 (19E.2.1.2.2) 1,3

1

11. ATWS CAPABILITY
a. ATWS Sized Vent 2 2,4,6

b. Improved ATWS Capability 1 (19.7.2(2),(4)) 1.5,6

12. SEISMIC CAPABILITY
a. Increased Seismic Margins 1 (191) 9 )
b. Integral Basemat 3 Mark III 1 j

13. SYSTEM SIMPLIFICATION j
I

a. Reactor Building Sprays 2 2

b. Sys:em Simplification 1 (13.5) 1 I

c. Reduction in Reactor Bldg Flooding 1 (19.73(4)) 5

Amendment .. 19P.3-3
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Table 19P.3-1
,

1 MODIFICATIONS CONSIDERED (Continued)

Basis
(SSAR ;

! Modification Category Reference) Reference ,

I
14. CORE RETENT!ON DEVICES |

!i a. Hooded Rubble Bed 2 1,2,4,6

! b. Reacter Cavity Hooder 1 (19.5.12) 3
I c. Basaltic Cements 1 (19.73(4)) 1,4

,

; i

!

l
!

f
i

|

|

| |
:

!

!
4

i

I '

:
'

;

;

!
i '
J

$
i
! !
t

1

i
i

i
I
:

|

i
!
;
!

i
1
1

4

!
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Table 19P.3 2

MODIFICATIONS EVALUATED i

1 ACCIDENTMANAGEMEST a. Severe Accident EPGs/AMGs :

b. Computer Aided Instrumentation
c. Improved Maintenance Procedures / Manuals

2 DECAY IIEAT REMOVAL a. Passive High Pressure System
b. Improved Depressurization
c. Suppression PoolJockey Pump
d. Safety Related Condensate Storage Tank

3 CONTAINMENT CAPABILrlY a. Larger Volume Containment
b. Increased Containment Pressure Capacity

Improved Vacuum Breakersc.

d. Improved Bottom Penetration Design

4 CONTAINMENTIIEAT REMOVAL a. Larger Volume Suppression Pool

5 CONTAINMENT ATMOSPilERE
GAS REMOVAL a. Low Flow Filtered Vent

7 COSTAINMEST SPRAY a. Drywell Head Flooding

8 PREVENTION CONCElTS a. Additional Service Water Pump

9 AC POWER SUPPLIES a. Steam Driven Turbine Generator
b. Alternate Pump Power Source

10 DC POWER SUPPLIES a. Dedicated DC Power Supply

11 A*IWS CAPABILITY a. ATWS Sized Vent

13 SYSTEM SIMPLIFICATION a. Reactor Building Sprays

14 CORE RETESTION DEVICES a. Flooded Rubble Bed

|

|

Amendment $1 19P.3-5
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|

I19P.4.2.4 Safety Related Condensate Storage Tank 19P.4-2

|
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'

:
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i
19PA3.2 Increased Contginment Pressure Capacity 19P.4-3 |
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19P.4 RISK REDUCTION OF added which provides attention to risk issues in,

i POTENTIAL MODIFICATIONS man. machine interfaces. Significant computer

| ,

This section provides evaluations of the benefits already part of the ABWR control room design,
assisted display and plant status monitoring is

i

! of potential modifications to the ABWR design Additional artificialintelligence could be designed
| identified in Table 19P.3-2. For each modification which would display procedural options for the

the basis for the evaluation and the concept is operator to evaluate during severe accidents. The _|
described. Table 19P.4-1 summarizes the benefit in system would be an extension of ERIS to provide j
terms of person-rem averted risk for each of the human engineered displays of the important ]
evaluated modifications. variables in the EPGs and AMGs. 1

l

19P.4.1 Accident Management Operator actions are m:de significantly more !
reliable by new features such as Emergency '

Accident management is a current topic under Procedure Guidelines, Safety Plant Parameter ;

generic development within the Industry through the Displays (SPDS), and training on simulators. If the |

development of Accident Management Guidelines improvements described in Subsection 19P.4.1.1 are
(AMGs) and revisions to Emergency Procedure assumed to be implemented, the incremental benefit
Guidelines (EPGs). The following modifications are of additionalimprovements is expected to be low. |
based on implementation of such generic activity. The reliability of manually initiated preventive |

systems was increased by 10% to estimate the [

19PA.1.1 Severt Accident EPGs/AMGs benefit. The estimated incremental benefit over |
severe accident EPGs (Subsection 19P.4.1.1) is about

'

The symptom based EPGs, were developed by 3% in core damage frequency (CDF). Because the ,

the BWR Owners Group following the accident at improvement affects all release cases, the i
Three Mile Island, Unit 2. Currently the EPGs are incremental benefit is about .01 person-rem. !

under revision and accident management guidelines '

(AMGs) are being developed for severe accidents. 19PA.1.3 lenproved Maintenance :

These should provide a significant improvement Procedures / Manuals
which reduces the likelihood of a severe accident.
Elements of these guidelines (such as containment For the GE scope of supply this item would f
pressure and temperature control guidelines) also provide additional information on the components (

deal with mitigating the effects of accidents. important 1o the risk of the plant. As a result of I
improved maintenance manuals and information it |

In the ABWR PRA, Emergency Operating would be expected that increased reliability of the i

Procedures (EOPs) are based on these guidelines. important equipment would occur. This item would I
l Additional enensions of the EPGs and EOPs could be a preventative improvement which would address !

be made to address arrest of a core melt, emergency several system or components to different degrees.
,

'

planning, radiological release assessment and other
areas related to severe accidents. Based on a 10% improvement in the reliability of,

| the High Pressure Core Flooder (HPCF), Reactor
Since the existing EPGs cover preventive actions Core Isolation Cooling (RCIC), Residual Heat

and some mitigative actions, the incremental benefit Removal (RHR) and Low Pressure Core Flooder
of this item would be primarily mitigative. It was (LPCF) systems, the CDF is reduced by about 9%
judged that the reliability of manual actions which has a corresponding estimated person-rem
associated with mitigation could be improved by reduction of about .016.
10%, especially in use of core melt arrest processes.
Failure rates for manually initiated mitigative

i
|

! systems were decreased by 10%, to estimate the
| . benefit. The resulting offsite risk reduction is about
! .015 person-rem over 60 years. ;

|

!' 19PA.I.2 Computer Aided Instrumentation

Computer aided artificial intelligence can be

Amendment a 19PA-> j
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19P.4.2 Decay Heat Removal pump to provide low pressure decay heat removal
from the Reactor Pressure Vessel (RPV) using

Significant improvements in the reliability of suppression pool water as a source. The return path
ABWR high pressure systems have been made. to the stppresion pool would be through existing
Among these are RCIC restart (NUREG 0737, piping such as shutdown cooling return lines.

,

' II.K.3.13) and isolation reliability improvements
(NUREG 0737, II.K.3.15). Additionally, the The benefit of this modification would be similar

"

redundant HPCF is an improvement over early to that provided by the firewater injection and spray
product lines which used the single HPCS system. capability, but it would have the advantage that long

term contair. ment inventory concerns would not
19P.4.2.1 Passive High Pressurr System occur.

This concept would provide additional high If the system could make low pressure coolant
; pressure capability to remove decay heat through a makeup systems 10% more reliable, significant

diverse isolation condenser type system. Such a reductions in CDF would not be achieved because
system would have the advantage of removing not other low pressure systems are already highly
only decay heat, but containment heat if a similar reliable. The estimated benefit is that CDF is
system to that under consideration for the Simplified reduced 2% and the averted risk would be .002
BWR (SBWR)is employed. person-rem.

The benefit of this system would be equivalent to 19P.4.2.4 Safety Related Condensate Storage Tank
an additional diverse RCIC system in addition to an
additional containment heat removal system. The The current ABWR design consists of a standard
added system was assumed to be 90% reliable, non-seismically qualified Condensate Storage Tank
designed to operate independent of offrite power (CST). This modification would upgrade the
and to be capable of in-vessel core melt arrest. structure of the CST such that it would bc available
Based on a reduction in the RCIC failure rate, the to provide makeup to the reactor following a seismic
benefit is estimated at about .069 person-rem event.
averted. i

'
This modification only benefits the risks of core

19P.4.2.2 Improved Depressurization damage following seismic events. However, because
the suppression pool provides an alternate suction

This item would provide an improved depress- source and the HCLPF for the suppression poolis
urization system which would allow more reliable relatively high (see Appendix 191), the dominant
access to low pressure systems. Additional failure modes are not limited by water availability.
depressurization capability may be achieved through Therefore the benefit of this modification is

i manually controlled, seismically protected, air considered small. A benefit of 0.1 person-rem
powered operators which permit depressurization to averted was arbitrarily chosen for an upgraded CST.
be manually accomplished in the event ofloss of DC
control power or control air events.

The ABWR high pressure core damage events
represent about 28% of the total core damage
frequency, but about 46% of the offsite exposure
risk. The success of manualinitiation was assumed
to be improved by 50% and therefore the depres-
surization failure rate was reduced by a factor of 2.
Based on this estimate of benefit offsite person-rem
is reduced by about 23% and the estimated benefit is
about .042 person-rem.

19P.4.2.3 Suppression Pool Jockey Pump

This modification would provide a small makeup

Amendmere 4, 19P.4-28
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19PA.3 Containment Capability were able to prevent all severe source term release

f except for normal containment leakage, the
| ( The ABWR containment is designed for about 45 person-rem risk would be about .02 person-rem /60

\ psig internal pressure and includes a containment years. Therefore,the benefit would be about .16
rupture disc which would relieve exccssive pressure if person-rem,
it develops during a severe accident. By providing

| the release point from the wetwell airspace, 19PA33 Improved Vacuum Brrakers
mitigation of releases are achieved through
scrt.bbing of the fission products in the suppression The ABWR design contains single vacuum
pool. breaker valves in each of eight drywell to wetwell

vacuum breaker lines. The PRA included failure of
19PA3.1 I;uper Volume Containment vacuum breakers in ' Case 2" assuming operation of

wetwell spray. This modification would reduce the
This modi 5 cation would provide a larger volume probabilits oek open vacuum breaker by'

,
containment as a means to mitigate the effects of makine edundant in each line and

! severe accidents. By increasing the size the climiru operater action.
j containment could be able to absorb additional

noncondensible gas generation and delay activation If Cav.; 2 w <cs were climinated, the benefite.
of the containment rupture disc or early containment of this modification would be about .00003

,

| failure. person-rem averted.

| This item would mitigate the consequence of an 19PA3A Improved Bottom 1: cad Penetration
! accident by delaying the time before the severe Design

accident source term is released and allowing more
time for radioac;ive decay and recovery of systems. The ABWR design includes a 2' stainless steel
However, if recovery does not occur, eventual drainline from the bottom of the RPV which is used
release is not prevented and if operation of the to prevent thermal stratification in the RPV during

O containment overpressure rupture disc does not operation and to provide cleanup of the bottom head

(~ occa, ultimately the containment will fait due to the by the RWCU system. A carbon steel transition
| long term pressurization caused by core concrete piece connects the drain line to the RPV. During a
| interaction and skam generation. severe accident this transition piece may be |

l susceptible to melting and may provide the earliest
If sequences invoking drywell head failure were path for release of molten core material from the

,

| climinated (Cases 3,6,7,8 and 9), the offsite risks RPV to the containment.
wcald be reduced by about 82% and about .15
person-rem would be averted. The penetrations for the fine motion control rod

drives in the ABWR also may provide a pathway for
19PA3.2 Increased Containment Pressure Capacity release from the RPV following a severe accident.

Failure of the internal blowout supports on the lower
The design pressure of the ABWR containment core plate, provided to eliminate the support i

is 45 psig. The containment rupture disc pressure structure in current generation BWRs, and welds of !
and ultimate capability are significantly higher. By the drives at the bottom of the vessel may allow the
increasing the ultimatr; pressure capability of the CRDs to be partially ejected into the drywell during i

containment (including seals), the effects of a severe the severe accident which would provide a small
'

accident umld be reduced or climinated by delaying pathway for release to the containment, i

| the time of release. If the strength exceeded the

|
maximum pressure obtainable in a severe accident, The modification is to change the transition piece

j only normal containment leakage would result. material to leonel or Stainless Steel which has a
j higher melting point. By so doing, additional time

This modification would mitigate the event, not would be available for recovery of core coolingi

| ciange the core damage frequency and the increased systems. This modification also would estabhsn
| pressure capability may not be sufficient to contain external welds or restraints on the CRDs external to
'

the long term pressurization caused by core concrete the vessel so that the drives would not be ejectedp)( interaction and steam generation. However, if it following failure of the internal welds. The concept
i v
l
' Amendmem ' . 19P.4-3
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would be to make such external welds and supports
small enough that the benefit is not lost from
eliminating the support beams in current generation
BWRs. The benefit of these modifications would be

i to reduce the probability of in-vessel arrest failure
'

(NO IV). Based on consideration of the heatup rate
l of the bottom head, it has been estimated that
| making these changes could provide up to two hours
j additional time for recovery of systems. It is
| estimated, based on engineering judgement, that this
i time could result in the invessel arrest failure
I probabilities being reduced by a factor of two. The

resultin~ benefit is about .057 person rem averted.

Ab ntial negative aspect of the modifications
is that F - ' failure could occur at another unknown
loce.._ _ such as the bottom head itself. Although
the time of vessel failure would be extended, the
failure mode from these other locations could be

f potentially more energetic and lead to unevaluated
t consequences.
1

19P.4.4 Containment Heat Removal

The ABWR design contains 3 divisions of
suppression pool cooling and provisions for a
containment rupture disc for decay heat removal. In
addition, modifications have been made to use the
RVICU heat exchangers to the maximum extent
possible. Consequently, loss of containment heat
removal events contribute only .1% of the total core
da mage frequency and offsite exposures. Additional
modifications are not likely to show substantial safety
benefits.

i

19P.4.4.1 Larger Volume Suppression Pool

This item would increase the size of the
suppression pool so that the heatup rate in the pool j

is reduced.The increased size would allow more
'

time for recovery of a heat removal system.

Since this modification primarily affects LHRC 4

events (see Table 19P.2-2), the maximum benefit !

would be elimination of the LHRC contribution to
the Case 9 sequences. These events are mitigated by
the containment rupture disc and only contribute
about .0002 person-rem to the base case risk. The
assessed maximum benefit is therefore about .0002
person-rem.

AmetCment 4 19P.4 4
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19P.4.5 Containment Atmosphere Mass j
Removal I

t

i

The ABWR design contains a containment ;

rupture disc which provides containment j
overpressure protection from the wetwell airspace I

and utilizes the suppression pool scrubbing feature of }
the suppression pool to reduce the amount of |
radioactive material released. One additional 7

modification was considered. |

19P.4.5.1 Low Flow Filtend Vent '

r

I

Some BWR facilities, especially in Europe, ;

recently have added a filter system external to the i
containment to further reduce the magnitude of
radioactive release. The systems typically use a ;

multi-venturi scrubbing system to circulate the |
exhaust gas and remove particulate material. In the i

ABWR, because of the suppression pool scrubbing !
capability, a significant safety improvement is not ;

expected due to this modification.

The release of radioactive isotopes from the :
ABWR following severe accidents occurs through i

the containment rupture disc for Cases 1,2 and 5. |
These sequences total about 8% of the exposure rist |
The remaining sequences involve drywell head j

failure or early containment failure which would not ;

be affected by this modification. The maximum
benefit of the external vent system is therefore about
.014 person-rem assuming perfect initiation of the
filtered containment vent system.

|

..

|
!

|

|

I

. Amendmem '4 19P.4-5
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19P.4.6 Combustible Gas Control

No additional modifications to the ABWR were
identified in this group.

1

O

O....- , -
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|

| 19P.4.7 Containment Spray Systems

19P.4.7.1 Drpell Head Flooding

| This concept would provide intentional flooding
of the upper drywell head such that if high drywell

! temperatures occurred, the drywell head seal would
j not fail. Additionally,if the seal were to fail due to

overpressurization of the drywell, some scrubbing of

j the released fission products would occur. This
system would be designed to operate passively or use,

j an AC independent water source.
i
j If an extension of the fire pump to drywell spray
j crosstic were considered for manualinitiation of

upper head floodmg, additional reduction in the high :,

j temperature containment failure sequences (Case 8) |
{ would result. Additionally, a reduction in the high !

consequence drywell head failure sequences (Cases 6-

and 7) could be achieved. If Case 8 sequences were
eliminated and Case 6 and 7 source terms werc !
reduced to a level umilar to Case 3, the conservative |
benefit would be .12 person. rem. The estimated
benefit of this is about .06 person-rem assuming a
50% reliability ofinitiation. i

!

|

|
,

Amendment 2 19P.4-7
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19P.4.8 Prevention Concepts

The ABWR design contains an additional
division of high pressure makeup capability to
improve its capability to prevent severe accidents
other features such as the firc pump injection
capability and the combustion gas turbine have been
included in the design to enhance the plant capability
to prevent core damage. The following additional
concepts were considered:

1

19PA11 Additional Service Water Pumps

This item addresses a reduction in the common
cause dependencies through such items as improved
manufacturer diversity, separation of equipment and

; support systems such as service water, air supplies,
or heating and ventilation (HVAC). The HPCF,'

RCIC, and LPCF pumps are diverse in the ABWR

| design since they are either supplied by different
manufacturers or have different flow characteristics.
Equipment is separated in the ABWR design in

; accordance with Regulatory Guide 1.75. Thus, no
further improvement is expected with regard to
separation.

Common cause dependencies from support
systems such as service water systems, could
conceivably reduce the plant risk through an
improvement in system reliability. The concept for
this item would be to provide dedicated support
systems for each of the four diverse injection systems
identified above.

The current design provides support to these
systems from one of three divisions. Thus, the effect
of this change would be to include additional support
systems. In addition, diversity in instrumentation
which controls these systems could be included so

| that redundant indication and trip channels would
rely on diverse instrumentation.

,

!

A 10% increase in the reliability of the four
systems was assumed which is the same
improvement that may be derived from improved
maintenance (Subsection 19P.4.13). This results in
an estimated benefit of about .016 person-rem.

!

|

|

|
AmendmeniT 19P.4-8
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19P.4.9 AC Power Supplies
,

; The current ABWR clectrical design is improved

1 through application of a gas-turbine generator to
j augment the offsite electrical grid. The following

'
concepts were considered for additional on-site
power supplies.,

19PA.9.1 Steam Driven Turbine Generator !

A steam driven turbine generator could be
installed which uses reactor steam and exhausts to

'the suppression pool. The system would be
*

conceptually similar to the RCIC system with the
generator connected to the offsite power grid.

!

The benefit of this item would be similar to thea

addition of another gas turbine generator, but would
'

,

be somewhat less due to the relative unreliability of '

the steam turbine compared with a diesel generator |

and its unavailability after the RPV is depressurized. j

If it were sized large enough, it could have the
advantage of providing power to additional

.

'

equipment.

If the system has a 80% availability for all events,
,

the benefit is similar to an 80% reduction in the !4

diesel generator common mode failure rate. !
Evaluation of the PRA indicates that the resultmg !

~

benefit is about .052 person-rem. !
-

,
I t

19PA.9.2 Alternate Pump Power Source |

The ABWR provides separate diesel driven f
j power supplies to the HPCF and LPCF pumps. 1

Offsite power supplies the feedwater pumps. This jy

; modification would provide a small dedicated power i

source such as a dedicated diesel or gas turbine for ;

the feedwater, or condensate pumps so that they do j
not rely on offsite power. t

The benefit would be less dependence on low |
pressure systems during loss of offsite power events !

'

and station blackout events. If the feedwater system
were made to be 90 % available during loss of offsite
power events and station blackouts, the benefit

'

would be similar to adding an additional RCIC
| system (refer to Section 19P.4.2.1). The resulting

benefit would be about .069 person-rem.*

.I

6

Amendment . 19P 4-9
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19P.4.10 DC Power Supplies

The ABWR contains 4 DC divisions with
sufficient capacity to sustain 8 hours of station
blackout (with some load shedding). This represents
an improvement over current operating plant
designs.

19P.4.10.1 Dedicated DC Power Supply

i

This item addresses the use of a diverse DC
power system such as an additional battery or fuel
cell for the purpose of providing motive power to
certain components. Conceptually a fuel cell or
separate battery could be used to power a DC
motor / pump combination and prodde high pressure
RPV injection and containment cooling. With
proper starting controls such a system could be sized
to provide several days capability.

Providing a separate DC powered high pressure
injection capability has a benefit of further reducing
the station blackout and loss of offsite power event
risks which represent about 75% of the total CDF,
but only a small fraction of the offsite risk. If the
effective unavailability of the RCIC is reduced by a
factor of 10 due to the availability of a diverse
system, one benefit would be similar to adding a
power supply for feedwater (19P.4.9.2) and the
benefit would be about .069 person-rem.

-

Amendment p 19P.4 20
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19PA.11 ADVS Capability

The current ABWR design provides
improvements in containment heat removal and
detection of ATWS events to limit the impact of this
class of events. The PRA indicates that ATWS
events contribute about .1% of the core damage
frequency (Table 19P.2-2) and about 17% of the
offsite risk (Case 9).

19P.4.11.1 ATWS Slaed Vent

: 1
This modification would be available to remove '

reactor heat from ATWS events in addition to severe
accidents and Class Il events. It would be similar to
the containment rupture dise (wnich is currently
sized to pass reactor power consistent with that :

generated during RCIC injection), but it would be of I
the larger size required to pass the additional steam |
associated with I.PCF injection. The system would i

need to be manually initiated.

The benefit of this venting concept is to prevent f
core damage and to reduce the source term anilable j
for release following A'IWS events. The evaluation '

shows that an ATWS sized vent manually initiated ,

with a 100% reliability would have a maximum I
benefit of reducing the offsite dose by about .03 '

person-rem by reassigning the consequences from
case 9 to case 1. i

!

!
l

I
;

|
I

l
I
i

. Amendment g, 19P.411
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JP.4.12 Seismic Capability

The current ABWR is designed for a Safe
Shutdown Earthquake of ,3g acceleration. The
scismic margins analysis (see Appendix 191)
addresses the margins associated with the seismic ;
design and concludes that there is a 95% confidence i

that existing equipment has less than a 5%
probability of failure at twice the SSE level. This
capability is considered adequate for the ABWR
design and no additional changes are considered.

i

O'
.

Amendment $ 19P.4-12
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19P.4.13 System Simplification

This item is intended to address system'

simplification by the climination of unnecessary
i interlocks, automatic initiation of manual actions or

Iredundancy as a means to reduce overall plant risk.
Elimination of seismic and pipe whip restraints is -
included in the concept.

*

While there are several examples of redundant
systems, valves and features on the ABWR design
which could conceivably be simplified, there are,

several areas in which the ABWR design already has
been improved and simplified, especially in the area
of controls and logic. System interactions during
accidents were included in this category. One area j
was identified in which simple modification of an4

,

existing system could provide some benefit.

19PA.13.1 Reactor Building Sprays ;

!

This concept would use the firewater sprays in

~

the reactor building to mitigate releases of fission
products into the reactor building following an <

accident. The concept would require additional j-

valving and nozzles, separate from the fire protection i,

fusible links, to spray in areas vulnerable to release, j

;
. such as near the containment overpressure relief line |

4 routmg. ;
4 i

The benefit of this modification could be to I

reduce the impact of events which do not involve the (
operation of the containment rupture disk. Such
events release fission products from the containment |
into the reactor building. Releases from normal j
containment leakage and cases 3,6,7,8 and case 9 -

sequences could potentially be reduced. If 10% of
these releases from these cases were arbitrarily
midgated by this method, the benefit would be about
.017 person-rem.

$.

J

>

Amendment 28 19P 4-13
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|19P.4.14 Core Retention Devices Only sequences in which no liquid injection to the
drywell occurs will result in core-concrete

Core retention features are incorporated into the interaction. A conservative estimate of the benefit of
ABWR Design. As discussed in Appendix 19E.2,if a this concept over the existing design would be
severe accident has resulted in a loss of RPV climination of sequences with core-concrete
integrity, accident management guidance specifies interaction except those with containment cooling

| that drywell sprays be initiated which will cause the failure. A review of Appendix 19E.2 indicates that
suppression pool to overflow into the lower drywell this would effect about 1% of Cases 1,6 and 7 This'

after a few hours and quench the debris bed. After corresponds to about .001 person-rem averted.
the molten core has been quenched, no further
ablation of concrete is expected and the decay heat
can be removed by normal containment cooling

i methods such as suppression pool cooling. If sprays
! can not be initiated, the Lower Drywell Flooder

| System described in Section 9.5.12 cools a debris bed
| by flooding over the molten core in the lower drywell

with water from the suppression pool. This system is

| similar to the * Post Accident Flooding * concept
' included in Reference 19P.8.4. One additional

| concept from Reference 19P.8.4 is included.

19P.4.14.1 Flooded Rubble Bed
|
,

| This concept consists of a bed of refactory
| pebbles which fill the lower drywell cavity and are
l flooded with water. The bed impedes the flow of
I molten corium and increases the available heat

transfer area which enhances debris coolability. The
use of thoria (ThO.,) pellets in a multiple layer
geometry has been sh5wn to stop melt penetration;

i thus, preventing core-concrete interaction.
I Drawbacks to using thorium dioxide include cost,

toxicity, and the radiologicalimpact of radon gas
| release into the lower drywell via the radioactive

decay of thorium. Other refractories such as
alumina slow corium penetration but may fail to stop
core-concrete contact. Other refractories may'>e

| susceptible to chemical attack by the corium and may
melt at lower temperatures. Pebbles composed of

|
refractories other than thoria also may be susceptible

| to floating because they have lower density than the

| corium. A major drawback common to all flooded
l rubble bed core retention systems is the need for

further experimental testing in order to validate the

| concept in BWR applications.

The benefit of this modification li:s in the
potential climination of core-concrete interaction
and a corresponding decrease in non-condensable
gas generation. Appendix 19E, Attachment C
indicates a 90% certainty that debris on a concrete
floor covered with water will be coolable in the
current ABWR design.

O
19P.414Amendment 13
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Table 19P.41

SUMMARY OF BENEFITS

Potential
Modification Manerm Averted

1 ACCIDENTMANAGEMENT
la. Severe Accident EPGs/AMGs 0.015
lb. Computer Aided Instrumentation 0.010

2 DECAY HEAT REMOVAL
2a. Passive High Pressure System 0.138
2b. Improved Depressurization 0.042
2c. Suppression Pool Jockey Pump 0.002
2d. Safety Related Conden ate Storage Tank 0.01

3 CONTAINMEhT CAPABILin'
3a. Larger Volume Containment 0.15
3b. Increased Containment Pressure Capacity 0.02
3c. Improved Vacuum Breakers 0.00003
3d. Improved Bottom Penetration Design 0.057

4 COSTAINMENT HEAT REMOVAL
4a. Larger Volur.:e Suppression Pool 0.0002

5 CONTAINMENT ATMOSPHERE GAS REMOVAL
5A. LowFlowFiltered Vent 0.014

7 CONTAINMENT SPRAY SYSTEMS
7a. DrywellHead Flooding 0.060

8 PREVENTION CONCEPTS
Sa. AdditionalSerdce Water Pump 0.016

9 AC POWER SUPPLIES
9a. Steam Driven Turbine Generator 0.052
9b. Alternate Pump Power Source 0.069

10 DC POWER SUPPLIES
10a. Dedicated DC Power Supply 0.069

11 ATWS CAPABILin'
11a. ATWS Sized Vent 0.03

13 SYSTEM SIMPLIFICATION
13a. Reactor Building Sprays 0.017

14 CORE RETESTION DEVICE
14a. Flooded Rubble Bed 0.001

O' Amendment $ 19P.415
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1 19P.5 COSTIMPACTS OF POTENTIAL 19P.S.13 Improved Maintenance
'

| MODIFICATIONS Procedures / Manuals
.

As discussed in Section 19P.13.1, rough order of The cost of at least $ 300,000 would be required to

{ magnitude costs were assigned to each modification identify components which should recche enhanced
$ based on the costs of systems determined by GE. maintenance attention and to prepare the additional

j These costs represent the incremental costs that detailed procedures or recommended information
would be incurred in a new plant rather than costs beyond that currently planned. Credit for reduction;

I that would apply on a backfit basis. Credit for the in onsite costs reduces the cost basis to $299,000.

I onsite costs averted by the modification are discussed
I in Section 19P.13.2. For each modification which
i reduces the core damage frequency an estimate of

!

{ the impact was made and then applied to the
1 potential averted offsite cost. This section
3 summarizes the cost basis for each of the j

1 modification evaluated in Section 19P.4. This basis is j

j generally the cost estimate less the credit for onsite :

i averted costs. Table 19P.5-1 summarizes the results. i

i !

The costs were biased on the low side, but all
4

i known or reasonably expected costs were accounted ;

j for in order that a reasonable assessment of the |
1 minimum cost would be obtained. Actual plant
j costs are expected to be higher than indicated in tnis |

] evaluation. All costs are referenced to 1991 U.S. ;

dollars based on changes in the Consumer Price |e

Index. ,

; 19P.5.1 Accident Management j

I |

| 19P.5.1.1 Severt Accident EPGs/AMGs i

i.
!

The cost of extending the EPGs would be largely
'

I
,

a one-time cost which should be prorated over
,

! several plants if accomplished by the BWROG.
! Current industry activity is addressing this as part of
j Accident Management Guidelines (AMG). If plant
! specific, symptom based, severe accident emergency
! procedures were to be prepared based on AMGs,
1 the cost would be at least $ 600,000 for plant specific

modifications to EOPs.4

' 19P.S.I.2 Computer Aided Instrumentation
i
' Additional software and development costs

associated with modifying existing Safety Plant'

| Display Systems are estimated to cost at least
j $600,000 for a new plant. This estimate is based on

assumed additions ofisolation devices to transmit ;

data to the computer and in-plant wiring. Because 1"

this modification reduces the frequency of core |-

damage events, a present worth of $400 onsite costs i
!

are averted and the cost basis is $599,600.

\i

Amendment 6 19P.5-1
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19P.5.2 Decay Heat Removal

19P3.2.1 Passhe liigh Pressure System

The cost of an additional high pressure system
for core cooling would be extensive since it would
not only require additional system hardware which
would cost at least 5 1,200,000, but it would also
require additional building costs for space available
for ihe system. Assuming the system could be
located in the reactor building without increasing its
height, building costs are estimated to be another
5550,000. The credit for averted onsite costs is about
56,uu which brings the cost basis to $1,744,000.

'

i

| 19P3.2.2 Improved Depressurization

The cost of the additional logic changes,
pneumatic supplies, piping and qualification was
estimated for the GESSAR design (reference
19P.8.1). A similar cost would be expected for the
ABWR design. The cost is estimated to be at least
$600,000 for an improved system for;

-

depressurization. This estimate assumes no building
space increase for the added equipment. The credit
for averted onsite costs was evaluated to be $1,400
which makes the cost basis $59S,600.

19P3.23 Suppression Pool Jockey Pump

The cost of an additional small pump and
associated piping is estimated at more than $ 60,000
including installation of the equipment. It is
assumed that increases in power supply capacity and
building space are not required. Controls and
associated wiring could cost an additional $ 60,000
for a total cost of at least $120,000. A credit of $200
for averted onsite costs makes the cost basis
$119,800.

19P3.2.4 Safety Related Condensate Storage Tank |
|
'Estimating the cost of upgrading the CST

structure to withstand seismic events requires a |

detailed structural analysis and resultant material. It I
'is judged that the final cost increase would be in

excess of 5 1,000,000. No credit for onsite cost

j averted was assumed for this modification.

|

|

!

|
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19P.5.3 Containment Capability )

19P.53.1 Larger Volume Containment

Doubling the containment volume requires an
increase in the concrete and rebar. If structural costs
of the containment can be made for 51,200 per
square foot, doub"ug the containment volume
without increasing its height, the cost would be at
least $ 8,000,000. This estimate does not include
reanalysis and other documentation costs. Since this
modification is mitigative, no credit for onsite !
avened costs was assumed. j

! I
| 19P.53.2 lacresed Containment Pressure Capacity |
| !
1 l

|
The cost of a stronger containment design would j

be similar in magnitude to increasing its size (sec !'

| Subsection 19P.53.1). If the costs are primarily due |
to denser rebar required during installation and !

additional analysis, an estimate of at least !

$12,000,000 could be required. Since this j
modification is mitigative, no credit for onsite {
averted costs was assumed. j

!

19P.533 Improved Vacuum Breakers I
l
l

The cost of redundant vacuum breakers including 4

installation and hardware is estimated at more than i

$10,000 per line. Instrumentation associated with
this modification is not included. For the eight lines
the cost of this modification is more than $100,000. j
Since this modification is mitigative, no credit for i

onsite averted costs was assumed. !
8

!

19P.53.4 Improved Bottom Penetration Design |
!

The cost increase of using a stainless or inconel !
transition piece as opposed to carbon steel would be ,

expected to be small in comparison to the 5

engineering and documentation change costs ]
associated with the change. Costs, associated with . ,

external welds and support for the CRDs isjudged to j
be at least $1000 per drive. In addition, about j
$500,000 of analysis would be required to develop the' ]
changes. This would dominate the cost of this i

modification when applied to all 205 drives. Such
changes are estimated to be at least $750,000.

Since this modification is mitigatin:, no credit for
averted onsite costs applies.

Amendment 2f6 19P.53
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19P.5.4 Containment Heat Removal

19P.S.4.1 Larger Volume Suppression Pool

This concept would result in similar costs as item
Subsection 19P.S.3.1 for providing a larger
containment. An estimate of $ 8,000,000 is assigned |,

to this item.
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19P.5.5 Containment Atmosphere Mass
Removal

19P.5.5.1 Low Flow Filtered Vent |

1

$ The cost of added equipment associated with the
FILTRA system (excluding a test program) was

j estimated to be about $5,000,000 in Reference
19P.S.4. Although a detailed estimate was not,

'

prepared for the ABWR, an estimate of $3,000,000
has been assumed for the purpose of this evaluation.4

,

Since this modification is mitigative, no credit for !
J averted onsite costs applies. |
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19P.5.6 Combustible Gas Control

No additional modifications to the ABWR were 4

identified in this group.
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1
- 19P.5.7 Containment Spray Systems
,

19P.S.7.1 Drywell Head Dooding

An additional line to flood the drywell head using
ensting firewater piping would be a relatively
inexpensive addition to the current system.

;

Instrumentation and controls to permit manual, ,

control from the control room would be needed. It |
i is estimated that the tota 1 modification cost would be j
j at least S 100,000 for the engineerirg, piping, vahes i

and cabling. -i
'

ja

Because this modification is mitigative, no credit i

for averted onsite costs has been applied. {
I

; l

i
i !

|

: |

-
;
a

)

ia

i
,

i
!

I.

i

!

i
i
.

|4

1- |

$ ;

1

J

Amendment 2E 19P3 7

-1
!

l
._. _ . _ . . _ _ _ . . . _ . _ _ _ . _ _ . _ . _ . . . . _ .#_._,.._, ,~ . . . . , _ , . . . .



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

ABWR '

n^am^s
Standard Plant RevA

i

19P.5.8 Prevention Concepts

19P.S.S.1 Additional Service Water Pump

The use of diverse instrumentation would not
presumably have a significant equipment cost, but
there would be an increased cost of maintenance and
spare parts due to less interchangeability and less
standardization of procedures.

These costs, however, are probably low in
comparison with the enra support systems for air

| supply and service water. Equipment, power supplies
and structural changes to include these new systems
are estimated to cost at least S 6,000,000. A small
credit for averted onsite costs makes the cost basis

! for this item 55,999,000, based on the benefits
discussed in Subsections 19P.4.13 and 19P.S.13.

I

|

1
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19P.5.9 AC Power Supplies

19P.S.9.1 Steam Driven Turbine Generator

The cost of the system should be similar to that
for the RCIC system, but additional cost would be
needed for structural changes to the reactor building
plus the generator and its controls. This item is

,

expected to cost at least 5 6,000,000. |

With credit for averted ondte costs, the cost basis i
for this item becomes S 5,994,300.

|

19P.S.9.2 Altermate Pump Power Source |

A typical feedwater pump for an ABWR sized |
plant could require a 4000 Kwe sized generator, at '

i $300 per Kwe, a reparate diesel generator and the
; supporting auxiliaries could cost at least 51,200,000.
! This cost would include wiring and ' stallation of the -m

alternate generator, but does not assume additional
structural costs.

,

|
i

With credit for averted onsite costs, the cost basis |,

| for this item becomes 51,194,000. '

1
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19P.5.10 DC Power Supplies ;

19P.5.10.1 Dedicated DC Power Supply

Fuel cells are largely a developmental
,

technology, at least in the large size range required I
for this application. In addition the process invohes !

some risk of fire. To address these concerns a cost of |
at least S 6,000,000 would be expected. i

| A separate battery would be less expenshe than
fuel cells, but would involve additional space
requirements which could make this modification

| more expensive than adding a diesel generator as
discussed in Subsection 19P.S.9.2. A battery bank
capable of supplying 400 Kwe would be about 50,

| times larger in capacity than the emergency batteries.
This number of batteries would require at least 5,000
square feet of space, assuming extensive stacking and
without concern for scismic response. At

i $500/ square feet construction cost, the additional
'

space required would amount to $2.500,000 for this
modification. Additional costs would be required for
DC pumps, cabling and instrumentation and
controllers. A total cost would be at least $3,000,000.

O
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1

19P.5.11 ATWS Capability
.

.
19P.5J1.1 AlWS Sized Vent :

| e

Larger piping and additional training would be
required to extend the existing rupture disk feature

I to be available during an ATWS event. Additional j
instrumentation and cabling would be required to |

'

make the vent operable from the control room. It is l

estimated that the incremental cost would be at least !
i

$ 300,000.
l'
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19P.5.12 Seismic Capability

No modifications were considered for this group.
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19P.5.13 System Simplification

I 19P.S.13.1 Reactor Building Sprays

The cost of this modification is judged to be
similar to the concept of drywell head flooding
(Subsection 19P.5.5.1) if it only invohes piping and
vahrs which are tied into the firewater system. An

.

estimate of $ 100,000 has been assigned to this item.

Onsite cleanup costs also could be affected by(

this modification. If the cleanup costs were
eliminated an averted cost would conservatively be
about $ 5,000.

!

|

I

I
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19P.5.14 Core Retention Devices

19P.5.14.1 Flooded Rubble Bed

Reference 19P.8.4 estimated that the refractory
*terial needed for this modification would cost

| .pproximately 51,000 per pound. If the lower
drywell were filled with about 1.5 feet of this
material, which would remain well below the service
platform, at least 1250 cubic feet of material would
be required. If it weighs 15 pounds / cubic feet, the
material cost alone would amount to S 18,750,000.
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|
! Table 19P.5-1
i i

: SUMMARY OF COSTS !
! !

| 2

|
| Modification Estimated Cost !

| i
1 ACCIDESTMANAGEMENT |
la. Severe Accident EPGs S 600.0K ;

lb. . Computer Aided Instrumentation $ 599.6K j
Ic. Improved Maintenance Procedures / Manuals $ 299.0K

!
2 DECAY HEAT REMOVAL !
2a. Passive High Pressure System $1744.0K j
2b. Improved Depressurization 5 598.6K
2c. Suppression Pool Jockey Pump $ 120DK !

2d. Safety Related Condensate Storage Tank $ 1000.0K {
l

3 COSTAINMENT CAPABILITY |
3a. Larger Volume Containment $ 8000.0K J

'

3b. Increased Containment Pressure Capacity $12000.0K
Sc. Improved Vacuum Breakers 5 100.0K
3d. Improved Bottom Penetration Design S 750.0K

4 CONTAINMENT HEAT REMOVAL
4a. Larger Volume Suppression Pool $8000.0K

5 CONTAINMENT ATMOSPHERE GAS REMOVAL
Sa. Filtered Containment Vent $ 3000.0K

7 CONTAINMENTSPRAY SYSTEMS
7a. Drywell Head Flooding $ 100.0K

i 8 PREVENTION CONCEITS
l Sa. Additional Service Water Pump $ 5999.0K

9 AC POWER SUPPLIES
9a. Steam Driven Turbine Generator $ 5994.3K
9b. Alternate Pump Power Source $1194.0K

10 DC POWER SUPPLIES
10a. Dedicated RHR DC Power Supply $3000.0K

t

| 11 ATWS CAPABILin'
| 11a. ATWS Sized Vent $ 300.0K
!
'

13 SYSTEM SIMPLIFICATION
j 13a. Reactor Building Sprays $ 100.0K
I

14 CORE RETENTION DEVICES
| 14a. Flooded Rubble Bed $18,750.0K

Amendment 2P 19P.5 15!
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19P.6 EVALUATION OF POTENTIAL

( MODIFICATIONS

f A ranking of the modifications by $/ person-rem
averted is shown in Table 19P.6-1 based on the
results and estimates provided in Sections 19P 4 and
19P.S.

|

The lowest cost / person rem averted j

modification is more than 1600 times the target i

criteria of 51,000 per person rem averted. Clearly j
none of the modifications is justifiable on the basis of j

costs for person-rem averted. This can be attributed |
to the low probability of core damage in the ABWR [
with the modifications to reduce risk already j
installed. j
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Table 19P.6-1

Summary of Resultsh

Modification Cost / Person-rrm Averted

7a. DrywellHead Flooding $ 1,667K
,

13a. Reactor Building Sprays $ 5,882K . |
11a. ATWS Sized Vent $ 9,882K i

2d. Safety Related Condensate Storage Tank $ 10,000K |

3d. Improved Bottom Penetration Design $ 13,158K |
2b. Improved Depressurization $ 14,173K !

9b. Alternate Pump Power Source $ 17,351K !

Ic. Improved Maintenance Procedures / Manuals $ 18,298K j

2a. Passive High Pressure System $ 25,158K !

la. Severe Accident EPGs $ 39,834K |

10a. Dedicated DC Power Supply $ 43,478K I

3a. Larger Volume Containment $ 53,333K !

lb. Computer Aided Instrumentation $ 60,000K i

2c. Suppression PoolJockey Pump $ 62,130K ,

9a. Steam Driven Turbine Generator $ 114,726K ;

Sa. Low Flow Fihered Vent $ 214,286K i

Sa. Additional Senice Water Pump $ 375,000K
4b. RWCU Decay Heat Removal $ 425,000K |

| 3b. Increased Containment Pressure Capacity $ 600,000K !

| 3c. Improved Vacuum Breakers $ 3,329,000K |
14a. Flooded Rubble Bed 5 18,750,000K |

'4a. Larger Volume Suppression Pool $ 40,000,000K
,
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19P.7 SUMMARY OF CONCLUSIONS

I Potentially attractive modifications were
identified from previous evaluations of potential
prevention and mitigation concepts applicable during
severe accidents and discussion with the NRC staff.
Potential modifications were reviewed to select those
which are applicable to the ABWR design and which
have not already been implemented in the design.
Of these modifications, twenty one were selected for
additional review.

The low level of risk in the ABWR is demon-
strated by the total 60 year offsite exposure risk of
.183 person-rem. At this level only modifications
which cost less than S 183 can be justified. Based on
this low level no modifications are justified for the
ABWR.

Based on the PRA results, none of the
modifications provided a substantial improvement in
plant safety.
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