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A site review was a major part of the analysis. This consisted
of a review of important weather conditions to determine prevailing wind
directions throughout a weather sequence. The population, either shel- |

tered or evacuated, along specific evacuation routes was identified. A
review of topo3ogical features was also made in conjunction with this
review.

._

Finally, infomation from all three tasks shown in Figure 1.1
was assembled to present an evaluated risk of the Limerick plant in com-
parison with the original WASH-1400 BWR results. These comparisons are
presented in Section 4.

1.3 RELATIONSHIP OF THIS STUDY TO THE REACTOR SAFETY STUDY

1.3.1 Adaptation of Reactor Safety Study Methodolocy

The Reactor Safety Study (RSS) (1-2) was a thorough application
of probabilistic methods to analysis of nuclear power plant risk. The
study that is presented here is a risk assessment of Limerick 1, a BWR/4,
having essentially the same thermal power rating as the WASH-1400 SWR,
but utilizing a later containment design, the Mark II. (Design charac-
teristics of Limerick are given in Section 2.3.)

|
|

| The RSS methodology has been adopted for the Limerick risk assess-
ment. However, there are a number of changes required to implement the
methodology for Limerick. These changes include:

e A revised list of accident initiators

e A new more detailed set of event trees to model the seouence
of events following each initiator

e A new plant-specific set of fault tree logic models for
Limerick

e A containment analysis specific to the Mark II containment

O
i 1-11
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Table 1.2

SUMMARY OF SUCCESS CRITERIA FOR THE MITIGATINGU SYSTEMS TABULATED AS A FUNCTION OF ACCIDENT INITIATORS

|!SU ESS CRITERIAACCIDENT INITIATOR
Coolant Injection | Containment rieat Removai j

Large LOCA: 1 of 4 LPCI Pumps 1 RHR
2Steam Break > 0.08ft OR

-

2
Liquid Break > 0.lft 1 of 2 Core Spray

Subsystems (2 pumps)

Medium LOCA: HPCI 1 RHR

Steam Break OR OR
20.016 to 0.08ft 1 of 4 LPCI Pumps 1 COR

Liquid Break I and
0.004 to 0.lft2 OR *

ADS1 of 2 CS Subsystems
s

Small LOCA: HPCI Normal Heat Removal

Steam Break < 0.016ft OR OR
2

Liquid Break < .004ft RCIC 1 RHR

OR OR ,

1 Feedwater Pump COR

OR i

1 of 2 CS Subsystems

OR
'

1 of 4 LPCI Pueps pand
*

OR | ADS

'1 Condensate Pump
j

Transient Same as Small LOCA Same as Small LOCA
:

IORY Same as Small LOCA Same as Small LOCA

Transient + SORY !ame as Small LOCA Same as Small LOCA !
"

|

O .

ADS recuires coeration of only two safety / relief valves for adequate
deoressuri:aticn.

1-26
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Table 1.3

SilMMARY OF LGS CAPABILITY FOR ATWS MITIGATION
(Alternate 3A Modifications)

.

Transient failed Systems or functicns
initiator

1 SLC 1 SLC + 1 SLC t 1 SLC + FW + FW + liPCI FW MSly RPT i

PUMP FW + 1 RilR . 2 RilR RCIC HPCI LEVEL 8 RllNBACK LEVEL 1 |

RCIC TRIP TRIP,_.

4
|

*

TllRblNE TRIP A A A A A A N A A N

MSIV CLOSURE A A A COR A A N A A N
,

LOSS OF OFFSITE A A A COR A' A N A A A

POWER

lllADVERTENT OPEN A A A COR A N N A A A

RELIEF VALVE
|

A: acceptable
N:not acceptable ~

COR: Containment Overpressure Relief

.

1

- . .
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8. Comon-mode miscalibration of similar sensors is

incorporated into the model (see Appendix A).

9. Manual Operation -- Several guidelines are used
to define the operator action assumptions used

in the model:

Detailed analysis of the adequacy of core cooling
"1 der extreme conditions indicates that positive
manual ooerations can be delayed for more than
30 minutes (in most cases, 2 to 4 hours). This is
based upon the adequacy of core cooling even if
the effective reactor water level is below the
top of the active fuel. In the analysis involving
evaluation of adequate core cooling and core un-
covering, human intervention to establish core
coolant injection is not considered to be necessary
for at least 30 minutes.

The event tree / fault tree analysis has been perfomed
using the human-error rates documented in Appendix A.
These error rates have been applied to obvious actions
which the operator should perform during an accident se-

|quence. In. addition, those maintenance recovery actions
which may be in error and which would adversely affectV the system operation have been incl'uded in the component |failure rates (see the generic component fault trees). -

Operator action to restore failed or tripoed systems
has been included in the case of the power conversion
system (PCS) and the d'esels.

10. The bases for fault tree quantification are:

e The best estimate for a given probability is
associated with the mean value of the data.
The failure rates used in the study are repre-
sentative of the equilibrium portion of the
plant life.

e The er. tire analysis is based on the use of
realistic assumptions, data, and success
criteria, and is intended to model. insofar
as possible, actual events and actions as
they would be expected to occur.

11. The failure of display of information to the ,oerator is
treated as a rundom independent failure or sec of fcilures
and is not dependent on the accident sequence.

O

1-32
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TABLE 1.4 (continued)

.

feH Monorail itunted Hoist
MOV Motor Operatad Valve

MSIV Main Steam Isolation Valves

NC Normally Closed

NED Nuclear Energy Division (GE)

NLC Nonnally Locked Closed

NLO Nonnally Locked Open

NO Normally Open

NRC Nuclear Regulatory Comission

NSSS Nuclear Steam Supply System

NUS NUS Corporation -

OBV Outboard Isolation Valve
PCS Power Conversion System

PEco Philadelphia , Electric Comoany
P&ID Process and Instrumentation Drawing

PRA Probabilistic Risk Assessment-

PRM Power Range Monitor

PSAR Preliminary Safety Analysis Report

PWR Pressurized Water Reactor

RCIC Reactor Core Isolation Cooling

RCPB Reactor Coolant Pressure Boundary

RHR Residual Heat Removal

RHRSW Residual Heat Removal-Service Water

RPS Reactor Protection System

RPT Recirculation Pump Trip

RPV Reactor Pressure Yessel

RWCU Reactor Water Clean-Up

SAI Science Aoplications, Inc.

SAR Safety Analysis Report

SDV Scram Disc. barge Volume

SF Shielding Factor
.

1-35
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TABLE 1.4 (continued)

SFSP Spent Fuel Storage Pool

SGTS Standby Gas Treatment System

SJAE Steam det Air Injector

SLC Standby Liquid Control

SORV Stuck Open Relief Valve

SP Suppression Pool |

SPASM System Probabilistic Analysis by Sampling Methods

SRM Source Range Monitor

S/RV Safety / Relief Valve

SSE Safe Shutdown Earthquake

SW Service Water

TCV Turbine Control Valve>

TG Turbine Generator

TIP Traversing In-Core Probe

UHS Ultimate Heat Sink

.. .

|

O
,

1-36
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OG
2. A location remote from take-off and landing path-routes of

aircraft to make airplane crashes affecting the plant a
low probability. The Limerick site meets this criteria.

3. A location on a sparsely travelled inland waterway which,
coupled with the Limerick ultimate heat sink (VHS) design *,
minimizes the possibility of fouling the ultimate heat
sink with oil or chemical spills.

In addition, natural disaster" demand frequencies fo. the LGS

are at least as low as other northeast utility sites for: |

e Seismic v' tity

e Hurricanes

e Tsunamis -

e Flooding.

Meteorological data, collected for five years on the Limerick. site,
were used in the analysis.

The LGS consists of two boiling water reactor (BWR) generating
units. Each is designed to operate at a rated core thennal power of 3293
MWt (100% steam flow) with a corresotnding gross electrical output of 1092
MWe. Since approximately 37 MWe are used for auxiliary power, the net elec-
trical output is about 1055 MWe. The multi-stage steam-driven turbine, which
exhausts to the main . condenser, provides the motive force for the electrical
generator.

Condenser cooling is provided by water circulated through natural
draft cooling towers.

*The Limerick ultimate heat sink (UHS) is a soray pond. River water intake
can be shut off if required to maintain UHS integrity and cleanliness.

**Not evaluated in the LGS risk assessment.

nV
2-5
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Two independent offsite electric power source connections to |
~

LGS are designed to provide reliable power soun:es for plant auxiliary
loads and the engineered safeguard loads, sucn that any single failure can |
affect only one power supply and cannot propagate to the alternate source.
A third independent offsite source, available as a potential source for
emergency use, can be connected to supply the engineered safeguard loads
in the event of the loss of one of the connected offsite power sources.

The onsite ac electric power system consists of Class 1E and
non-Class lE power systems. The two offsite power systems provide the
preferred ac electric power to all Class lE loads. One source is the
220-13 kV startup transfomer in the 220 kV substation. The second
source is from a 13kV tertiary winding of the 220-500 kV bus-tie auto- '

transformer in the 500 kV substation, In the event of total loss of

offsite power sources, eight onsite independent diesel-generators
(four diesel-generators per unit) provide the standby power for all
engineered safeguard loads.

The non-Class lE ac loads 'are normally supplied through the
unit auxiliary transformer from the main generator. However, during:

plant startup, shutdown, and post-shutdown, power is supplied from the
offsite power sources through the 220-13 kV startup transfomer and

i the 220-500 kV bus-tie auto-transformer.
l

Onsite Class IE and non-Class lE dc systems supply all de
power requirements of the plant.

2.2.6.2 Utility Power Grid and Offsite Power Systems

The LGS generator is connected by a separate isophase bus to its
main step-up transformer bank. The LGS main step-up transformer bank, with
three single-pnase power transformers, steps up the 22 kV generatcr voltage
to 220 kV. The 220 kV and 500 kV substations each utilize a breaker and
one-half scheme arranged in an interior main bus hopover design. Each sub-

|

2-17
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Table 2.3.8

LIMERICK SAFETY RELATED DESIGN FEATURES

MK II Reinforced Concrete Steel-lined Containment

Large Standby Gas Treatment System

Containment Overpressure Relief

High Quality and Large Number of Safety / Relief Valves

AISI 316 Reactor PipingO Highly Reliable Shutdown System (ATWS Alternate 3A)

I Spray Pond for Emergency Cooling Water
'

No NPSH Requirement for Emergency Pumps

Four Dedicated Emergency Diesel Generators

Highly Reliable Offsite "ower (Five Transmission Lines)

l

i

O'
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Table 3.2.1

SUMARY OF THE FREQUENCY OF TRANSIENT INITIATORS AND
THE CATEGORIES INTO WHICH THEY HAVE BEEN CONSOLIDATED

i
'

i
! j nttttMcv(Per jTunstENT

| ; nee <torYesri !

| : 1

M TV Ciosure d
Closure of all 'sIVs I !.00
furnine Trip witnout Sypass | 0.01

Loss of Concenser j 0.067
'%rsine icis | 1.?9.

'
Partial Otosure of M tYs 0.20

,

Turtine Trip eita Sypass 1.33

startuo of Idle tectreulation 0.25
Loco

Pressure segulator Fatture 0.67
Inaevertent Opening of Sypass 0.00

,

Roe Witheramel 0.10

Ofstureence of Feeeseter 0.58

ti.ctric toes aejection 0.7s
8y"

| Loss of Offsite Powerteaevereene coen e ner vaive ge

toss of reee.acer ag
r

||70 tat | 6.2

! AnuAi. smraws |3.2
|

'Not used in the Umerick PRA. Umerick site-specific data was used.

Table 3.2.2
EVALUATED FREQUENCY OF PIPE FAILURE IN A BWR

BASED UPON OPERATING EXPERIENCE DATA

ncourncy o

7tPt stIE (p,, g,,g.or Year)

Lar7e Pine 4.0 : LO
34*Ciam.

t

2.0 10~3 |*e.tu. Pioei . - 0, .
.

| tt m.. i

Small Sioe i 1.3 a 10*I;

, .t. 0,a.. ,

t |

9

O
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**Alasi tantistors are treeted in a separate event tree ll.e &maads on long-term contalasent feet semoval only
..ls ansf er to lee sp 10(.A sucht trea

1 e

l . ass.. t. l.. ia.,i t. ee

|iuure 3.4.1 Itirbine 1ri i Traitsiellt Lverst Ticel
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e Failure to suoply coolant inventory makeup to the
reactor due to loss of feedwater, hign pressure
systems, and low pressure systems (T QUV and T QUX).

T T

e Failure to adequately remove decay heat from the
containment (T W Mode 1*).T

3.4.1.2 T3 -- Manual Shutdown

One type of challenge to the reactor systems which is included
as a special category is the case of a demand associated with a controlled
manual shutdown of the reactor plant. Figure 3.4.2 is the event tree used
to characterize this situation. Since manual shutdowns occur with a rela-
tively high frequency (see Appendix A.1), it is important to adequately
characterize the system response required during these challenges.

Tg -- Functions in Event Tree

The discussion in Section 3.4.1.1 on turbine trip events applies
to the manual shutdown case, with ths 'following exceptions:

1. ATWS is not a problem for manual shutdowns due to the
longer time available to react. Those small fraction of
events which are of a nature requiring immediate shutdown
are represented by turbine trip events.

2. The frequency of loss of feedwater from high power during
a manual shutdown is lower than for the turbine trip tran-
sient. Therefore, the probability of TQUV sequences (loss
of core coolant injection) is lower in the manual shutdown
case than in the turbine trip transient case. Even if
feedwater is tripped during the power rundown, it is possi-
ble to restore the feedwater capability with a high probability.

3. Tne options available to remove decay heat from the reactor
are more reliable during a slow, controlled shutdown than
during a transient demand. Specifically, the PCS is avail-
aole during the shutdown, therefore the probability of success-
ful heat removal through the PCS is hign.** There is some possi- a

p *Moce 1 is the highest probability sequence for TW sequences |
t and is discussed in Section 2.4.4.

**The same value used for the turbine trip transient was also used
(conservatively) for the manual shutdown.
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figure 3.4.2 Mar 1ual Shutdown Event Tree
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CLASS OF
ESTitLATID POSTULATED
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i* OK --
g

4 a 10-6
TW. Transfer Fig. 3.4.13g

( 2.1 a 10'I)
T u* OK --

g
M o

i uW Transfer Fig. 3.4.6.3g
(Neg18 t le.).9nag ,,,,

I UV 4.0 a 10-6 Class !g
M

T ux 8.4 a 10' Clast Ig

w e
e TP OKg

@ 1.1 a 10~4
..

T PW(P),, Transfer Fig. 3.4.13g

10-2 (5.8 a 10'0)
T PU* OK --

g

T PUW(P)** Trans fe r Fig. 3.4.13g

NA

T PUV -8
5.3 a 10-2 g 1.2 m 10 Classf I .

g
T PUX 2.4 a 10'' Class I'

10'0
T M' Transfer flg. 3.4.6a-

g
3 a 10'6 (5.3 x 10 )

I C** 1.6 a 10'0 :See Fig. 3.4.10g

*Not Core melt sequense *"Du to ComOn-mode failure of all electric power for
**ATw5 initiators are treated in a separate event tree two hours (loss of diesels = 1.08 a 10-3) plus a 5%
* Transfer to large LOCA tree chance that t,oth kCIC and HPCI will~not work due to

** Transfer to br1Jge tree high room tesiperatures
"**5ee Table 3.4.1

Figure 3.4.4a Loss of Offsite Power .Transi<.nt Event Tree
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O
e In this analysis Limerick is treated as a one-unit

plant, with two RHR service w6ter pumos, each supplied
by one of the four Limerick i diesels. When Unit 2
enters service, RHR service water for both units will
be powered from the same bus.

Some functions are not affected by the loss of offsite power,
these include:

e X -- ADS
.

o M -- Safety Valves Open

e P -- Safety Valves Reclose.

The transient event tree for loss of offsite power describes the
interaction of systens and their response for various time periods ranging
from 2 to 6 hours following a loss of offsite power. System AC power re-
quirements are time dependent, so failure rates vary with time.

(G
h

T' e following is a sumary .of the events in the loss of offsite
,

power Event Tree, Figure 3.4.4. In addition, two of the functions are dis-

cussed in more decail to indicate the nature of the time variance of fail-
ure probabilities. The two functions assess.ed using the time phased event
trees are:

e Coolant Injection, Figure 3.4.4.b
|

e Containment Heat Removal, Figure 3.4.4.c.
|

3

I

l The principal events for the loss of offsite power sequence
are the following:

C -- Reactor Subcritical . Failure to bring the reactor subcritical
is treated in ATWS event trees to follow (see Section 3.4.3.1).
Suberiticality is assumed to be su,ccessful in this event tree.

O
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I

@ This tranen transfers to M51Y closure initiators since tt ef*ectively
is an 451V Closure unen offt te AC power is restored.

_

-
..

Figure 3.4.4b Lass of Offsite Power Transient Event Tree
(Time-Phased Coolant Injection)

:

As seen in the time-phased event tree and Table 3.4.1, the time |
periods of highest probability of inadequata coolant injection are
the periods 2 - 4 hours and 4 - 10 hours.

O
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O
Table 3.4.1

QUANTITATIVE EVALUATION OF THE TI'4E PHASES OF THE
LOSS OF 0FFSITE POWER ACC1tN!T SEQUENCE

FAILUE OF FAILUE OF C3940N4400E FAILURE OF
TIME PHASE AC:!OENT FA! LURE TO MIGH PE55UE ' LQi PESSUE CIESEL O!ESEL TCTAL

OF ACCIDENT INITIATCR REC 3VER SYSTEMS SYSTEMS ENERATOR FAILURE GENERATOR (_ FREQUENCT
PMA5E SEOL.act 7, CFF51TE POWER *+ U yt PROOASILITY REPAIR Iper reactoryear)

1.08 s 10*I 1.0 3 s 10*I! O- 2 wurs 5.3 x 10-2 .54 S : 10*3 *

!! 2- 4 hours 3.3 x 10-2 .35 .15' t 1.08 s 10*3 .64 2.0 a 10-4

!!! 4 - 10 hours 5.3 x 10 2 .158 1.0** 1.08 10~3 47 4.2 a 10*8*

|
IV to - 72 hours 5.3 a 10*I . .31 1.0** t 1.08 10*3

'
i .2 1.1 a 10*I.

|

,I

- * Probability of failure of ventilation of HPCI recus cooled with the probability of
failure of operators to establish a nature) circulation ventilation path for these rooms.

** Conditional probability of failure of RCIC using manual control with no poner (DC or AC)
for times greater than 4 hours,

t6ecauss of the rededency of the available los omssure ptses the dominant contributor to
t%e loss of ths low pressure systeau during a loss of effsite power is the common-mode
failure of all the emergency diesels.

t+No AC pcuer required for HPCI/RCIC operation during the initial 2 hours following thei

Q loss of offsite pomer.

*tProbability of recovery of offsite power is derived from the data analysis perforged in
Aopendix A for 30 minutes. 2 hours. 4 hours and 10 hours.

.

X -- Timelv ADS Actuation. This is similar to the event appearing in
Section 3.4.i.1, with an increase in failure probability due to

potential reluctance of operators to depend on the diesel-powered
low-pressure system pumps, or the inability of some portion of
the diesels to start and run on full load and therefore prevent

some low pressure pumps from starting, thus inhibiting ADS.

V -- LPECCS. Similar to the event appearing in Section 3.4.1.1
with AC power dependency.

W -- RHR and RHRSM or PCS or RCIC Steam Condensino Mode. The PHR

and RHRSW systems have a dependency on the diesel generators when

offsite power is unavailable. The PCS is unavailable when offsite
power is lost. The reasons for dividing the sequences in a time phased

( diagram (Figure 3.4.4c) for a loss of offsite power are the following:

3-31
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O
1. Short term loss of offsite power (<4 hours) is not

a rare event; however, loss of containment heat re-
moval has the potential to become a serious problem
only after about 20 hours. Loss of offsite power for
less than 4 hours coupled with complete loss of con-,

tainment heat removal for wre than 20 hours is con-
cidered to be a low probability event for the LG3<

configuration.

2. Loss of offsite power for periods in the range of
15 hours is of some concern, b'2cause the PCS may
not be recoverable in sufficient time to be of use
in containment heat removal. The PCS is given a
low probability of success for these cases.

3. Loss of offsite power for periods greater than 15
hours has the following effects:

e The PCS is treated as totally unavailable

o The RHR system is the only available system
to perform active containment heat removal.

The net result of this breakdown of postulated' sequences is that
the dominant sequence leading to possible containment overpressure

'

as a result of the failure to remove heat from containment is loss
of offsite power for a period greater than 20 hours. The frequency
of loss of offsite power for greater than 20 hours is estimated to
be 1/500 years (see Appendix A).

W(p) -- W Given that Event P Occurs. This event is similar to W except
that the time available for RHR initiation is decreased due to increasec' ,

heat load from the open S/R valve.

There are a number of reasons why the calculated level of risk asso-
ciated with the loss at offsite pcwer initiator is different for

Limerick than that evaluated in WASH-1400:

1. The initiator frequency associated with the Pennsylvania-
New Jersey-Maryland Interconnection is lower than that
used in WASH-1400.

O
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O
2. The HPCI and RCIC systems require pump room cooling

if there is a loss of offsite power for greater than
2 hours, or battery charging for long-term loss of
offsite power. (Neithcr of these appear to have been
included in the WASH-1400 model.)

3. The anticipated maintenan:e unavailability on diesel
generators may be significantly different than that
assumed in WASH-1400.

.

L055 0F atCOVEAT OF RECOVERY OF RECOVERf 0F y
0FF5ITE CFF$tTE OFF5ITE OFF5ITE $ @ tMCC

IN TOR 6t$ HOuts Ot!! TOR
K5 'H"

3 4 wouns 3 is wOuRs

r a,-

g

iht

O
't's

OK

'E'$

Figure 3.4.4c Time Phased Event Tree for Cal'culating Containment Heat Removal
Capability Following a loss of Offsite Power

1

3.4.1.5 Inadvertent Open S/R Valve Transient (See Figure 3.4.5)

| Examination of the WASH-1400 analysis, and a review of new

operating dita, has revealed an accident initiator previously considered
unimportant may result in a group of accident sequences which cuntribute
to calculated risk. This initiator is the Inadvertent Opening cf Safety
Relief Valves (IORV) during full power operation.

Ov
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!O
f A Licensee Event Report (LER) data search has shown that the

frequency of occurrence for IORY events in BWRs is greater than the
frequancy for a stuck-open relief valve (SORV) occurring during a tran-

,

sient. About half of the BWR IORY events occurred at greater than
80% power levels, and half of those valves remained open until the
reactor pressure was below 200 psi.

,

The IORV event tree includes aspects of both the small LOCA
event trees and transient trees. The IORV initially acts as a small
LOCA, with respect to the makeup systems, but the safeguards which
react to high drywell pressure (as may occur during a small LOCA) are
. sot activated, so the operator must manually scram the reactor ar.d start
the makeup systems. Once the reactor is shut down, the IORY event tree
is similar to the turbine trip transient event tree. However, since the

;

reactor has been at full power, and has been releasing steam into the
suppression pool for the time prior to scram, the suppression pool temp-
erature may have increased significantly. Operating experienca dataO indicate that the MSIVs will close during this event, causing all decay
heat to enter the suppression pool. 'This decreases the time allowed for
initiation of RHR_ to preclude suppression pool failure, loss of makeup, and
eventual fuel damage or core melt. The decrease in time available for RHR
initiation along with the manual scram requirements, are the factors which

,

increase the probability that RHR will be unsuccessful.
.

The principal events for the IORV sequences are:

T -- Initiator. This event consists of a safety / relief valve opening
; 7

inadvertently during >80% power operation. This event differs from
other transient events primarily due to the extra heat load placed on
the RHR system by the blowdown to the suppression pool.4

C' -- Timely Scram. There are no " trip" signals generated by the
reactor protection system during the IORV event sequence. The operator

,

O
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p
(' will be alerted to an IORV condition by observing the SRV position

indicators. Failure of C' inplies failure of the cperator to scram
the reactor prior to the supptession pool rexhing a tenperature

i requiring both RHR exchangers to be operational.

C". Failure to scram (either manually or automatically from high
drywell pressure) before the suppression pool reached a temperature
which will eventually rais.e containnont pressure and tenperature

' beyond the capacity of the RHR.

C -- Reactor Suberitical. h is event consists of a successful*

' manual scram and is analyzed by the MNS event tree in Section
3.4.3.1.

U - Mi, HPCI or RCIC. Bis event is similar to the event appearing

in Section 3.4.1.1.
m

X_. mis event is similar to the event appearing in Section 3.4.1.1
with some additional considerations due to the high tenperature in
the suppression pool.

V - LP ECCS Available. his event is the sam as the event in
Section 3.4.1.1.

W. h is event is similar to the event appearing in Section 3.4.1.1
with the exception that the heat removal requirments are somwhat
greater for the IORV initiator, i.e., the -suppression pool tenperature

0at scram is assumed to be 110 F. In addition, the MSIVs must be

reopened to activate the PCS.

W(C'). This event is similar to W except that both RHR loops must
be operative or the FG must be recovered to prevent containment
failure.

3-39
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: O
3.4.2 Event Tree Analysis-LOCA Event Trees _

The !OCA event trees used for the Limerick analysis are only
slightly different than those used in WASH-1400. The Limerick event

I trees more realistically model the actions of the coolant injection
systems than those used in WASH-1400. Three LOCA event trees are'used

in the Limerick analysis: one depicting LOCAs which depressurize the
reactor (large LOCAs); and two which deal with medium and small LOCAs

which do not cause the reactor to depressurize (see Figure 3.4.6a, b,
and c, respectively).

The large LOCA tree is similar to the one used in WASH-1400.
It enntains the same systems and structure as the WASH-1400 event tree

! with the exception of the electric power (B), vapor suppression (D),
containe 't leakage (G), and core cooling (F) functions. Electric power
was eliminated from the LGS LOCA event tree because a more procer treat-,

ment of electric power and its interactfons with systems was made by
entering electric power into the individual system fault trees at the
component level. In addition, containment leakage and vapor suppression
Yere also eliminated from the LGS LOCA event trees, since they did not
explicitly affect the LOCA sequence at Limerick. Instead, they are in-

cluded in the containment event tree (see Section 3.4.5). At Limerick,

the low pressure pumps are designed to be able to pump saturated water
from the suppression pool with no back pressure requirement in the con-
tainment. The presence of containment leakage does not adversely affect

-their performance. Emergency core cooling functionability*, has also
,

!

been removed from the event tree, since there was no identified physical
basis for this event.

The medium L0dA and small LOCA event trees (see Figures 3.4.6b |
and c) for Limerick also differ from the WASH-1400 small LOCA event trees.
Electric power (B), leakage vapor suppression (D), and containment leak-

* WASH-1400 incluced a probability that the core would be disruoted at the timei

of emergency, core cooling initiation and could not subsequently be properly cooled.

3-40
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' The second system, the Low Pressure Coolant Injection (LPCI) system,

is an operating mode of the RHR system. This system consists of
four pumps which automatically inject directly into the reactor
vessel.

In order to simplify the LOCA event tree, all combinations of CS
and LPCI failures resulting in failure of E were combined in a
functional level fault tree. This fault tree reflects the success
criteria established in Section 1.5. .

Event I - Coolant Recirculation: This event involves the long term
recirculation of the water to the core from the suppression pool. This

j
! function can be accomplished with either LPCI or LPCS. The success

criteria and calculated probability are similar to that for short-tenn
i coolant injection.

Event J - Containment Heat Removal: In order to preserve primary con-

tainnient integrity following a LOCA, the RHR system must be initiated
within 25 hours as determined by INCOR calculations (see Appendix C).
Residual heat removal has to ce maintained for approximately six months.
Within the six month period, provisions can be made for transferring the

i fuel to the spent fuel storage pool, or alternate methods of core cool-
ing can be provided if required. .

Because of the potential for fission products inside the primary system
,

and containment following a large LOCA, neither the PCS nor the COR are
assumed available to perform the containment heat removal function.
Therefore, the redundant RHR system is required to remove decay heat
from containment. The large LOCA event tree (Figure 3.4.5a) displays
this sequence as AJ, where J is composed of only RHR.

O
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3.4.2.2 Definition of Events in the Medium LOCA Event Tree (see

Figure 3.4.6b)

The medium and small LOCA events differ only in the availability
of the High Pressure Injection Systems for successful mitigation.

Event S) - Medium LOCA: This event is a LOCA which does not de-
pressurize the reactor. The medium LOCA event is defined as a

2break of between .004 and .1 ft for a liquid line, and between
20.016 and 0.08 ft for a steam break. Larger breaks.will de -

pressurize the reactor without HPCI or ADS assistance and are
classified as large LOCAs. Since the reactor may be isolated sub-
sequent to a medium LOCA, feedwater is assumed to be unavailable
for coolant injection.

Event C - Reactor Scram: This event is defined as insertion of
the control rods.

Event U - High Pressure Systems: A functional level fault tree

depicting the failure of U for a medium LOCA is simply a failure
of HPCI.

Event X - Oepressurization: This event consists of either automatic
or manual depressurization of the reactor to allow low pressure systems
to operate. Failure of this s/ stem involves the ADS system failure to
manually or automatically actuate, or failure of the low pressure systems
to start, thus inhibiting A05. ,

:

Event V - Low Pressure System: This event is the same as Event V

appearing in the transient event trees (Section 3.4.1.1).

Event W: This event contains both coolant recirculation and heat re-
' oval from the containment. Success requires either recovery of the| m

PCS or availaoility of the RHR service water system and 1 RHR heat'

exchanger, combined with an injection path to the core.
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For medium LOCAs, if RHR is unavailable to remove containment
heat, COR can be used, as long as the core remains covered; how-
ever fcr cases where HPCI fails and ADS.is required, COR is
asswned to not be useable. Since only HPCI is available'as the
high pressure injection source, its failure coupled with the med-
ium LOCA initiator leads to a direct demand on the RHR system,
without the possibility of using the PCS or COR. This sequence
is the highest Class II probability sequence from the medium LOCA
event tree. The next most likely sequences leading to containment
overpressure are those for which HPCI is available, but RHR and
COR ls.

3.4.2.3 Definition of Events in Small LOCA Tree (See Figure 3.4.6c)

Pipo breaks of less than 0.004 ft2 (liquid) are included in
the small LOCA category. The small LOCA tree is exactly the same as
the medium LOCA tree appearing in Figure 3.4.6b, with the exception of
the requirements for the high pressure systems.

Event U - Hiah Pressure Systems: . A functional fault tree depicting
failure of the high pressure systems subsequent to a small LOCA was
constructed, using the same requirements as the high pressure system

LOCA given in WASH-1400, Appendix I.requirements for an S2

3.4.3 Event Trees for ATWS and Other L:s Probability Events

There a number of events which have been postulated as possible

at nuclear power plants that, because of their low probability, are re-
ferred to as unanticipated events. The Limerick Probabilistic Risk Assess-
ment has included consideration of three of these identified rare event
sequences because of potentially high consequences.

O :
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the analysis all failures of the bypass valves are assumed to lead to
loss of heat sinks, condenser, and feedwater. For the purposes of
this analysis such a situation resemb bs an MSIV closure event. There-
fare, turbine bypass failures and loss of feedwater cases are treated
as MSIV closures. These sequences are classified as MSIV closures, be-
cause they result in effectively eliminating both the coolant injection
function and decay heat removal function of the power conversion system,,

'

are then incorporated into the initiator for tae event tree developed
~

for MSIV closure (Figure 3.4.9).

The principal events for the ATWS turbine trio sequence are:

Cy -- The mechanical redundancy of the control rod drive
mechani:;ms makes the coninon-mode failure of multiple ad-
jacent control rods unlikely.

Cp -- The electrical diversity in sensors, logic, and scram
solenoids help to reduce the potential for comon-mode fail--

ut es leading to failure of multiple rods to insert.

R -- Recirculatlo.. pump trip (RPT) is implemented to reduce
the effective power level of the core from 100% to approxi-
mately 30% with the control rods out. -

K -- Alternate Rod Insertion (ARI) incorporates a number of
changes including additional sensors, additional logic, |and additional solenoid valves on each mechanism to provide
adaed assurance that the postulated electrical failures will
not prevent control rod insertion.

Beyond the design capability to prevent ATWS (which is the
preferred method of treating any ATWS case), there is also a combi-
nation of systeos which can effectively mitigate the consequences of
a postulated ATWS. The functions required for ATWS mitigation during
the turbine trip event are those identified in Figure 3.4.8 and dis-
cussed below:

O
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For the Limerick analysis, containment heat removal is successful with
RHR and PCS unavailable if COR successfully operates. The heat would

be removed from containment by steam passing from the reacto through
the safety relief valves, through tife suppression pool, through the
drywell and directly out the Containment Overpressure Relief system
to the atmosphere. It is assumed that once initiated, pressure relief
from the reactor will continue to be successful during this process
with appropriate reliability. Fi: Jure 3.4.13 is the bridge tree for
the TV vpe sequences. The method of quantifying and evaluating it is |
presented below.

The following discussion of the bridge tree as applied to TW
sequences is provided to clarify the event descriptions:

TW -- Initiating Event. For the TW event to occur, the RHR
system and the Pcwer Conversion System must be unavailable.
For the RHR to be inograble, either the RHRSW is not avail-

/~' able to the RHR heat exchangers or the LPCI pumps are noth operable. These two events are evaluated as approximately
equally likely to occur. Tha availability of the LPCI pumps
will affect the success criteria used in both the TW event
trees from Section 3.4.1 and the bridge tree; therefore, in
the TV-type events the corrmon dependencies of "W" and Mode 3
functions need to be accounted for. This is accomplished by
combining the entire sequence in a Boolean fashion (see
Appendix B).

Event Mode 1 -- Failure of Containment Overoressure Relief. This
represents tne process of opening the containment vent as described
in the emergency procedure guidelines. Failure of COR is assumed
to result in centainment failure secuences similar to the TI:
sequences described in WASH-1400. The overpressure relief procedure
is assumed to require:

e Indication of high containment pressure

e Indication of RPV water level L1 or above

e Indication of low radiation in the containment,

!
'

e Operator action (manual action from control room)

e Power to COR valves (emergency power bus).
'

O
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Event Mode 2 -- Failure to Maintain Overaressure. Relief Over the
Long Tenn. The failure of any of the requirements of Mode 1 may
result in closure of the COR valves. In addition, the COR valves
may be closed to prevent rapid blowdown, and then fail to reopen.

Event Mode 3 -- Failure of Coolant Makeup to the Reactor Vessel.
A functional fault tree was constructed for the loss of reactor
coolant makeup failure modes. Four sources of makeup water are
available to the operator and all must be lost for an event Mode
3 to occur. The sources are: 1) the suppression pool via LPCS,
HPCI, or LPCI pumps; 2) the condensate storage tank via HPCI, LPCS,
RCIC*, or CRD: 3) the hotwell via the condensate pump; or 4) the
spray pond via the RHR service water system. Availability of these
systems varies according to the failure mode causing TW, the initia-
ting transient, as well as closure of the COR valve to fail to re-
lieve containment pressure..

Event Mode 4 -- Failure of COR Valves to Reclose. Once COR has been
initiated, there is a possibility that conditions in the core may
deteriorate (i.e., Mode 3) such that the COR valves should be re-
closed to provide an intact containment. The failure to reclose
the COR valves due to mechanical problems or human error is assessed

i in Mode 4.

O Event Mode 5 -- Long-Term Makeup Fails and Containment Integrity Fails.
Mode 5 is a decision point used to de#ine the possibility that follow-
ing a loss of long-term coolant injection (Mode 3) with the coitain-
ment at relatively high pressure that the ensuing postulated core melt,
RPV failure, molten core-concrete interaction, and containment heat
load may all combine to lead to a containment failure prior to the
radionuclide vaporization releases (see Section 3.6). This possibility
is only considered for those sequences associated with high containment
pressures prior to initiation of core melt and is assumed to lead to
radionuclide releases comparable to that of Class IV.

Table 3.4.3 summarizes the effects of each of the bridge tree event
sequences for those processed by the bridge tree.

In suninary, preserving containment integrity is important to the
evaluation of the TW sequence. Preserving containment integrity (through
the incorporation of a pressure relief function) means that the only other

WCIC trips off automatically at high containment pressure.*

O
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Table 3.4.3

BRIDGE TREE EVENT SEQUENCES IMPACT

staunce | rattuu a rect nnrwe

%.e er u

Mode 1 C0li F tis Cel.yed Core Melt 27 % rs

%2 COR r.11s Cel.yed Core Melt 27 Mours

Mose 3 t Metaus core Melt (Statl.r to T3N) 2 13 Hours

% us' coR r u s oo.n core Meit (cir.cs reie.sen 2.to mn

Measuo s

d.it;*.*.'" |:Is'!.i',::'|:it:f.,"5 2 '' """

i:"t$ m .o
' " ' " ' ' '

* Mode 4 is treated the same as Mode 3

function required to maintain core coverage is makeup water. This can be
accomplished from a numt,er of water sources as shown in Table 3.4.2. A

functional fault tree for long tenn coolant makeup to the reactor was
constructed.

3.4.4.2 Less of Containment Heat Removal (RHR) Following An ATWS
Event (ATWS-W Type Sequences)

The bridge event tree is used for the ATWS sequences involving
j the inability to remove heat from containment. Figure 3.4.13 is a kin
! used to process those sequences for which containment heat removal fails

: follow;ng an ATWS event. The important features of the ATWS-W bridge tree
are the folicwing:

|

ATWS-W. An ATMS plus loss of containment heat removal (W) does
not necessarily lead to inadequate core cooling, since the in-
clusion of containment overpressure relief (COR) provides a
viable alternative to maintain containment integrity and remove
heat from containment if both liquid poison and coolant injec-
tion are not successful.
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O
Mode 1 failures are those involving the success of coolant
makeup to the reactor despite failure to maintain contain-
ment pressure within design limits following an ATWS. This
involves HPCI operating successfully beyond its normal limits
(see Appendix B). Failures of this type are considered to lead
to containment failure prior to core melt (Class IV), so that the
fission product releases to the drywell have an ininediate and
direct path outside containment. This type of failure is con-
sidered similar to the TW sequences except that there may be
more heat stored in the fuel resulting in a more energetic re-
lease, melt may occur more quickly, and a larger radioactive
source tem may result. Class IV has its own unique release
fractions (see Appendices C and 0).'

Mode 3 and Mode 1/3 failures lead to accident scenarios similar
to Class III accidents; that is, the containment is at elevated
pressure prior to the initiation of a degraded core condition,
but maintains its integrity throughout the core melt and vapori-
zation phases.

Mode 3/4 failures are grouped into Class IV since they have
similar effects to those noted above for Mode 1; that is, the
containment is not intact when the postulated core melt occurs.
The reason for the loss of containment integrity is the failure
to isolate the COR system following initiation of core melt.

Mode 1/3/5 failures are similar .to Mode 1 failures. Mode 5
implies that failure of coolant injection occurs but the core
melt / core vaporization does not occur until after containment
failure. This failure mode is assigned a low probability.

! In summary, the ATWS-W bridge tree displays the possible outcomes
of an ATWS event followed by a failure to remove the heat from containment.
The outcomes are classed as: (1) acceptable for the cases which involve
successful COR; (2) Class III events; (3) Class IV events involving a con-
tainment which is not intact prior to incipient core melt from relatively
high power.

3.4.4.3 Mismatch of Containment Heat Removal and Heat Production
|

Following an ATWS with Loss of all SLC Poison Injection
(ATWS-C Type Sequences) (See Figure 3.4.13)

2

The bridge event tree also assists in classifying the possible
sequences resulting from an ATWS event in which the diverse shutdown mech-

O
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!O
anis.1 (SLC) also fails. This type of event is evaluated to have a low

! probability; however, the consequences may be very high. The key features
of the ATWS-C bridge tree are as follows:

2

Mode 1 and Mcde 2 -- Containment Overo. essure Relief. The analysis
is similar to that discussed above; nowever, by tne nature of the

; accident it is assumed that there is a high probability of steam
generation in excess of COR capacity or sufficient fuel failures
may occur resulting in an automatic interlock preventing COR from
operating. Therefore, because of these two factors, the probabi-
lity of COR preserving the core . integrity given ATWS-C accident

2
i sequences is felt to be low

Mode 3 -- Makeuo Water to Reactor. The design of Limerick includes
specific features to shut off both high pressure safety systems (HPCI
and RCIC) on high containment pressure *, Since these features are
included in the desigc a high level of success is accorded the ;

shut off of the high pressure systems for this sequence. However,
the interlock or trip can.be bypassed, so it is assumed that the
possibility exists that the operator will ignore the interlock and
restart HPCI.

,
Mode 3/4 -- COR Valves Fail to Reclose. Given that COR has operated

i and that coolant makeup water is lost, the COR valves may also not
reclose. This is a low probability event and does not significantly

j contribute to the probability of Class IV events.

Mode 1/3/5 -- Loss of Containment Integrity Before Core Melt With

Loss of Coolant Injection. Because of the relatively rapid in-
crease in reactor pressure associated with ATWS, and. failure of the
SLC, the containment pressure is expected to rise sharply. Follow-
ing HPCI shutoff on hign turbine exhaust pressure, the containment
may fail due to high internal pressure,

i

.
3.4.4.4 ATWS Events Coupled With Loss of One SLC Pump (ATWS-C

12Type Sequences)4

When only one SLC pump is available for poison injection, the
j outcome of ATWS events may differ from the two pump case so these sequences

have been treated separately to add specificity to the detemination u
ATWS events.

i

*The snutoff is on nign turbine exhaust pressure, and is for the
purpose of protecting the turoine.
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*

Mode 1 and Mode 2 -- Containment Overoressure Relief. The analysis
is the same as discussac above; nowever, since some poison injection
does occur, reactor subcriticality will take place in approximately
30 minutes. Therefore, the probability of success of COR and the,

failure modes are similar to those discussed under ATWS-W.

3.4.5 Containment Evenc Tree Description

The containment event tree developed for the Limerick analysis
,

) differs from the containment event tree appearing in WASH-1400 through
'

I differences in containment design and operation of safety systems. The
changes are reflected in the following areas:

e Containment structural capability of the Mark II steel-
lined concrete structure versus the Mark I/BWR steel
shell containment used in WASH-1400

e The internal configuration of the drywell and its
relationship to the wetwell

e The adequacy of the secondary containment enclosure for
processing any small leak releases from the primaryi

containment .

e The elevation of the release ar.d the release fraction |
;

as a function of the various containment failure modes.
i

Figure 3.4.14 presents the containment event tree which describes
the possible failure modes of the Mark II containment. For some core melt
classes (Classes II and IV), the containment is taken to be failed prior
to core melt. For these classes, the containment event tree represents the

probability that the release of radioactive material following core melt is
via a particular path. The failure modes used in the quantification of
accident sequences for input to the ex-plant consequence analysis (CRAC)
are calculated for the four types of core melt initiators.

Using the four classes of core malt initiators (as defined in
Section 3.4.0). the containment event tree yields ten secuences for each

O
.
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O of these classes, or on the order of forty sequences which can be analyzed
by CRAC. Some collapsing of sequences into groupings by containment fail-,

ure mode was performed and is discussed in Section 3.4.5.3.*

I

3.4.5.1 Containment Event Tree -- Event Definition

The following discussion provides a qualitative description of
each of the events considered in the containment event tree. Quantification
of the tree is discussed in Section 3.5.4.

,

i

CM -- Core Melt. This is the initiating event used to enter the
containment event tree. It provides a link between the contain-
ment event tree and the accident sequences developed in Sections
3.4.1 through 3.4.4. For the LGS risk assessment, the types of4

: initiators used to enter the containment event tree have been
!

divided into four classes as discussed in the introduction to
Section 3.4.

O
'a -- In-Vessel Steam Explosion. , Prior to vessel melt-through, the

molten core may drop into water in the bottom of the reactor vessel
causing a steam explosion of sufficient energy to cause vessel
rupture. The probability of this is believed to be extremely remote
for a BWR, but was assigned a probability of 0.001 for this analysis.

8 -- Containment Steam Explosion. Subsequent to reactor vessel melt-
through, the molten core may fall on the diaphragm floor, melt through
the floor, and fall into the suppression pool in such a state that a
coherent steam explosien may occur. This phenomena may lead directly
to failure of both primary and secondary containment. This event has

! t,een assigned a probability of 0.001. See Appendix H for a more
detailed discussion of this phenomenon.

p -- Hydrogen Combustion. This event focuses on the postulated. -

scenario in which sufficient hydrogen is generated'in a core mel?
sequence to allow potentially explosive mixtures of hydrogen to,

.
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exist in containment. Hydrogen combustion is of concern if any of
the following conditions exist:

An accident occurs during a period when containment is*

deinerted.
The containment inerting system fails undetected and*

sufficient oxygen accumulates in containment to allow
an explosive mixture to be possible during a core melt.

e Subsequent to core melt a containment failure occurs
which would result in oxygen in-flow into the primary
containment.

u' -- Hydrogen Detonation. While a corrbustible mixture of hydrogen
may exist within containment for the reasons cited above, the condi-
tional probability that the mixture would detonate (shock wave pro-
pagation) is felt to be less than the probability of deflagration.

6 -- Containment Leakage. Above containment design pressure, suffi-
,

cient leakags may occur to stabilize pressure,

y -- Containment Overpressure. Given that no containment leakage

occurs, containment overpressure following'a core melt s assumed.
The LGS containment pressure capability is estimated to be approx-
imately 140 psig (see Appendix J for further discussion). For core^

melt sequences where no leakage occurs,140 psig may be mached, or,

'

the molten core interaction with' the concrete diaphragm floor may
lead to structural failures which t lid, in turn, lead to a breach of |
containment.

y'/y -- Containment Overpressure (solit between wetwell and drywell
failure. Failure of containment due to overpressure has been divided
into two types because of the potential difference in radioactive re-
lease terms for the case of failure in the drywell and direct miease

|
to the stack, versus a failure in the wetwell, where release would be

! through the suppression pool. Failure at very high containment pressure

| may occur with equal likelihood in the wetwell or drywell. Therefore ,
y'/y = 0.5.

y"/y -- Overoressure Failuro in the Wetwell Below the Suppmssion Pool
Water Level. A rupture in the wetwell may be of sufficient size to
lead to a loss of water from the suppression pool. Such a failure mode
may lead to higher consequences than those calculated for y, since no
pool scrubbing is assumed for this failure mode. The probability of

,

this occurrence is small.
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t c/6 -- Large Leak. The size of the leak from the primary containment is
important in detemining the radioactive releases to the environment.
Specifically, small leaks may be handled effectively by the standby gas-

treatment systeta. However, larger leaks may be coo large to be
,

effectively processed by the SGTS. (For the large leak, the
conditional probability of the SGTO operating is assessed as a

factor of two less than for the small leak.)

'

For the purposes of the LGS study the assumption is made that for
Class IV event sequences the containment presserization is suffi-
ciently rapid to result in some form of overpressure rupture; that
is, leaks (i.e., low release fraction sequences) are precluded in
the Class IV analysis. This assumption is the best estimate of
the containment response un.ier these conditions..

- . . . . - _

c -- Standby Gas Treatment System -- Secondary Containment. This

event represents the capability of the SGTS to process the effluent
of the primary containment to the secondary containment. This event
also includes sequences where containment leakage occurs. Success

,
,

of this system is dependent on the primary containment leakage rate.
Failure within the SGTS itself is 'also considered.

1

3.4.5.2 Additional Coments on the Containment Capability

One r.otable change from the method used to develop the containment
event tree in WASH-1400 as compared to the LGS analysis is the treatment of
containment leakage. Containment leakage was eliminated from the LGS acci-
dent sequence event trees (Section 3.4.1 through 3.4.4) and treated within
the containment event tree (see Figure 3.4.14). Linkage of the containment
event tree with core melt sequences is made directly. The containment event
tree reprrssents only the short term response of containment to the core melt.
Lcng term effects whicn may occur over the period of many days, at elevated
temperatu-e and pressure, are not modeled in this analysis.

O
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TABLE 3.5.2

SIMERY OF GENERAL TYPES OF ACCIDENT SEQUENCES *

CLA53 I CLA55 II ' A55 [11 CLA55 tv
RELATIVELf RAPID RELATIVELY SLOW RELATIVELY RAPID CCRE RELATIVELY RAPID
CORE NELT WITH CORE MELT WITH MELT WITH INCIPIENT CORE MELT WITH
INTACT CONTAIMENT FAILED CONTAINENT CONTAINKNT FAILURE CONTAINMNT FAILURE

TCnC 7 (MODE 1)PRIE EXAMPLE TQUV TW (H00E 1)** TCgC2(ATWS) 2

T W (MODE 1) T CgPU ThgPg(MODE 1)I
T QUVT T

(MODE 3/4)1 2T C PW2 (MODE 1/3) Tp CnW ((MODE 3/4)T PW (MODE 1)T QUX TT TM
MODE 1)I

3C W (MODE 1)T QUV TgW (MonE 1) T CgC PW2(MODE 1/3) TEM 2 M
(M00E 3/4)

4
TmQUI TpCW (Q) (MODE 1) TCCT M 2 (MODE 1/3) Tt Cnw (MODE 1)

(MODE 3/4)2 g 2TpquV TpW (MODE 1) Tp cg ,rp C R TIC" (MODE 1)E
(MODE 3/4)

2Tp0UX 7pPW (MODE 1) T Cg Ph (MODE 1) )Tp CguUg T
(MODE 3/4

2 p 2CM 2 2 (MODE 1)
W

TdE d (K:DE 1) Tp cg u TFDOMINANT T UVE
(MODE 3/4)ACCIDENT

T Cgf2% (NODE 1)2 3
T PWd (MODE 1)SEQUENCES T UX E Tp CnC120E E

(MODE 3/4)
2 C WTp C W (MODE 1/3) TgCgg2 2 (MODE 1)TgQUV TgW (MODE 1) M

2 1 (MODE 3/4)
TgQUX TgC'W (MODE 1) Tp CnPg (MODE 1/3) T cmc 2 (MODE 1)T

O (MODE 1/3/5)
2 2S QUV TgC" (MODE 1) Tp CnC2 (MODE 1/3) Tp C CM 2 (MODE 1)t

(MODE 1/3/5)
3

S QUX AJ+ .TE CpUUR Tg C CM 2 (MODE 1)t
(MODE 1/3/5)

4
EMC PU Tg C CM 2 (MODE 1)S W (MODE 1) T$ 0UV 12

1 (MODE 1/3/5)
35 QUX SgW (MODE 1) TE TCU/ TMH 0CCM I202

3$ QW (Q) TE CnC2 I Cw1 T

ThE+T'CRTE CgW (MODE 1/3) R T M

EM2C C W (MODE 1/3) T C U /0T y gH

2T "C W (MODE 1/3) Tp cgmI M

TIC'' (MODE 1/3) TE CU/0MM

4Tg C C W (MODE 1/3) TE CMM2 M

44Tg C CM2(MODE 1/3) Tg C U /0MH

AE/AI Tg cgm I4

*Each of these types of accioent sequences may lead to any of the types of containment fat'ure modes
identified in Section 3.4.5.

**See Ffgure 3.4.13
+AJ 1eads directly to a scenario equivalent to TW-MODE 1 since COR operation following a large LOCA
is given a very low probability of occurring.

.

O'
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Table 3.5.3
'

SUMMARY OF SEQUENCE FREQUENCIES (PER REACTOR YEAR) BY CONTAINMENT
FAILURE MODE FOR DOMINANT SEQUENCES OF THE CLASS I VARIETY

CONTA11geENT FAILURE MODES

034!4 ANT
SEQUDCES e S.u' Y'. 9 Y T* CE . *'C C.6

.001 .002 .258 .222 .025 .r'. 42

T 0cv 2.2a10*IO 4.4a10*IO 5.7alf/ ,,9,gg-8 5.5a10*' 1.7x10-8 9.2a10*88

T OUI 8.9:10 ,1.8 n10 ' 2.3 x10*I 2.0x10 2.2x10*8 6 .9 :10*8 3.7:10*# |
y *

T ;UV 7.2x10*II 1.410*IO 1.9:10*8 1.6:10-8 g,g,gg 9 5.6:10*' 3.0a10-8T

T,0UI 2.9 10* M 5. 8:10* M 7.5 10 8 6.410*8 7.3a10*' 2.3a10*8 1.2 10*7
g

f 0UV 1.la10 2.2a10*' 2.8 10*I 2.4a10*I 2.8:10*8 8.6a10*8 4.6:10*I4
4 8.8x10*' 1.1 10-6 9.8:10*I 1.la:0*I 3.4:10*I 1.8 10*8

p

T,0UI 4.4a10

T uv 4.0:10*' 8.0x10 1.0:10-6 8.9:10*I 1.0a10*I 2.0x10-6* , , .

T uI 8.4:10-10 1.7:10 2.2x10*I 1.9:10*# 2.1a10 8 4.2a10*I* mA*
g

Y 0UV 2.0x10-10 4.0 10 10 5.2x10-8 4.da10-8 5.0 10*' 1.6:10*8 8.4x10*8
g

T CUI 7.8:10*M 1.6alC*' 2.Ca10*I 1.7:10*I 2.0x10*8 6.la10 8 3,3,gg 7g

s guV 7 x10*II 1.410*IO 1.8 10*8 1.6:10*8 1.8x10*' 5.5a10 2.9 10*8g

5 0Ur 1.418 2.818 3.6a d 3.lu d 3.5:18 1. laid 5.9 dg

$ 0UV 4 a10 12 8 a1C*II 1.0 10*I J.9:10*M 1.0a10* M 3.1:10*IO 1.7 10*'3

$ 0UI 1.6a10'II 3.2x10*II 4.1 10*' 3.6:10 9 4.0:10*I0 1.2:10*' 6.7 a10-9 |
2

2

APPROI! MATEp
k F08 class 1 1.3x10*8 2.6:10*8 3.4:10** 2.9:10*8 3,2:10*I 3.0:10*8 3.410*8TOTAL PROS 131LITT

SEQUENCES

*For loss of offsite power cases no credit is taken for De SGT5 (which is powered from nomal power
However. sin *e the SGTS would not be red red Oil 24-40 hours following the loss of offsiteisuppites).

power initiator, this assumption slightly overestirJtes the re'.?ses from these sequences. All loss
of offsite power accident sequences involving containment leakage a.' included in the column for failed
SGT5 (;c. !c). The total conditional failure prot, ability for these seqcces is 0.5 (0.078 + 0.42).

.

The remainder of this section discussel the accident sequence
calculations in various ways to provide a comparison with previous BWR
probabilistic risk assessments. A sumary chart of all the identified

|

accident sequences within each class is given in Figure 3.5.2. This histo-
gram provides a visucl display of the calculated relative frequency of po-
tential degraded core conditions fo each of the classes of accident sequences.
Also displayed on Figure 3.5.2 for comparison is the total frequency of postu-
lated core melt taken from WASH-1400 (all values expressed as mean values).

OV
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Table 3.5.4
SUMMARY OF SEQUENCE FREQUENCIES (PER REACTOR YEAR) BY CONTAINMENT

FAILURE MODE FOR DOMINANT SEQUENCES OF THE CLASS II VARIETY

JTAlfrGT FAILL;At #GOES |
00ninAnt

>

. p ,g ' y ' .u y 3* tt .f c t.$
'

'

s
.001 .002 .256 .222 .025 .078 42

__

T W (mode 1) 4.4a10*II 8.8a10*II 1.la10*8 9.8tM 1.1210*8 3.4:10*' 1.8a10*8
4

T

T N (mode Q 8.8a10*II 1.8a10-10 2.3a10'3 4
2.2x10*' 6.9:10 3.7a10*8T 2.0x10 4

O7/ (mode 1) 3.6a10*II 7.2x10*II 9.Ja10 8.0x10*' f.0x10*U 2.8 10*' 1.5 10*8
T,Gs (Q)(ande 1) 2.0a10* U 4.0a10-10 5.2x10*8 4.4x10*8 3.0x10*' 1.6410*8 8.4a10'0
T,W (usee 1) 5.6a10*II 1 la10*IO 1.4a10*I 1.2a10*8 1.4a10*' 4.4 10*' 2.4n10*8
T,N (mode 1) 3,9,; -11 7.8x10*II 1.0x10*8 8.7a10*' 9.8x10' 3.0x10*' 1.6 10*8
T W,(mode 1) 1.2x10*II 2.4a10*II 3.1 10 2.7 10 3.ca10-10 6.0x1L*" M*

d 4g

T PW ,(ada 1) 1.2a10-12 2.4x10*I2 3.la10*IO 2.7a10*I0 3.ca u'II 6.ca1L*U* MA*g

I 8 ('8d* 1) 1. 5a10* U 3.0 x10* U 3.9 10*8 3.3 10*8 3.8s10*' 1.2x10~8 6.3a10*81

I 'W :moce 1) g,9,gg-12 3,g,gg 12 3,9,g-10 3,3,g 'go 3.8 10* II 1.ZalG-10 6. 3 10* N !g

T C* (soce 1) 4 , gg-13 g,g,gg-13 g,g,gg M g,9,gg 11 1.0210*II 3.la10*ll 1.7110'g
,

4 1.6 a10* U 3.2a10* U 4.la10*3 3.6a10*8 4.0 10*' 1.1210*8 6.7 10 8
T d '.*CC8 II 1.5 10*II 3.2aM*II 4.la10 3.6x10*' 4.0x10* 1.2a10*' G.7 10

d 4i

I/I'888II negligible negligible negligible negligible negligible negligible negligible g
I 0W (3) 5.Aa10*II 1. la10*U 1.4:10*8 L w o*8 , 2,ie 9 4.4 10*' 2.a 10*8t

APPt01t=Ait TOTAL
Pe08A81LITY FC4 8.iis10*IO 1. Ta M* ' 2.2210*I M *7 Z w *8 7 m *8* u m *I*Ct. Ass !! SE?;Ev !!

*For loss of offsite power cases no credit is taken for the SGTS (which is powered from normal power
supplies). However. Since the SGTS would not be required until 24-40 hours following the loss of
offsite power initiator, this assisgtion slightly overestimates the releases from these sequences.
All loss of offsite power accident sequences involving contairment leakage are included in the column
for failed $GTS (f.c. ec). The total ConditioMal failure probability for these sequences is
0.5 (0.078 + 0.42)

.
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Table 3.5.5

SUMMARY OF SEQUENCE FREQUENCIES (PER REACTOR YEAR) BY CONTAINMENT
FAILURE MOCE FOR DCMINANT SEQUENeid 0F THE CLASS III VARIETY

CollTAtleIDIT FAILURE Pe0E5

OselunT
SEQueeCES a s.a' y. u y y cc.3c | c.4a

.

.001 .002 .256 .222 .025 .078 | 42
1

2.94:10*" 5.96 10** 7.69:10 '0 6.62x10 -8 7,4 ,ig-9 2.3200 , y,,g -7-a

7 -

76, 1 c t,u 1.1u0 u 2.2u0 u 2.uao ' 2.u u0-' 2.75a0-t0 . 58u0 m 4.mM ' .

-

-12 7.6c o 12 9.acco-" 8. 44n0'" 9.5a0-n 2.9,n0 m ,1.6ac0 -S
-

rQ tas in) 3.an0

:f ( m 1/3) 7.8 10'I1 1.54a10*l 2.01:10 -8 g,73,g0 1.95n0-' 6.08a10 3.23:10*8-8 4

- a 2.77. ->
C

- e i.10.e 1.,1,10 ' 1.65de= 5.25drT,e, 7,2 ,. 6.60 c a 'r 1.3mr
-8

T,hg 2.86:10** 5.72 10-10 7.38:10 '0 6.35:10 -8 7.15:10 *' 2.2300 g .7

2.5010* * 5.00:10-10 6.asso -8 5.55:10 6.25:10'' 1.95:10 -8 3,ggga 7-8T,h ~

T C I120 6.1dain*" 1.26:10* * 1.53stG-8 ,,ggg 1.57:10'' 4.9100*I 2.6500*8-8
F P 4

6.8a10"II 1.36a10~ 1.75a10'8 1.11:10'I 1.7 10*' 5.30a10 2.86x10
T C id (MG'c 1/3)FH

2 2.4x10'II 4.8a10'U 6.19:10'' 5.33a10'' 6.0a10* M i.87a10 1.1040"
7 g py2 (Pe0t 1/3)79

4.8a10*l1 9AM 1.24aM 8 . 3 .g 3,74,gg.9- .0240'tt
T (MGIC 1/3)F

I 2.*0:10*" 5.40 10*d 6.W10 *9 5.99:10 *9 6.75 10*" 1.3440'' #

ICW2g3

U Yh 4 30:10 12 8.60:10-12 1.11:10*I 9.55 10* 1.08:10-10 2.14:10*Y W
g

V 1.50:10*'I 3.00:10*'# 3.57:10 " - ' 3 33a10* " 3.75mc*" 7.47810' *
TCCn 12g ~ W
Yh e.30:10 12 g,33,gg-12 1.11 :10 9 55:10** 1.c8:10*10 2.14:10 ''4
g

T Cyl (nE 1/3) 7.5x10 12 1.5a10*II g.3ang0-9 1.67a!J 1.38 10' 3.14:10'' #
g

#
T C .W (SC 1/3) 5.7a10*l3 1.14a10* U 1.47:10-10 1.27alc 1.43a10'U 2.34x10'Igy
T *0gW (MGIC 1/3) 2.1x10 12 4.2x10 5.12 10* M 4.66d0' 5.25m10*U 1.64m W 35242

g
5.4440

T c' (et 1/3) 1.2x10*ll 2.6a10-11 9 2Ma M'' 3.25x10" 1.01 10

T Yp2W ME V3) 7,340 1.5aN 1.38110 i.62x10* 1.32a10"I 5.69:10*II 3.07810'l
g

0 #

T" Q (pE10) 1.560-12. 3.0a10*I2 3.P7a10' 3.33a10' 3. 75a10* U 1.17 10* M 6.3Ca [g

g

AE/A2 2..Jos10* d 4.00:10* 5.16:10'0 e.se 10-8 $,oggg-9 1.56:10 *O 8.aos10*0
|

l APPil0I! MATE 4 4 3.6a10*I 3.1 a10'y 3.5a10'8 1.2 slo *7 5.7 310'y .
| TOTAL PnosAalLITY 1.410 2.3x10

FOR CLA11
tmanrrt

I

*For loss of offsite power cases no credit is taken for the $GTS (which is powered from normal power I
supplies). However. since the SGTS wuld not be required until 24-40 hours following the loss of offsite !All lossi

power initiator, this assumption slightly overestimates 'Pe releases from these secuences.
of offsite power accident sequences involving containment feakage are included in the column for failed j
$GTS (cc. 66). The total conditional failure prrbability for these sequences is 0.5 (0.078 + 0.42)

1

f 4

G
.
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Table 3.5.6*

s

SUMMARY OF SEQUENCE FREQUENCIES (PER REACTOR YEAR) BY CONTAINMENT
FAILURE MODE FOR DOMINANT SEQUENCES OF THE CLASS IV VARIETY

,

CONTAINMENT FAILURE MODES
DOMINANT

SEQUENCES a s.L' y *, y y 7 Cc.6c C.5
'

.001 .002 .503 .443 - .05 .0002 .0002

TjCgW2 (MOCE 1) 1.48:10-12 2.96 10-12 7,gg,,y M I 4.56:10-M 7.40:10"" 2.96 10-13 2.96s10-13
(MODE 3/4) 4.60r10*U 9.20:10~ U 2.31a f 2.04:10* 2.30:10*" 9.20:10-I"' 9.20:10

Y ! A"

'T C W (MODE 3/4) 9.00:10 12 ,1.80x 10*" 4.535 # . 3.99:10*9 4.50:10-M 1.80 10-12 3,go,gg-12F 3
(MODE 1) 2.85:10 12 5.70x10-12 3, g 3, ,g -9 1.26:10'9 1.42:10- M 5.70 1043 5.70 10~U

T C d (M00E 1) 1.00:10 12 2.00 10 12 5.03:10*M 4.43:10*M 5.00:10*" 5.00x10*I3 u.E3
(MODE 3/4) 9.50:10*U 1.90 10 12 4.78:10*M 4.21:10*M 4.75:10*" 3.80x10*I3 u.

T 'C W (MODE 1) 2.30:10*U 5.60:10-U 1.41:10-M ~ 1.2es10*M 1.40:10" " 5.60:10*'" 5.60 10*1"g 3,

(MODE 3/4) 9.00:10*U 1.80:10-I" 4.531042 3,99,3o-12 4.50:1043 1.80x10-15 1.80 10-15
42 42

f C" (MODE 1) 1.70 10 3.40:10 L55:10-M 7.33:10* M 8.50:10*" 3.40:10*U 3.*0:10*Ug

(NODE 3/4) 5.50 10-U 1.10:10 12 2."7:10-M 2.44:10*M 2.7510*" 1.10:1043 1.10:10*U
'

43 42
T C C P"2 (MODE a)

5.10:10 1.02:10 2.57:10- M 2.26:10* M 2.55:10-11 1.02:10-U 1.02:1043TM2
(MQOE 3/4) 1.62s10'U 3.24:10*I3 8.15:10"" 7.18:10*" , 8.10:10 3.24:10 3.24:10-1"

I 42 d"

2 42 6.00:10 12 g,$3,q-9 g,33,go-9 j 1.50:10-M 6.00:10-U 6.00:10*UCCW3 2 2 (MODE 1)3.00:10fp

(M00E 3/ . ) NO3:10 12 2.06:10 5.18:10- M 4.56s t0~ M 5.15:10*" 2.06:10-U 2.06:10 '3
I 42

d"
E 3 2 2 (MODE 1)

7.50:10 1.52:10-U 3.82x t0*" 3.3*10"" 3.80 1042 3,o4,yg-H 34CCWT
I 6.20:10"U 1.2e:10 3.12:10*I2 2.75:10-12 3.10:1043 ?.48:10 15 g.

A"
(MODE 3/4)

1.00:10~U 2.00:10*U 5.03:10-" 4.43:10-" 5.00:1C-12 2.00:10*'" 2.00:10*I"TC W (M00E 1)g 22 4" 6.60 *0 1" 1.66 x10*" 1.46:10*" , 1.65:10(h00E #,) 3.30:10 42 6.60 10-15 6.60 10-15
i T C (M00E 1) 2 97:10 " 5.94:10*" 1.49:10'O 1.32:10'O j 1.49:10'9 5.9*s10-12 $,g.,3o42

(.,/ f(M00E 1/3/5) 1.21:10- " 2.42:10*' 6.09:10'9 5.36:10 '9
'

6.05:10* M 2.42:10-12 2.42:10-12'

I 2
$p 3 2 (MODE 1)

1.80:10-" 3.60x10*H 9.05:10-09 7,97,3o -9 9.00x10-M 3.50:10-12 3.60 10-127 CC
7.30:10-12 g ,g5,go-u 3.6710 *9 3.23:10 4 ! 3.65:10'M 1.46:10-12 1.46:10-12(MODE 1/3/4)

# 1.20:10-12 2.40:10 12 6.04:10-M 5.32:10*M 6.00:10*" 4.80x10 NA*
43

T CC (M00E 1)3 4.80s d 9.60:1 d 2.41: d 2.Un d 2.40 In*" 1.92x10'I3 NA*(M00E 1/3/'a)
4 5.60x10'U 1.12:10-I2 2.82x10- M 2.48x10-M 2.8010-" 1.12:10*U 1.12:10-UT CC1 M2 2.20mm*I3 4.40:10-U . 11:10-M 9.75m10~ 3 1.10:10-" 4.40:10'" 4.40:10-1"

1.46aldl 2.92x10*II 7.34x10*9 6.47x10' 7.30x10*M 2.29410*II 2.29:10 12
I{1, ,J /MMD 3.90x10-12 7.S0 10-12 1.96 10*9 1.7310 *9 I 1.9510*M 7.20:1043 7.80x10-U

1.05x10'II 2.10x10'II 5.2Sx10 4.6Sx10*I 5.25x10
4 0 2.10x10'' . 2.10x1042jT T/Cp 42

T C U /D 9.00:10 1.80:10* " 4.5310*9 3.99x10*9 4.50:10- M 1.80x10~2 1.80x10-12'
p 3g

T Cgt 2.25x10-12 g,$o,go-12 g,g3,go-9 g,97,3o-M 1.13:10-M 4.50:10-13 4.50:10-U7

T CgJgD 2.20:10~U 4.40:10-U l.11:10* M 9.75:10"' 1.10:10*U 8.80x10'I# u*E

| T C1 5.s0:10-18 1.08:10-0 2.72 10" " 2.39:10-" 2.70:1042 2.16 10'"E g p.

T C u /D 4.20:10-U 8.40:10-U 2. u s10-4 1.86:10* * 2.10:10 * 8.40:10*I" 8.40:10*1"g 3g
l f, C.M 7.10:10-18 1.42:10-U 3.57:10-" 3.15:10-" 3.55:1042 1.42:104" 1.42:10-8"

! APPROIIMATE
I .

TOTAL Pit 0BA81LITY 1,3mlo* U 2.7:10*I0 4 d A
6.72x10 5.9:10 6.7 10 2.7:10'I 2.5x10'II

FOR CLASS
SEQUENCES

*For loss of offsite power cases no credit is taken for the SGTS (which is powned from normal power
supplies). However, since the SGTS would not be required until 24-40 hours following the loss of offsite
power initiator, this assumption slightly overestimates the releases from these sequences. All loss
of offsite power accident sequences involving containment leakage are included in the column for failed
SGTS (cc. ec). The total conditional failure probability for these sequences is 0.5 (0.078 + 0.42).
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Each of the accident -lasses has been examined in further depth

to determine the principal initiators and sequences which make up the in-
dividual classes. Figure 3.5.3 summarizes, in histogram famat, some of
the dominant sequences by class. The frequency of these sequences is

displayed for each sequence. Note that the loss of coolant inventory
sequences are calculated to have the highest frequency of potential de-
graded core conditions. Smaller contributors ir.clude ATWS events, large
LOCA, and small LOCA. Loss of containment heat removal sequences have

a relatively low probability when compared with WASH-1400 estimates pri-
marily due to the inclusion of controlled containment overpressure relief

(COR) at LGS.

The accident sequences which dominate the overall estimated fre-

quency of postulated degraded core conditions are:

e Loss of offsite power (T QUV, T QUX)
E E

l Loss of coolant makeup to the reactor following loss of
*

e
feedwater or MSIV closure (T QUV, T QUX)p p

i

| e ATWS events followed by a failure of high pressure coolant
injection or poison injection (T|C,U, T|C,C )'

2

Large LOCA (AE. AJ)e

e tiedium LOCA (S, UV).

Table 3.5.7 provides a comparison of the calculated values for
some dominant sequences from WASH-1400 versus the values calculated for

the Limerick analysis. Figure 3.5.4 provides a graphical display of the
calculated core melt frequencies from WASH-1400 and Limerict

( 3.5.3 Quantification of the Brite Event Tree *

The Limerick analysis was performed making use of a containment
'

design feature which will prevent overpressure failures under certain cir-
cumstances. This containment overpressure relief (COR) feature consists

*This infomation is uset. in deriving the frequencies given in Section 3.5.2.
|
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(d3 of a set of valves which can be oper :ed from the control room to relieve
pressure in the containment (see Appendix B). Since the valves are assumed

to be interlocked to high radiation monitors, COR can only be utilized for
cases where no significant radiation has been released to the drywell.
l'hese cases are generally the Class II and some Class IV types of sequences,
involving the inability to remove heat from containment. For these two
classes,the reactor core is adequately cooled; the major concern is main-
taining the containment intact and within its pressure capability, whilc .

insuring no offsite consequences. (In considering COR, a conservative
analysis, using 5% worst meteorology", a semi-infinite cloud model**, and
a realistic noble gas soi rce, showed that offsite doses would be less than
one five-hundredth of permissible guidelines (10CFR100), and would result in
no offsite consequence, based on exposure of the population.)

WASH.1400 LIMERICK

MEAN - 3x10**/r& CTCR YEAR 5ggg,

j g.5 *A5
2

f) /

TQUV

i 0UXp

Td

MU.I"n *LCSS CF * E',
CFFSITE PC*dIR

ATwS

ATd5 pg

S %4,g

Figure 3.5.4 Comparison of the Contributing Accident Sequence to the Calculated
Frequency of Core Melt from WASH-1400 and the Limerick Analysis
(Area of " Pie Chart" is proportional to Mean Frequency)

V- * Worse concitions exist only 5% of the time.
' ** Conservative by approximately a factor of three.
:

3-100
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The bridge event tree (see Figure 3.5.5) is provided to connect
'

the Class II and IV accident sequence event trees of Sections 3.4.1, 3.4.2,
and 3.4.3 to the containment event tree of Section 3.4.5.

LGSS CF ~ CCNTAfrNENT CONTAINMENT LOi4G TERM CONTAIMMENT CONTAIPNENT
HEAT CVERPRESSURE OVERPRESSURE MAKEUP WATER

OVERPRESSURE PRESSURE
PDt0 VAL Rh!EF RELIEF TO REACTOR RELIEF SELOW ULTIMATE
FROM IEITIATED CONTROLL;D PRIOR TO

CLOSED FOLLOWING SEQUENCE
CONTAliFENT CONT. FA! LURE VAPORIZATION CESIGNATOR(-
INITIATOR NDE I MCCE 2* MODE 3 M00E 4 MODE 5

a

.

.

M0CE 3

M00E 3/5

1

MOCE 3/4

M00E 2

FCDE 2/3

MODE 2/3/5

) MODE 1"%d

MODE 1/3

MODE 1/3/5

Mode 2 is equivalent to Mode 1 in its' impact on the containment.i *

** The assumption used in the LGS Risk Analysis is that containment failure leads to loss of
long tem coolant injection with a probability of oca.

,

Figure 3.5.5 Bridge Event Trn, Characteristic of the Three
Types of Events o:scussed in Section 3.4.4

(same as Figure 3.4.13), I
;

The quantification of the bridge tree requires the evaluation of
the systems involved in each function for the conditions which exist during
the demand on the containment and operator. In this analysis, four types

~

of demands are investigated: (1) Anticipated transients-with scram but a.
,

/^
N.]\

,

i
I

'
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Table 3.5.7

COMPARISON OF QUANTIFIED DOMINANT SEQUENCES:
LIMERICK ANALYSIS *VS. WASF.-1400

'

T Quv LOSS Or Orr$1TE r0WER I
g

l Inttiation Coolant Injectiont Total (Pro'.ietitty
Source j (Per Year) UV * | per Reactor Year)

| 4x10-2 -2x10-5 g,gg -1WASH-1400

Limerick
Analysis 5.3x10-2 7.5x10 5 4.0x10-6 |

*fo* toss of offstte pomer, main feneseter (Q) is unseatlasle
and coolant infection unreliantlity is demnated by the cemen
Itna to the mergency poner cuses (i.e., diesel reltantltty).

f 0UV LOSS OF INVENTORY MAKSUP FOLLOWINGp
A TRAN5!ENT: LOSS Or r*EEDWATER

J'Mign Pres.' Lou Pres.
lnjection injection Total (ProbattittyInitiation A8 i

Sourte (Por Yeme) Q | 0 V per Reactor Year)
,

W45N-1400 10 .01 | 2x10*3 h 2x10*3 4x10*I
_

($10* (2x104)*

Limerick
Analysis 1.78 .22 3.410*3 2.1x10*3 3x10

From WASH-1400 Aeoeneiz ! not located in suunsry taales of 1 SASH-lag*

, ATM LOSS Or 80!SOM INJECTION CR
LOSS Or COOLANT INJECTION

Scram Failure | Total
Initiation Total Mitigation (Pooactittyzgg

I'"''' (per year) %chanical | Electrical (cer Gesent) Systems per reactor

(per Gemene) |(oer Gemeno) year)
|

1x10 5 g ,g g,gg-5
WASH-1400 10 - -

|
nuREs-oea
Alternate 3A 6 1.5x10-5 g,g,gg-5 3,gg-5 10 2 ,g 9,gg 6,

i

-

Limertet SLCo.035

,

Alternate 3A 3.5 1.0x10*I 2.0x10*I 3x10 5 10-2 MPCI=.01 ts10*'

l

|
|

f |TJ |LOSSOrCONTAIMMENTMEATREMOVAL

Total (Procacility {I
I Initiator if | CDR

| (per Year) (per Gemend) | (perOsmond)* per Reactor Year)

MA 1x10-5%AS4-1400 10 1x10 6 |
itimertet

Analysts 1.2 8x10" 10-2 5.3x10 |
.

|

These susmeries are aooroximate reoresentations. only for the purpose of 111ustration.*

and de not reflect the arecise values of the actual sequerces analyzed in tne

O Limer1Ct analysis.
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O
failure to remove heat from containment: these are referred to as TW-
i.ype sequences; (2) Cases involving a failure to scram along with a
failure of containment heat removal, referred to as ATWS-W type se-

quences; (3) ATWS events for which there is a failure of the SLC coupled
with continued injection of cooling water to the reactor, until contain-
ment fails, followed by a failure of all coolant injection, referred to as
ATWS-C type sequences; and (4) ATWS events for which one leg of the re-

2
dundant SLC system fails, referred to as ATWS-C type sequences.l2

.

Table 3.S.8

SUMMARY OF THE CALCULATED REDUCTIONS IN THE FREQUENCY OF A
RADI0 ACTIVE RELEASE DUE TO THE USE OF CONTAINMENT
OVERPRESSURE RELIEF (REFLECTED IN THE BRIDGE TREE)

I
FAILURE OF FAILURE OF FAILURE OF P RE de

| t CONTA!'eOT .=AKEUP WATER CONTA!PrENT ATWTE
OVERPRESSURE TO REACTOR QVERP' ESSURE' g g gyTYPE OF SECUENCE

REL EF t! LIEF 'J CLOSE"00E 3 VAFCRI:ATICM

TOE 1. 2 rTOE 3 40E7/d WOE a * *00E $

' css of Containment Heat temoval - ..

T4 (Figure 3.4.131 10-2 2x1C la10'I 5:10'' $'4

Fatture to sens w/ Loss of tat
(AT.5-4 (Figure 3.4.13 ) 3.6 x 10*I .23* 3 5813-2 10-2

Failure to Sene w/ Loss of SLC
( AT45-C ) (7tgure 3.4.13 ) s1 .23' .3 5:10-2 gg-1

2

Failure to Scram w/ Loss of 1 $;.0
and I or 2 RMR
(Aws-C 2) Figure 3.4.13)

3.6 a IC'g .23' .3 5:10 2 10-2 g

toss of coolant make uo prooaattity is toe ec'vetnation of tse following:+

a. Evaluated MPCI fatture orecastlity

o. Inenssed likel'Pood af eneseit g tse :ressure trio setootat ef 50 osig
(Actual) due to exceeding tne cenAiracit pressum design point

c. Increased Itkeiteooa of tne setoorse softing low
**

'%de 1/3 is the conditional procao11 tty of mooe 3 securrtn1 given pt maae 1 (or spoe 2) has occurrea.
Conditional fatture orecao111ty of COR not reclosing given tnat coolant*

maneus to tne core nas failed.

|
' n
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COR Failure: The failure to maintain containment pressure below its
pressure capability, using only COR, has a different probability, depend-
ing on the type of accident sequence (see Appendix 8.4 for description of
COR). The success of the containment overpressure relief (COR) function
(Mode 1 or 2) is invrirsely related to the probability of high radiaticn
in containment following an accident initiator. Following an ATWS initia-
tor, there is a higher probability of some radiation being released to con-
tainment, while little if any is expected to be released during a TW transient.

e TW sequences: A low failure probability is calculated
since the accident sequence is relatively slow in occur-
ring. There is sufficient time for a well thought out
operator response; and the probability of potential acci-
dent conditions complicating or defeating COR is minimal.

e ATWS-W sequences: A significantly higher failure probabi-
lity is assigned to COR for these sequences, due to the
higher probability of some radioactivity (fuel / clad gap primarily)
reaching the containment drywell during the sequence.

e ATWS-C , C12 sequences: Very little credit is assigned to COR |2for these sequences because .of the estimated high probabi ~
' lity of obtaining some radioactive releases to the contain-

ment and the relatively low capacity of the COR system.

Coolant Inventory Makeup: As with COR, the type'of sequence can have a

significant effect on the calculated probability used in the bridge tree
for maintaining coolant injection over a long period af time.

e TW sequence: For LGS, most of the sources of coolant
injection are available for use to maintain inventory.
Therefore, the probability of loss of makeup is cal-
culated to be relatively low.

e ATWS sequences: Since only HPCI is considered adequate
for coolant inventory makeup during an ATWS condition
with high internal containment pressure *, the failure
probability for these sequences is simply the HPCI un-
reliability (taking into account the containment czi-
ditions which would exist during COR operation). Our-
ing COR operation, it is estimated that the HPCI unre-

.-

* Calculations indicate that RCIC alone is also adequate but
was not evaluated in this analysis.
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Table 3.5.9

EXAMPLE SUMMARY OF TW* TYPE EVENT SEQUENCES WHICH ARE
PROCESSED THROUGH THE BRIDGE TREE, FIGURE 3.4.13,.

TO DETERMINE THEIR SEQUENCE CLASSIFICATION
. _ .

| ACCIDENTg REDUCTIM * FREDUDICY (PER REACTOR YEAR)t
#I

SECUDICE ACCIDDIT ypt EMCY peg | T'RU SAIOGE
TYPE SEQUceCE :REACTct YEARig TR_E,E Ct>55 1 | class !! CLA:s !!! CLASS !Y

McC1 li (2 a10"dI 1.410*#
#

- - -
.

6.6a10-6 6 1/3 (2 a10-5) - negligible - -

tv Tg
MODE 3 (1.9x10'#) ,1.3x10' _ _ _

m 3/4 (1 x10-5)] 6. 6 10*II_ _ _

dM1 (2 a10*d) 3.6s10 - --

Tg 1.8s10-6 m 1/3 (2 xMb - negHgible -. -

M3 (1.9:10 ) 3.4:10'gg - - -

g,g,gg-11M 3/4 (1 t10-5) _ _ _

M00C 1 (2 a10'A) 3.0x10*I- - -

fN 1.!a10 5 MODE 1/3 (2 x10 5) negifgtble - --
p

M3 (1.9:10'.4) 2.9 a0* - - -

_ _ _ g, $,gg-MMODE 3/4 (1 s10-5)
4M1 (2 s10'2) 1.3x10- - -

6.$s10-7 M 1/3 (2 s10-5) - negligible '- -
| \

T
W3 (1.9:10 ) 1.2x10*N - - -'

- - - 6.5x10-12M 3/4 (1 310-5)

! W1 (2 s104) | 1.h10*'- - -

T C"d g,3,g-6 m 1/3 (2 10 ) - negitgtble - -
g # 4

. TW MODE 3 (1.9:10 1 1.6a10 - - -
g

g,3,gg-116 3/4 (1 x10-5) _ _ _

TW I TOTAL 6.3x10 | 6.5a10*I !4 !3,31c13-

*!t must be noted that ce targe LOCA event tree contains a postulated ar-ident seguence. AJ. =ntert
involves the targe LOCA initiator counted with the failure to remove nut fme contatment. For
this particular case there is assumed to be sufficient esdioactivity released to the containment
atmosphere to cause the CDR valves to be interlocked closed. The la=ge and medius LF.A seguences

,

then contribute directly to Class !! and do not pass through the bride tree.

"*oce 5 effects are contribution to . Class IV but are negitgtble relative to the mode 3/4 evaluation.

' Mode 1 includes the mode 2 (f.e. P--moes ! + P-noes 2) failures since
these have the sans qualitative effect on containment and accident

*seeuences.

The mode designators given in this table are the sequence destqnators
from Figure 3.5.5 and are formed 'y the proeuct of tne event proacentlites
assoc'tated with the tequence designators. For example, tne
probability of sequences designated mode 1/3 is calculatad as
the product of the probabilities of (mode 1) x (mode 3 given
sede 1) x (not mode 5) each of which is taken from Table 3.5;8;
the number of such sequences is then multiplied times this product
to determine the value shown in the above table.
The aCCide8tt sequence proDanilities apoearing in triis enamole ta0le
are derived for secuences initiated above 251 power. *he values
ano.arin, in T aies 3.5.4. 3.5.5, and 3.5.6 are tne sum of transients

,

inittacea fme ait powers.
1

Oo
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Table 3.S.10
\

EXAMPLE SUMMARY TABLE OF ATWS-W TYPE EVENT SEQUENCES
WHICH ARE PROCESSED THROUGH THE BRIDGE TREE, (FIGURE 3.4.13),

TO DETERMINE THEIR SEQUENCE CLASS:FICATION

ACCIDDfr*=* REDUCTION ** FREOUUICY (PER REACTOR YEAR)

SElRIDICE ACCIDDir sc0UDeCE THRU BRIDat C::NTRIBUTION TG EACM CLA13

M N I' # CLASS 1 CLAS311 | ' A53111 CLASS IV

MODE 1* (.04) 1,ta10*I- - -

Moot us (.03) - - s.1210*IO -

1. gg ,go-a3ryg a 7
T 2 M00C 3 (.27) - - 7,3,10 9 -,(sory$g

MS MOOC 3/4 (1.Ja10 2) - - - 3.4s10*IO
OPERATING)

Moot 1 (.04) - - - 3.0x10**

fg (C,1)W W 3 (.27) - -

2.2x10;T'v-F ,,,,t,.. . un.Qu - - -

I 2.0n10 -

9.5s10-10'

Mont 3/4 (1.3x10-2) - - -

|

M 1 (.04) - - - 1.0x10**

7.5m10|1
_t 'Cf*t 2.5:10-a

Moot u3 (.03) - -

,j(c). - 3 (. m - - 2.0 10 .-

3,3,gg-10W 3/4 (1.3x10-2) _ _ _'

2.1x10*IO |2.3m10*W' MODE 1(.04) -- -

I -Tg 9* 3 MODE u 3 (.03) - -s

r (e g)w MODE 3 (.27) - - 5.7 10**I - e*

9.0x10*Ilg g
et 3/4 (1.3x10-2) - - -

M00t 1 ( 04) - - - 1.7:t0**

f .1x10]
-

1.3a10*m 1/3 (.03) -- -

r O*' 4.2210.s
- - 1I e t 3 (.27)

- 5.5a10*IOe t 3/4 (1.3x10*#1 ,

,.

- - 4,4,to-8 |9,3xto*7fTOTAL
M/A 1/AATWS-d

I

Mode 1 includes the moee 2 (f.e. P--mode 1 + P--mode 2) fattures since*

these have the same quaittative effect on contatement and acciaent
sequentes.

The Gode desi$ tat 0rt given In this taOle are the seeuenCe designators**'

frge Figure 3.5.5 and are formed by the or9thact of the event prostaD111tes
associated with the seguence designators. For example, the
probability of sequences designated mode 1/3 is calculated as
the product of *ne probabilities of (mode 1)a(mode 1/3)atroce H
each of whien is taken from Table 3.5.8; the numeer of sucn
Sequences is then multiplf ed times this product to deter *f ne the
value shown la the above table.

~The accident soouence probattltties appeeeng In tnis enasple taste
are derived for secuences initiated aeove 255 pouer. The v. lues
apoeering in Tables 3.5.4. 3.5.5, and 3.5 5 are the sum of transients
initiated from all pouert.

O
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Table 3.S.11
OQ EXAMPLE SUMMARY TABLE OF ATWS-C2 EVENT SEQUENCES WHICH

ARE PROCESSED THROUGH THE BRIDGE TREE (FIGURE 3.4.13),
TO DETERMINE THEIR SEQUENCE C1.ASSIFICATION

FllECUENCY (PER REACTOR YEAA)
ACCIOENT*** RE M ON== CONTRI8U N TO N CLA33

SECUCeCE ACCIOENT SEQUENCE THRU SR!Dat

TYPE SE0ueeCE Pit 08ASILITY TREE | CLASS 1 CLASS !! I 01 ASS !!! | C' 53 IVJ
_

M 1* (2x10*I) - - - 2.2x10*8
- - 3:10-8 _6 1/3 (7.2x10*Il

I 9,gg-9
Ty 1.1x10*I M 1/3/5 (.8 10-23 . . .

ATis5.C I C
2

( ALL MODE 3 ( M IGI8LE) - - - -

[ M 3/4 ( G IGISLE) - - - -8

3
*EOAntSMS

6 1 (2x10*k) - - - 6 10**LCST) |2 4
7, 3 10*8 MODE 1/3 (7.2x10*I) - - 2.2x10 -

MODE 1/3/5 (8x10 2) -

I
2.410'

- - - 1.u 10-'M t (2xt0-t)
TEQ 6:10 M 1/3 (7.2x10*I)4 4.3a10 -- -

M 1/3/5 (8 10 2) - - - 4.8a10*

5.5x10* *
^

MODE 1 (2x10*'] - - -

4
2.8:53*8 MODE 1/3 (7.2x10*I)T 'g - - 2x10 -

g

M 1/3/5 (8s10 2) - - - 2.2x10'
l

1/A - f- fla10 {4.2x104|
I

{ 4/AATW$.C TOTAL

(
Mode 1 includes the mode 2 (f.e. P mede 1 + P.-aede 2) failures since*

these have the same qualitative effect on containment and accident
seguences.

* The moes designators given in this table are the seguence sesignaton
from Ffgure 3.5.5 and are formed try the product of the event proaoastlites
associated with the sequence designators. For example, the
probability of secuences desf gnated mode 1/3 is calculated as
the product of the probabilities of (mode 1)n(mode 1/3)atmooe n
each of which is taken from Table 3.5.8s the nunoer of such
sequences is then multiplied times this product to determine the
value shown in the above table.

*

**The accident secuence probabilities appeertag in tats enasele taele
are derived for sequences tnitiated above 255 pouer. The values
appearing in Tables 3.5.4, 3.5.5, and 3.5.6 are the sta. of transients
initiated frae all pouers.

* ATys.c 2,ents are those ATWS events Alen include tN failure of the SLC.
g

Table 3.S.12 completes the series of tables used to display the
processing of accident sequences throught the bridge' event tree. A separate

l2 sequences. The numerical values used intable is developed for the ATWS-C
bridge event tree are the same as used inthe quantification of the ATWS-C12

the AWS-W sequences (see Table 3.S.8). As indicated by the total probability
I of the sequences for Class III and IV, this set of sequences makes a relatively

I small contribution to the overall frequency.

b)o
,

|
|
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Table 3.5.12

EXAMPLE SUMMARY TABLE OF ATWS-Cl2* EVENT SEQUENCES WHICH
ARE PROCESSED THROUGH THE BRIDGE TREE, FIGURE 3.4.13

TO DETERMINE THEIR SEQUENCE CLASSIFICATION

'
ttt tt FREQUDCY (PER REACTOR YEAA)gy REQUCTTon CONTR!m TO EAO M5SEQUDCE ACCIDENT SEQUENCE Tieu SR10EE

TYPE SEQUDCE PROSABILITY TREE CLASS 1 CLASS !! | CLASS 111 CLAS$ IV

e t t' (.04) - - - 3.sx10 to

1 a 1/3 (.03) - - 2.ax10*10 -47ys.c
2 7T k,12,2 9.5x10., 4

(g $tg MODE 3 (.27) - - 2.6x10 -

& 1 or 2 MODE 3/4 (1.3x10-2) - - - 1.2x1040
RMRs FAIL)

MODE 1 (.04) - - - !a10** A

OC # MODE 1/3 (.03) - - 7.8a10-10I
r M 12 12*

2.6x10-3
_

2 MODE 3(.27) - - 7.0x10*I -
7 I ,12Nf 2 MODE 3/4 (1.3x10-2) _ _ _ 3,4,gg-10F

W 1 (.04) - - - 1.6 x 10* ".

T 'E 0 8 * MODE 1/3 (.03) - - 5.7x10*t1T M 12 2 -g -

3' MODE 3 (.27) - - 5.1x10-10 _
*

E 12 MtBE 3/4 (1.3x10-2)- - - - 6.2s10 12

s
MODE 1 (.04) - - - tal0* d*

MODE 1/3 (.03) - - 7.5x10*II -

O 8 2.5x10'3I C,C12 21 MODE 3 (.27) - - 6.7x10-10 _

MODE 3/4 (1.3x10-2), _ _ _ 3,3,gg-11

-C
12 TOTAL 1/4 M/A - - 1.2x10'0 2.1x10**

,

jW & 3 or
;2 lbit FAIL)

* ATW5-C,y events are * nose ATid events dica include the failure of one SLC puo.

* ode 1 includes the mode 2 (i.e. P 1+5-mode 2)failuressince
these eave the same qualitative effect on containment and accident
tequenCes.

*he mode designators given in *.his Table are the teouence designators
from Figure 3.5.5 and are formed by the product of the event proacabilites
associated with the sequence designators. For example, the
probability of sequences designated mode 1/3 is calculated as
the product of the probabilities of (mode lja(mode 1/3)m(mooe 5)
each of which is taken from Table 3.5.8; the number of such
'r:vences is then multiplied times this product to determine the

value shown in the above table.
~ The accident soouence proteoilities apoeering in tats enamele table

are derived F F secuences initiated ab've 255 power. The valuesS
apoeertog fn Tablee 3.5.4. 3.5.5 and 3.5.6 are tmc sum of transients
initiated from all comers.

_

is
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O
3.5.4 Quantification of the Containment Event Tree

The two containment event trees which describe the possible
paths of radioactive release from containment, aiid the numerical values
used in the evaluation, are given in Figures 3.5.6a and b. The reason

for two separate sets of numerical values for the contatomerit event tree
is that Class IV containment failures are assumed to be relatively rapid
overpressures for wnich containment leakage before rupture is much less
likely than for the relatively slow overpressure failures postulated forr

Class I, II and III. A discussion of probabilities used for each of the

containment failures modes is provided below.

a - Steam Explosion (In-Vessel). Full scale testing of the potential
for coherent steam explosions when molten metal comes in intimate contact
with water has not been perfomed. In an attempt to identify a probabi-
lity for a coherent steam explosion inside the reactor ve:sel of suffi-
cient energy to fail containmenti, the following evaluations were considered:

'

* Fauske Associates provided an analysis of the Limerick
design to determine if.the required conditions exist for
a coherent steam explosion in the reactor vessel which
would have sufficient energy to overpressurize contain-
ment. Their conclusion was that the coherent steam ex-
plosion appears to be impossible (see Appendix H).

e Sandia Laboratories has performed analysis and small
scale experiments with molten metal / water. Sandia has
stated that steam explosions could occur in PWRs but
probably of insufficient energy to overpressurize PWR

!
The WASH-1400 value (10 gtatement was made for BWRs*.
containment. A similar

') w
10 results in a value of 10-{th a reduction factor ofper demand, which was
used in this analysis.

s The NRC**, in rebaselining the BWR, has used the following
values to estimate the probability of an in-vessel steam
explosion which would overpressurize containment: I

* Personal communication, Corradini (Sandia) to Burns and Parkinson (SAI).
** Personal comunication between NRC (Taylor) and SAI (Burns).

!
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O
For LOCA eventis, a value of 10-2 was used, as-

in WASH-1400

For non-LOCA events, a value of 10-4 was used-

since a steam explosion at high pressure is
censidered to have an extremely low probability.

The above evaluations were used to arrive at an estimate of a to be
10-3 per demand for a coherent in-vessel steam explosion which over-
pressurizes containment (given a core melt).

S -- Steam Explosion in Containment. Containment steam explosions are
less well understood than in-vessel steam explosions. However, they are
generally considered to be low probability events. Fauske Associates
included consideration of this event in their analysis (Appendix H).

u, u' -- Hydrogen Burn or Explosion in Containment. For the inerted Limerick
containment, the possibility of a hydrogen detonation or burn appears

. quite remote; however, according to the tentative technical specification
there may be short periods of time when the plant is operating at power
and the containment is not fully inerted. This is anticipated to occt.r

following reactor startups and prior to shutdowns. Based on past PECo
experience and projected Limerick operating procedures. the proba;. : ity
of a hydrogen burn or detonation is considered to be 0.01. Relative to
this 0.01 probability of not being inerted at power, if a core melt occurs
during this time, then the probability of a burn or detonation sufficient
to cause direct overpressure release, with a significant increase in the
radioactive release fraction (i.e., comparable to a containment steam ex-
plosion) is no larger than 0.1*. This leads to a probability on the order
of 10-3 for the u' failure mode. However, the probability of some H burn

2

(u) remains at -0.01. This may lead to a drywell overpressure releast and
is included in the y' containment failure mode.

"Any reduction of the hydrogen concentration by means of the hydrogen
recombiners was not assumed due to the large amounts of hydrogen released
during a core melt and the relatively small capacity of the recombiners.

3-114
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6 -- Containment Leakace. Bechtel has performed a detailed containment
analysis to define possible areas where containment may fail in the case
of overpressure (see Appendix J). In addition, some effort was expended
to identify potential areas where leakage before rupture wculd occur. Two
items are noted:

1. Bechtel was unable to identify any specific areas where
leakage would occur before rupture. Containment isolation
valves are designed for much lower pressure, but have an
expected capability much higher than design.

2. Containment leak rate testing has found that there is sone -
~ degree of containment leakage at containment pressures below

design pressure.

From +he above consideratiors, it appears equally as likely for noticeable
containment leakage to occur as not. Therefore, a value of 0.5 was used

~

for this. probability for Class I, II, and III. For Class IV, a much lower

O value (4x10-4) was used for the probability of leak before rupture.
's.J

.

y -- Containment Overaressure (No leakage). Given that no containment leakage
occurs, the possibility of containment overpressure without failure following
a core melt is considered to be possible even though ultimate pressure is ex-
ceeded. Bechtel calculated the ultimate containment pressure capability to be
140 psig (approximately three times design pressure). For those core melt

j sequences where no leakage occurs,140 psig is reached with a high probability

(0.999) unless COR is initiated.1

|
.

v'/v* -- Containment Overaressure (solit between wetwell and drvwell failure).
.

Failure of containment due to overpressure has been divided into'two types
[

: because of the potential difference in radioactive release tems. Failure in
the drywell leads to direct release to the stack while a failure in the wet-
well causes a release through the suppression pool. At present, evidence
indicates failure at very high containment pressure may occur with equal like-
lihood in the wetwell or drywell. Therefore,y'/y = .5.

v) y" -- Wetwell Failure. The probability of a failure of containment which
| results in the loss of water in the suppression pool is evaluated based upon

*y'/y means y' given y,
3-115
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the Bechtel analysis which indicates that the points of highest stress in
the "etwell are near the nominal waterline in the suppression pool. It

is assumed that the probability of a failure large enough* to drain the
pool below the downcomers is approximately 10". of the probability that
the tailure will occur in the wetwell. Therefore, the probability of Y"

|
used in the Limerick is 0.025 for Class I, II, and III, and 0.05 for |

Class IV.

c/6 -- Large Leak. If a leak in containment does occur prior to failure,

then the question arises as to the size of the leak. c is the probability
that the leak is greater than an equivalent 6" diameter hole in the drywell.
This size hole is insufficient to fail the stack blowout panels, but does
lead to overloading of the standby gas treatment system. The state of know-
ledge of the size of the postulated leaks is such that it leads to an
estimate of equal frequency of occurrence for both postulated leak size _

(c/6 = 0.5).

O c -- Standby Gas frNtment. The probability of standby gas treatment operating
effectively in mitigating a radioactive release depends upon the size of the
leak. For overpressure failures, the SGTS is assumed to be bypassed and the
radioactive scurce escapes directly to the stack through the blowout panels.
However, the SGTS is assumed effective to varying degrees for small and large

leaks.
|

The containment failure modes developed in the Limerick probabilistic
|

Rick Assessment use the same failure probabilities for the first three
Classes of accident types. While this is a simplification, the uncertainty
in containment failure probability is much lar ar than the potential varia-
bility associated with these three types of accident sequence.

I

i
i

| *Either a failure below the elevation of the bottom of the downcomers or a
containment wetwell failure which propagates to below the bottom elevation

.

of the downcomers.!
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With the containment failure modes defined and quantified,
the next step is to combine the dominant accident sequences under each

failure mode. As noted previously, there are four types of sequences
considered for each containment failure mode.

3.5.5 Quantification of Accident Sequences by Containment Failure Mode

This section sumarizes the infomation in the previous section
and puts it into the femat to b'e used in the ex-plant consequence calcu-
lation. It should be noted that WASH-14QO used five BWR release categories.
Each category corresponded approximately to a containment failure mode, and
all types of accident sequences were lumped together in these categories.
For the Limerick analysis, there are seven distinct containment failure modes

i considered, and four classes of accident sequences. This leads to potentially
twemy-eight separate ex-plant consequence calculations, compared with the
five performed in WASH-1400.

O Table 3.5.13 sumarizes each of the containment failure modes and
provides, in capsule form, the infomation to be used in a. Messing the radio-
active release fractions in Section 3.6, which in turn are input to the ex-
plant consequence code, CRAC. In particular, in Table 3.5.13, the four (4) |
separate generic accident sequence classes, which.are evaluated separately
in terms of these containment failure modes, are cited.

Table 3.5.14 gives a summary of the probabilities associated with j
each containment failure mode leak path, and each of the accident classes.

This table provides the accident sequence probability which is input to j
the ex-plant consequence calculation. The radioactive source tem for each
of these sequences is calculated in Section 3.6.

.

O
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Table 3.5.13

RELEASE TERM CALCULATIONS REQUIREMENTS (a)

CONTAlleetT FAILURE MODES RA0!0 ACTIVE RELEASE RACTIONS |

Designator Description Class I (C1) Class !! (C2) lass !!! (C3) Class IV (C4)
,

a $ team empleston in vessel Note f Note f Note f Note f

$ Steam emplosion in containment Mote f Note f Note f Note f

u' Mt esplosten inexed contalement
failure Note e hote e Note e Nott e

u M2 deflagretion sufffcient to
cause containment overpressure

fa11ers Note b Note b hte b Note g

4 Overpressure small teaks
2(A 8,05 ft ) I I I Note 4

2

y' Overoressure fatture (A e 2.0 ft )g
,

Release througn drywell
_ _I 1 t Note g

2

_ _

Y Oversressure failure ( 2.0 ft )
Release through wetwell reek Note b Note b Note b Note h

!v' Overpressure failure (Ag=2.0 ft )
Wetwell pool drained X X 1 Note h

Overpressup).TargeleakC

(A = .2 ft 1 I X Note ng

;c Overpressure. large teen.5GT3
fatture (Ag =.2 ft ) Note c Note c Note c Note cd

oc Overoressure. small test. $GTS
fatture (A e .05 ft ) Note d 1ote d Note d Note dg

I*IAn 't* under the heading inoicates that a calculation of release fraction vmst be made for the
particular accident involving a SWR /4 with a Mars !! containment; 311 otPe* cases can ettner
be estrapelated from the set of calculations og can be extracted 4 Fectly from .A$d-1400.

IIICan be extracolated from y' release by assJuing a different decontamination factor for room
deoesition. D e principal difference tetween Y and Y' is that the Y release occurs with
asch cf the release passing througn the suppression pool. D e Y' release occurs with euen
of the release occurring througn the drywell.

ICICan be extrapolated from ecutvalent C case by not using cecontamination factor for $GT3 (affects
only portion of release flow)

(d)Can be extrasolated from oculvalent 3 case by not using decontastination factor for $GT3 (affects
alof release flow)

(e)
Will te assumed to be equivalent to a 3 failure and same release fraction will be us#d.

IIRelease fractions util be extracted.directly from WASM-la00 since the phenomenological nature
of the accident does not change

IIIRelease fractions similar to those developed by the NRC ating Farch-Corrst are used in the
character 1tation of Class !Y radioactive release fractions 'or v'.

Estracolated from the Class !. !!. !!! results.
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Table 3.5.14

SUMMARY -- GENERIC ACCIDENT SEQUENCE / RELEASE
(7 PATH COMBINATIONS
U

C CLASS I CLASS !! CLASS III CLASS IV

1.3x10'O 5.8x10-10 1.4x10'9 1.3x10-10a

3.u' 2.6x10~0 1.2x10-10 2.8x10 2.7x10-10

y *. L 3.4x10-6 1.5 10'I 3 Ex10'I 6.7x10-8

y 2.9 10-6 1.3x10*I 3.1x10'I 5.ix10-8

Y" 3.2x10'I 1.5x10-8 3.5x10'0 6.7x10'9

cc.5c 3.0x10-6 5.0x10-8 1.1x10'# 2.7 x10'II
04.5 3.4:17 1.9x10*I S.9:10'I 2.5x10'U .

TOTAL PROBABILITY BY CLASS 1.3x10-5 5.8x10 y 1.4 x10-6 1.3x10~I |

.

Figure 3.5.7 indicates that the highest probability scenarios are
those involving a coupling of core melt accident sequences with postulated
containment overpressure failures. The in-vessel steam explosion and con-
tainment steam explosion scenarios both have significantly lower probability

(] than the others. However, the consequences for these scenarios tend to be
larger than for overpressure failures. The postulated leaks are of relatively
high probability, but they have smaller consequences than the containment
overpressure failures.

5
E 1.0 - -

W
8

gf z'

m., e s a s7 a ;
a 8.u' y'. u y Y" cc.5c C.6

CONTAINMENT FAILURE MODES

Figure 3,5.7 Probability of a Radioactive Release Given a Severe Degradation
~

of Core Integrity -- Presented by Containment Failure Mode for
All Classes.

s
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O'

3.6 PADI0 ACTIVE RELEASE FRACTIONS ASSOCIATED WITH DOMINANT
ACCIDENT SEQUENCES

This section describes the radionuclide release fractions for
the dominant accicent sequences as used in the Limerick analysis. The
release fractions of the key radionuclide isotopes are a portion of the
input to the CRAC code (see Appendix E and Section 3.7).

The radionuclide release fractions are determined for each of
the Mark II containment failure modes from the coupled calculations of
INCOR and CORhil and from assumptions considered in WASH-1400. INCOR

(see Appendix C) calculates the thermodynamic conditions in the reactor
system and inside containment plus the leak rates between containment

compartments durir:g postulated core melt scenarios. (Sea Figure 3.6.1)
CORRAL (see Appendix 0) takes these.results and calculates the fission
product removal rates as a function of time to determine the fission

product concentration in each compartment. The final results fromO CORRAL are the cumulative radionuclide releases from containment to the
atmosphere for each of the fission product species. '

Included in this section are the following brief sunnaries of
analyses for calculation of CRAC input:

e General radionuclide release di:cussion (Section 3.6.1)

e Sunnary of containment conditions (Section 3.6.2)

e- Summary of radionuclide release fractions by failure
mode (Section 3.6.3). '

3.6.1 General Radionuclide Release Discussion

The amount of radioactivity released after an accident sequence
is calculated by using the CORRAL computer code *. The boundary conditions
for CORRAL are set by INCOR. CORRAL is used to trace the movement of

radionuclides from their sources, through various nuclide removal steps,
and ultimately to their release into the environment. The release fractions

'SAI-REACT was also used to verify the CORRAL results.
.
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,

of the various radioactive isotope groups are then input into the CRAC
program to calculate the offsite effects (see Section 3.7 and Appendix El. j

i

|

Upon initiation of core melt, radionuclides will be released
by all the potential physical r chanisms, but for the purposes,of model-
ing and discussion it is useful to talk of four separate time phases of
release. The 'our major radionuclide release phases considered in the

CORRAL model are:

i
-

.

Gao: The nuclides are releasad as a result of the fuel rods
breaking. This is the first release to occur in the accident.
The radionuclides are passed to the containment via the safety
relief valves or a reactor system leak or rupture.

Melt: This release occurs after the core has been uncovered
and it'begins to melt. Fission products are then released
for one to two hours. At 80% core melt, the core is assumed
to slump to the bottom of the vessel and begin to attack the
lower head.

vaporization: This release occurs after the RPV fails in the
\ bottom head due to the attack by the molten core. The cara

remnants then fall to the diaphragm floor and interact with
the concrete releasing nuclides to the drywell atmosphere.
The release continues for several hours and decreases expo-
nentially with time.

Oxidation: Particulate nuclides are released into the wetwell
vapor region from molten core falling through the downcomers
into the suppression pool and causing small scale steam explo-
sions. This release is almost instantaneous.,

|

| The radionuclides emitted from the above releases are divided

| into seven species and further classified into one of three types because

| of their chemical properties. The seven species of nuclides, and their

( appropriate classifications, that are considered in the Limerick PRA analysis
are chosen to parallel taose chosen in WASH-1400 and are the following:

O
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SPECIES ; TYPE

Noble Gaces gas

Iodine (elemental, organic) vapor

Cesium-Rubidium particulate

Tellurium particulate

Barium-Strontium particulate

Ruthenium particulate

Lanthanum particulate
i

In the Limerick analysis, the radionuclide release fractions
to the atmosphere for each postulated containment failure mode which
are inputs to CRAC, are obtained in two steps:

1. The total release fractions to the containment (the|

l fractional amount of each of the separate radionuclides
"" can be released to containment) are necessary. This

iscussed belcw and is based solely on the WASH-1400
,enuation.

2. Each of the radionuclide groups are subjected to different
times of release during the sequence, different processing
as a function of the accident scenario, and different holdup
times inside containment. Those features which determine
the fraction finally released to the atmosphere are discussed
in Section 3.6.3.

In detennining the total fraction of each isotope released to con-
tainment, the basic research which was. applied in the WASH-1400 analysis is
also applied in the Limerick quantification of consequences. Table 3.6.1
sunr.arizes the core fraction by radionuclide species which are released during
each of the release phases. The iodine and tellurium releases are important
in determining the sensitivity of the early fatality CCDFs. During the melt-
down release (the core is still inside the reactor vessel) a substantial por-
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ltion of the iodine is released. This results in,pecessing the iodine i

through the supprassion pool for non-LOCA sequences in which the pool
is intact. The other key element te note is the tellurium which is
released principally during the vaporization phase. The oxidation re-
lease which might occur during some sequences has a much larger re-
lease fraction associated with it. It is not shown in Table 3.6.1 but
is the same as was used in !! ASH-1400. Reduction of the release fraction
before exiting containment is discussed in Section 3.6.3; however, since

,

the attenuation of the radionuclide releases is strongly sequence depend- .,
'

ent, the containment conditions and accidert sequence timing are important
parameters which must ba included in the analysis. Section 3.6.2 is used
to sumarize boundary conditions which effect the various methods of radio-
nuclide removal and includes:

Active Safety System: The Standby Gas Treatment System (SGT$) is
used to filter tr.e reactor enclosure air should the primary contain- |

'

,

ment fail . This method is effective as long as there is no large
leak from the reactor enclosure.

Passive Safety Sygtem: The wetwell pool is a major removal methed
for radioactivity during an accident. The effectiveness of pool
decontamination depends on the ccoditions of the water and requir es

,

that the radioactive material pass through the pool (this is cal- '

culated using INCOR).

Natural Removal: Radioactivity may be removed by natural daposi-
~

tion (plataout) or settling.

3.6.2 Sumary of Containment Conditions Following a Core Melt
Accident Secuence

The thennal hydraulic interaction of the molten core with the
containment is caiculated using the INCOR code package (see Appendix C).
Figure 3.6.1 presents a schematic of the Limerick reactor vessel and
containment, and identifies which portions of the INCOR code are used to
calculate the thermodynamic conditions inside containment dur.cg each phase
of the rostulated accident sequence. The INCOR package includes:

O

3-125

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



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

;

Table 3.6.2 SUMARY OF CONTAINMENT CONDITIONS FOR THE 00MINANT
ACCIDENT SEQUENCES

iTPICAL MI E P4L G ML1I) GF .'hTAI M ANALY5il

AT CORE FYsub $ b E I b fuat| fnA N ous
'!Nf*fWERY M T tMTTAff0N LNG VAPCRAf!ON l

. .

i.m ers ir est va s m i.e satI rw y
inva ary

gg N Captairment 4.ls 14CP!r-Atretenerid Mo s.turation| sA!

i
^

I 1??JmN

t S S-C "$ $ '' 305 25'45 '53 *' * * * " ' ' ' * " 5^' ir
I"l'Urr

cagg - i j i.e,sr.A ,44
= s.. .tia p.ca.mn.| ,, ms.Cg i :oi,

.. . ....

TABLE 3.6.3

SUMARY OF CONTAINMENT EVENTS DEVELOPED FRCM THE INCOR
ANALYSIS FOR THE RADIONUCLIOE RELEASE FRACTION CALCULATIONS

O CLASS CONTAINMENT DIAPHRAGM FLOOR CONTAINMENT

FAILURE TIltE FAILURE TIME FAILURE TIME
CALCULATED BY INCOR CALCULATEP BY USED IN ANALYSIS *

'

INCOR
f

TQUV 6 hrs (small radius) 6 hrs (small radius)

(Cl) 6.5 hrs (large radius) 6.Shrs(large radius) 6.5 hrs

t
'

TW 30 hrs 43.3 brs Failure prior to

(C2) core melt

ATWS 6 hrs (small radius) 6 hrs (small radius)

(C3) 5.5 hrs (large radius) 6.Shrs(smtll radius) 6.5 hrs

ATWS

(C4) 40 mn 6.5-7 hrs Failure prior to
core trait |

j.

;

' *INCOR analyzed two cases for the Class 1 and Class 3 sequences. Small,

\ radius class denotes the molten core staying inside the pedestal region
while the large radius indicates the molten core flows through the
doorvay and covers the entire diaphrag.n floor. However, for the release
fraction calculations only the layse .adius, case is analyzed.
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O
1. Material released from the fuel / cladding gap c7 Gria.7 core

melt which has not been discharged through the SRV ta *.he;
suppression pool at the time of vessel meltthrough

2. Material released during the vaporization stage due t0 the
interaction between the molten core and concrete diaphragm
floor

3. Material previously dissolved or suspended in the suopression
pool which is revaporized (with the steam) or resuspended as
a result of the steam explosion in the pool

4. Material released frc:n tne fuel during the oxidation process-

as a result of the steam explosion.
.

It was found that the S release fractions did not vary much from
one class to another. The gao releases will. vary among the different classcs;
however, the source tenn associated with these radionuclides is considered

small relative to the dominant source, the vaporization and oxidation release.

The radionuclides suspended in containment following the oxidation
relecse are assume.d to be the same for each accident sequence. Effects due
to the status of the suppression pool are considered to be negligiole for -
this release. Some radioactivity in the suppression pool is resuspended as
a result of the postulated steam explosion.

3.6.3.3 u' -- Hydrogen Explosion

Hydrogen explosion is considered to be a low prcoability event for
the Limerick containn.ent since it is usually inerted. However, there may be
times v.an tha plant is operating at power with the containment deinerted.
Th?refore, the possibility of hydrogen combustion is considered and the release
fractions due to this type of failure are taken from WASH-1400.

.

The hydrogen combustion (u') and conta.':''nent steam explosion (S)
are combired because of the similar manner in whi.:h they fail the contain-
ment and the assumption that they both have similar im;: acts on the radio-

nuclide release fractions.

b)
c
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3.6.3.4 y , y' , y" -- Relatively Slow Overpressure Failures

During Postulated Cora Melt Scenarios (Class I through 'II)

The containment may fail due to a relatively slow pressure buildup
due to core melt (assessed as the most likely type of failure). The various
locations for stich a failure are differentiated as follows:<

'
.

Drywell Failurey -

I

Wetwell Failurey' -

.

y" Wetwell Failure below the suppression pool waterline.-

These locations were chosen based upon a structural analysis of the LGS
containment (seeAppendixJ).

The release fractions associated with y (wetwell) failures are

O\ nearly identical for all the classes of accident sequences used in the
Limerick PRA quantification.

,

3.7 CONSEQUENCES ASSOCIdTED WITH ACCIDENT SECUENCES

Bis sectica s;prnarizes the calculation of offsite effects for

the following:

The calculational model used in the Limerick site-specifice
analysis (CRAC)

e The input data used in the CRAC evaluation

e The results of the CRAC calculation.,

|

3.7.1 Ex-Plant Consecuence Model

CRAC fealculation of reactor accident conseqttences) is a computer
code wnich was used in the Reactor Safety Study (WASH-1400) to assess the

O

3-133

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



O
impact of reactor accidents on public risk. The CRAC evaluation in WASH-

,

1400 was applied to specific sites but in the final assessment was applied
to a composite site with population density derived in a manner to approxi-
mate an average site in the United States. This section focuses en the
application of the CRAC model to the site-specific evaluation of the Limerick
Generating Station. A discussion d the various aspects of the CRAC model
is provided in Appendix E.

The basic CRAC model as used in WASH-1400 was also used in the LGS
analysis. The effect on public risk is detennined by the behavior of the
radionuclide clouds the health effects induced by the radionuclides, and the
population response. Specific aspects of the LGS CRAC model and additional
coninents are noted below.

1. Impacts en the dispersion of radicauclides frem the reactor
site is governed by the following:

e The length of release * was modified from that
used in WASH-1400 based on subsequent data to
produce a more lateral diffusion estimate.

A plant-specifkc terrain roughness * factor is. e
used in the model calculation of plume disper-
sion to account for turbulence-producing ground
effects.

, e The height of the release is varied as a function
! of the accident sequence (see Section 3.7.2) and
! the release energy rate.

e A seasonal wind rose is used to determine the
| weighting of tne consequences as they are
i affected by the wind direction.
t

s The wind speed and precipitation are detennined
using meteorologicai data gathered by PECo for
the LGS site.

! *Both i?xns are consistent with current NRC site review methods. See
Acpendh E for further diuussion of radionuclide dispersion.

O1O
i
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Tables 3.8.1 to 3.8.3 are provided as sumaries of those items

which contribute to the uncertainty in the best estimate CCDF. The distri- |

bklion of uncertainties into categories of minor, moderate, and potentially
significant are based upon a subjective evaluation of the effect of each
item taken individually on the CCDF for early fatalities. However, since
the calculation of CCDFs is a complex process the effects of each of the
items is not strictly independent of all other items.

As previously noted, the Limerick probabiliscic risk assessment
;

has been performed as a best estimate analysis. The factors contributing
to the uncertainty in the resulting CCDF curve for early fatalities in
Tables ".8.2 to 3.8.4 have not been individually quantified. Based on1

subjective consideration of these effects and the other considerations

identified in Section 3.8, the uncertainty band shown in Figure 3.8.3
was constructed.

O
.-

|

(O
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iTABLE 3.8.1
(

'

T SUMMARY OF AREAS OF UNCERTAINTY HAVING l

A MINCR EFFECT ON THE LGS 2ARLY FATALITY CCDF

SUBJECT 155UM97We '15E3 'N '.G5 ANALYSIS IMPACT
_

"ETHODOLOGY:

P*Success Criteria The success criteria are based on
realistic calculations or estimates
of system capability during accident
conditions. Fyture changes in model-
ing, to more accurately reflect reality,
may alter success criteria; therefore,
there is an uncertainty associated with
success criteria.

Degraded Core Leeds The assumption used in WASH-1400 and in P,c'*

Dinctly to Core Malt the LGS analysis is that once a core loses
identified methods of cooling, it will
melt. This may be conservative.

No nepair of As in WASH-1400 very littis, or no credit P

Failed Systems is given to the operator for restoring a
system to service if it is failed or in
maintenance.

Accident Sequences Accident sequences are character 1 red C

Character 12ation by the most severe conditions asso-
ciated with the event. There may be
conservatisms in the sequence evalua-
tion,

m) Comon-aode Cosson connections and depenancies P

(V Fattures among systeis were included based upon
design drawings and proposed environ-
mental qualification. The as-built
plant may have interdependencies not
modeled.

Constart Wind The wind direction is assumed constant C

Direction in the ' *throughout the accident seque9ce.
i CAAC Code ;

|

! OATA:
'

'

l Plant /Conocaint Age Cats for plants with a long oD9 rating P

history are not available- Therefore'

,

i t comoonent failure rate data are in
: general an average of failure rates over
i the initial 5 to 10 years of 21 ant operation.

l
'

Constant Failure The failure rate is assumed to be a constant. P
t

| i Rate Assumption The time variation of component failure rates
* is not known. T.ecent EPRI worir has shown
' that higher tnan normal failure rates may be
i expected durinc ce initial year of plant' operation. Thirt is currently no characteri- ,

zation of the end of life performance of
major plant ecmoonen+s i.e., pipes, pumes,
valves.

Component Failure Log-normal distributions are assumed to des- P

Rate 01stribution cribe component failure procastlity distri-
butions. However, sufficient data does notI -

exist to fully justify this assumption.,

1
O

l Human Error Proba- The only data used are data cited in WASH- D

st11 ties 1400 and the w n Reliacility Handboon
(Swain and Guttman).

L
.e . praeantitty '-c = Consee m
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TABLE 3.8.1 (continued) |
r

a
I SU3RC* ATSDdpTION (13ED IN LG5 aNALYS!$ P*otr?'l

U
EQUIPMENT:

CR3 Injection Water Due to their relatik:=11 cacacity, the P.C
CR0 pumos are not included in the analysis.

j There are, however, some conditions wnien
would benefit from the CR3 pump flow:

e Manual shutdowns with gre. dual
power reductions

e Injection after decay hest has
been reduced

|
| MSIVs Recoened Ouring transients unich result in MSIV P

closure it is assJned in the analysis
(based upon Ifmited coerati*] experience)

: that the MSIVs can be reopv ed in sufficient
time to restore feedwater f % to the
reactor for some accident sequences. -

CONTAIMMf.NT:

Containment Integrity Containment integrity is asstaned to be P
at High Temperature with the poo' temperature at 2sg F and at8

and Pr?ssure f aternal pressures in the range 50 pate,
with safety relief valves blowing down
to the supprestten pool. These concitions
may resA ta enginnent loads that have
not b+en crt+m ca ne accostaals.

N
.1

| Containment
Lower pressuras than used for containment C

Failure failure feed to:
i

a. shortee retention time for fission
' products

! b. shiftino of Class III events to
; Class IV

Molten Core An area of uncertainty is the deposition C |
Reaction molten core after it fails the RPV. It |11 uncertain wnat por* ion of the molten

,

t. ore may:
,

t e drop onto the diaphragn floor in one .

; coherent mass I

i e fragment ud Msperse around cent.
*

ainment hon alowdown of RPV if a
large blowdown force occurs

, ,

stay inside the pedestal region ofe
the diaphrage floor

e melt througn the diaohragm floor
vents and drop into the suceression .

pool causing steam explosion (s).

Molten Core In some of the dominant secuences, the C

oxide layer is predicted to freeze.
The implication of this layer is

}
unceMain. In the Limeriet analysis,
the vaporization release period is
considered to occur whether or not the
oxide layer freezes; therefore, the
radioactivity release fractions are

ITarcer for these cases with the oxice
layer freezing. [ |

1
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Table 3.8.1 (cont.) |

SUBJECT ASSUMPTION USEC IN LG5 AutYSIS IMPACT

RELEASE FRACTION
REACT / CORRAL M) DEL:

Melt Release The REACT model assumed that only 501 C

of the available radionuclides could
be released. This assumed to cover
plateout, etc. This has little effect
since the bulk of the material release
occurs from the vaporization release.

EX. PLANT EFFEC *S

Plume dispersion The model used to define the narrowness C

of the plee as it traverses large dis-
tsnces ( 20 miles) has not been verified
experimentally.

Evacuation model The assumption that large nebers of C

people can be informed. activated. aM
actually move away from a site has not
been demonstr:ted for a large metropolitan
area.

,

9

Shielding effective. An appreciable portion of the effects on the C

,- ness public comes from game ray cloudshine. The [

O j degree of shielding is a function of the lo- i

cation of the populatior and the type of
, structures they occuoy.

,

l
,

l
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Table 3.8.2
.

SUMMRY OF AREAS OF UNCERTAINTY HAVING A MODERATE
EFFECT ON THE LGS EARLY FATALITY CCDF

'
SUBJECT A551JMPTION USED IN LG3 tNALYSIS [WaCT '

METH000 LOGY:

Incomplete ur All possible accident sequences are not P

ttissing Accident included. Becuase of the infinite number
Sequences of possibilities that accident sequences

could take, and because not all these
sequences have been included in the
quantification effort, it is possible
that a sequence with a low probability.

of occurenca may not be represented.

! Containment Failure Several potential mechanisms connecting P

Leeds Directly to contairminat fatiure with eventual core
Core Melt melt have been identified. However, .

this remains an asstauption and an area
.of potential conservatism.

CATA:

Meteorological A five year sample of data (1972-1976) C

Data is used to characterize the' LGS weather
patterns. Sharp changes in future weather

" patterns are not included.

A05 Initiation For some accident sequences manual P

by Operator depressurization is required. The
prooability of failure is estimeted
as 1/500 demanos. Because of the
uncertainty ia the numan error proo.
40111 ties. .2 operation is assumed,

i to have a larger uncertainty tnan typical
hardware failures.

EQUIPMENT:

Improvement in Operating problems have resulted in P
Hardware Based upon selective imorevements in component
Operating Experience design. This is the case for dieseis,

relief valves, scram discharge volume,
etc. Some of these improvements are not
reflected in the analysis since failure
rates are based upon the total available

data.

CONTAINMENT:
'

RPV Failure The manner in which the RPV fails is C

uncertain. The INCOR method. modeled
for a PWR, assumes that the RPV ruptures
from the stress of the molten core rather
than melting througn. This model allows
the entire bottom head of the vessel
to fall at one instant. Other'\ methods assume failure from melting,
but the manner of melting is also
uncertain.

3-152
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Table 3.8.2(cont.)O
V

SUBJECT aSSUMcM ON USED IN LG5 ANaLY$!5 IMPACT-

Steam Explosion The pronability of a steam explosion P

(in-vessel or in-containment) is the
suoject of controversy. The values
from WASH-1400 are expected to be an
upper bound. The values used in the
LGS are viewed as high, however. .a lower
value appears to be difficult to
justify based upon operating experience
or test data.

Hydrogen Explosion It is considered possible that a P

hydrogen explosion of sufficient magnitude
to result in radioactivity releases
comparable to an in-vessel steam explosion

*may occur. The probability is estimated ,

to be 10% of the time a core melt occurs
with the containment not inerted.

Containment Failure All containment failures due to high icternal
pressure result in loss of coolant inventory
makeup.

. !
i

RELEASE FRACTION
REACT / CORRAL MODEL:

Radioactive Releases Both REACT and ORRAL use the WASH-1400 C

}
values for best estimate percent releases

y for each aroup of radionuclides. Theses
values are uncertain, and recent experimental
data indicate the larger numoers are con-
servative and the low estimates may be low.
Grova 4. tellurium, is especially considered
to be uncertain since its release in WASH-
1400 is for LOCA events. This directly
effects the amount of the release, for it
determinks the cladding reac*1on, which
determines the amount of tellurium that will
be released. The values for tellurium from
WASH-1400 used in the Limerick analysis may
be overestireted.

I

EX PLANT EFFECTS:

! Threshold effect in The applicability of a given threshold C ,
early fatalities is strongly decendent upon the health of

a person and the degree of medical attention
received once exposed. In addition, changes
in the thresnold may affect the calculated,

i numoer of early fatalities.

. Duration of radio- The release of all the radionuclides C
I nuclide release calculated by CORRAL to escape for each
! containment failure mode and &ccident
! sequence is assumed to occur over a
l 30 minute period. This is tanger than tne
t 'aASH-1400 3 minute "suff"; Sowever, the
| actual release for most accident sequences
| may be even longer.

O
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T Table 3.8.3

SUMMARY OF AREAS OF UNCERTAINTY HAVING A
POTENTIALLY SIGNIFICANT EFFECT ON THE LGS
EARLY FATALITY CCDF.

SUBJECT ASSUMPTION USED IN LG5 ANALYSIS IMPACT

DATA:

ATW5 Frequency Oper3*.1.ag experience is insufficient to P
adecuataly characterize the potential for
ATWS. The frecuency used for the LGS
analysis is that derived from NUREG J460.

_.

CONTAINENT:

Decontamination Despite continued research into the C
factors behavior of different radionuclide

species under postulated accident con-
ditions, there is insufficient experimental
information available to precisely define i
the decontamination factors. The values
utilized in the LG5 analysis appear to be
conserva ti ve_. _

|
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Table A.l.5

PIPE SIZE VERSUS FAILURE MODE DISTRIBUTION
FOR PIPE FAILURES WITHIN BWR PLANTS *

I E SIZE CATEGORY BY DI M ER |FAILURE R0W
MODE SUM

(11") (>1",16") (>6",10") (>10") L'

Vibration 15(53.6)** 7(17.9) 1(16.7) 0 23
.

Thermal & Cyclic.
Fatigue 4(14.3) 3(7.7) 0 1(50.0) 8

Fabrication 6(21.4) 4(10.3) 1(16.7) 0 11

Corrosion 1(3.6) 3(7.7) 0 1(50.0) 5

Erosion 1(3.6) 7(17.9) 1(16.7) 0 9

Stress Corrosion
Cracki:9 1(3.6) 15(38.5) 3(50.0) 0 i9

_

Column Sums 28 39 6 2 75

I,

i

; * Note: The entries in this table only include the 75 failures out of
121 for which the failure mode and pipe size were both specified.
** Entries in parenthesis represent percentage of column sum.

O
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G
the NUREG-0460 value of 3x10-5 per demand. This value is felt to be conservative

since recent GE analysis indicates that a significantly lower probability may
be appropriate.

Limerick ATWS logic .,all rec;cnd to AIMS events for all transient and
LOCA initiators throughout the range of initial operating power levels. For
the Limerick PRA, ATWS events from all power levels are treatec the same, and
the ATWS frequency used includes all cases.

.
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Figure A.1.3 Comparison of Evaluated Rupture Probabilities of Pipe to
Estimate Nuclear Power Plant Rupture Probabilities

LOCA SEM5tTivt PfPtsG cat?"" A value used in Limerict~
PRA

4 Current mean ett? mate
).ASW 1400 Assessed Value based upon camercial

hah $ t j.
Median : incluctug 905 conft.
Q g dance bounds,
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rh
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Figure A.1.4 Ed.timates of LOCA Initiated by A Large Pipe Break
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Table A.1.5

PIPE SIZE VERSUS FAILURE MODE DISTRIBUTION
FOR PIPE FAILURES WITHIN BWR PLANTS *

PIPE SIZE CATEGORY BY DIAMETER |FAIUJRE R0W
MODE SUM

(11") (>1",16") ( >6' ,11 C" ) (>10")

Vibration 15(53.6)** 7(17.9) 1(16.7) 0 23i.

i
*

Thermal & Cyclic.
Fatigue 4(14.3) 3(7.7) 0 1(50.0) 8

Fabrication 6(21.4) 4(10.3) 1(16.7) 0 11

Corrosion 1(3.6) 3(7.7) 0 1(50.0) 5

Erosion 1(3.6) 7(17.9) 1(16.7) 0 9

Stress Corrosion
Cracking 1(3.6) 15(38.5) 3(50.0) 0 19

,

_

Column Sums 28 39 6 2 75

|-

* Note: The entries in this table only include the 75 failures out of
121 for which the failure modo and pipe size were both specified.
** Entries in parenthesis represent percentage of column sum.

O
A-15 |
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O
1. Based an estimates from other sources (e.g., RSS, Bush),

a pipe rupture leadin0 to a LOCA is assessed to occur
once every 10,000 plant years. With this estimated fre-
quency and the fact that U. S. cumulative reactor experience

|1s only approximately 260 reactor years, it is difficult to
assess the probability of a LOCA accurately b,' only consid-
ering LOCA-sensitive pipes because sufficient operating
experience has not accrued;

2. There have been several pipe ruptures reported in high
integrity piping in secondary systems of nucler. plants.

Based upon these rupture failures, a probabiltty of a
pipe rupture failure in LOCA-sensitive piping can be
estimated using the fact that LOCA-sensitive piping
represents approximately 10% of the piping in a reactor
plant.

3. For the calcuiation of small LOCA probability, several
incidents of reactor system failures have occurred which
can be interpreted as being similar to a small LOCA.

.

Figures A.l.3 presents comparisons of various estimates of pipe
rupture failures from various sources. It is apparent from this

figure that there is an appreciable overlap in the error bounds of the
estimated pipe failure probabilities.

Based on Ficure A.l. 4, the probability of a large LOCA may
be considered to be slightly higher than that used in WASH-1400 since
there is not adequate data to support a lower value. Therefore, the
values in Table A.1.6 were used.

A.1.3.3 ATWS Accident Initiators

Since ATWS events are by definition transients, the ATWS initiator

j f requencies are calculated by using the transient initiator frequencies,

| as detennined in section A.1.3.1, and multiplying them by the scram failure
probability. The scram failure probabilf ty used in the Limerick analysis is

O
,

A-16
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n

the NUREG-0460 value of 3x10 5 per demand. This value is felt to be conservative
since recent GE analysis indicates that a significantly lower promility may
be appropriate.

Limerick ATWS logic will respond to ATWS events for all transient &nd
LOCA initiators throughout the range of initial operating pewsr levels. For
the Limerick PRA, ATWS events fro.n all power ' levels are treated the san-c and
the ATkS frequency used includes all cases.
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Figure A.1.3 Comparison of Evaluated Ruoture Probabilities of Pipe to
Estimate Nuclear Puwer Plant Rupture Probabilities

LOCA $EM5fffvE PfPthG M f 4 Value used in Lim rict
PRA

# Current mean estiaste
W H.1400 Assessed Value based upon comercial

nuclear operating esp.
(BWR, EPRI evaluation).

Median | Including 905 conft.

cj g eence nounds.

V////////A

ta iO-4 is is J.i? 4
10

Rupture Proub111ty (Ruptures / Plant Year)
.

O
Figure A.1.4 Estimates of LOCA Initiated by A large Pipe Break
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T.'.Ll e A. 1. 6

PROBABILITY OF A LOCA

_

BWR* VALUE USED
I 0PIPE SIZE EPRI VALUATION IN Tile LIMERICK

(MEAN) PRA

-4** -4Large Pipe 7.7 x 10 1.0 x 10 4.0 x 10
14"4

-3 -4**y Medium Pipe 3.0 x 10 3.0 x 10 2.0 x 10-3
g 14"4

Small Pipe 8.0 x 10-3 1.0 x 10 1.0 x 10-2-3**

11"4 -

|-

* This probability estimate is based upon all high pressure plant piping. Since only the 1.0CA
sensitive pipe is of concern here, the probabilities are reduced by approximately a factor of
ten (LOCA sensitive piping is approximately 10% of the plant piping).

** Mean values are approximately three times larger.

: O O O
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N

Pipe, Heat Exchangers, Pressure Containing Members: Because of
their relatively low failure rates, tne probability of rupture
or flow blockage in these components during an accident sequence
has very little effect on the probabilistic quantification of the
system level fault trees. The system unavailabilities are domi-
nated by active component failures, human errors, and maintenance
outages.

Instrumentation: Instrumentation component failure rates are
relatively low. Also, the components are combined in a logic
which allows proper operation despite some failures. 'However,
since some instrumentation sensors may be used for actuation
of more than one safety systam, a failure of the instrumentation
can lead to a failure to automatically initiate several systems.

A.2.2 Application of the Failure Rate Data

The application of failure rate data to the quantification of
the fault tree modci can be dona in several ways. WASH-1400 made use of
the concept of demand failure rates for the nurpose of quantifying compo-
nent failures in safety systems which were in a standby status and re-
quired to begin operation following an accident initiation. A General -

Electric reliability assessmtnt of safety systems used the concept of a
constant hourly failure rate for components in standby. The probability
of failure was calculated as 1-e- W 2 where A is the failure rate and 6
is the scheduled time netween system tests (e.g., monthly, annually, etc.).

Table A.2.2 gives a comparison of the failure rates from three
available sources. The demand failure rates will be used to describe such
failure:: as:

o Pump or turbine fails to start

o Valve fails to change state (position)
1

I e Human errors, such as miscalibration of instrumentation

| e Relief valve fails to open.

O -
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Table A.2.2

FAILURE RATE DATA COMPARISON

sait15 Tuns 1

wasM 1400 I CE haC
MhERAL

_

saourinG COMPON(MI F4llURf 900( M(plA4 [F' S' S' SWE M R'
VALV15 WW N0 70 Isle" d 3 A 1.6sl0 /hr 8 3a10'3/d 2a10'3/d F

4

1.5al0-6(N tor operated NC IC I:10" d 3 A
0.15:30'p/hr

, g

valve) le0 FC 1 10' /d 3 A 8 1n10' /d Salo /dC 74- tal0' /d 3 A 8.86 ale-6/br 8 I

Deck Valve falls to permit flee talo'*/d 3 A 0.llsIOj'he d 'd F/hr S Ista /d
2alo */dfalls to prevent flou 1.6 ale' t 5 5:10' /d 2 10' r- -

3 A

Rupt are, n, tal0*I/br 10 A

Manua'. Valve fallure to remain open tal0-'/d 3 A

Supture. 1, Isl0'0/hr 10 A

Valve Check falls to permit flow 0.22 10^0/hr S
lastable falls te prevent fles 2.2a10*6/br

A05
Depressurisation falls to operate Fal0'0/hr l'
Valve

Solenoid failure te operate I:10' /d 3 A
Cperated Valves failure to remain open 1:10' /br 3 A

Rupture. 1, 1:10' /br to A

Air-fluid failure te operate 3:10' /d 3 A
Operated failure to remala open tal0' /d 3 A

1 3:10' /d 3 Al Rhture.1, 8:10' /hr 10 A

w

110'|/d
/4 3 A 5a10'3/4

3a10"|/d
Rellaf valvu failure to open 1:10* /d ftai 0' 3 A 4:10' /dPremature opes y

_

*
EF: Error Factor
R: Reference (P. A-28) '

O O O
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Table A.2.2
: (Continued)

.

'
fattung sans

WA5N.lkoo GF haC
" C(h(AAL 8

GaouP!hG QtP0n(hi FAltUtf M00( Mf0lAN ff* 8* R* BWR $. NS E**

, BATTERI Sastery Feuer failure to provide
! Systems: propsr output. n* 3s10-6thr 3 C -

! (met cell)

taloj/hrClaCUIT fuses failure ne open /d 3 C
BauKfPs Premature opes. 3, talo 3 C

4lectors Selays failure to energine tal0 /d 3 C

Fallum of WC contact
to close given
energlaers 3:10'I/hr 3 C.
Failure of hc contact
by opealog-act .7 energlalog la10'I/br le C.

N'

Short across K/mC*
contact. 1 , tala'8/hr le C

Cell open. 1, tal0*I/hr 10 C

Coll short to power.
1, late'8/br le C

Circuit failure to transfer tal0'f/d 3 C
Breakers Premature transfer la10' /hr 3 C

Ik5fAUM[hfAT!0n bitch contacts
4AND CON 180L Selays(HfA) Call falls tv operate lato /d 10 C 0.4alC'O

p/hr
r 8i

Call falls 2 e4m 3:10' thr le C 0.08 30 S

Temperature falls to operate .L3ste-6 , g
b itch falls closed 0.33a10' hr S

Pressure Senser
(seactorand falls to operate la10'0/d 3 C l.n le-6/hr 5a
, son t a inme nt)

*

EF: Error Factor
j R: Reference (p. A-28)

. .
,

4
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Tatde A.2.2
(Continued)

f AllillOH)

6[h(RA
_

ha5N-la00 GE hAC

Ga0UPinG fMfhi fallUn( pCOE MEDIAN (F* s'
__

k* SWE PWR R*

Ik%1Ris(h1A!!0m ' t?4ns Coe.f reier Fall to operate 4.Isj0'*/hr S

AMO CON 1ROL**

Manual fall to transfer Isl0''/d 3 C

f'aNo Fall to operate 3.9 10'0/hra
, r

~4Llsit Switch Ja10 /br 3 C

-

flow Sultch failure to operate 0.46 10 6/hr 8'

4
t/1 Converter fall to v ested 4.fa10 /hr 8

p - I
* '**I 4.2alO-6 ,, ,j$ fall to operate

g

Power Supply fall to operate 4.ta10''/hr 8
l

solid State Dev falls to functica, n* 3aloj' thr/hr la C

Hi Pa.er App. falls shorted 1, 1 10 10 C
5

Solid State Dew falls to function, a* taloj'/hr 10 C

Power App. Falls shortel, 1, 1a10 /hr 10 C

las trumenta tim failure to operate, & lal0''/hr C

Cenatal thlf t la calibration,*1 <

j (lacludestrans 1, I 3s'10-5/hr C y
-altter, amptl.

fler aaJ output
devices)

~1F: Error Factor^

R: Reference (p. A-28)
** General Electric and PECo information on Logic and Sensor Testing indicate

six-inonth test interval for logic and sensor testing, except for ADS which
is 18 montr.s. (Therefore, failure probability is a factor of three larger
for ADS logic and sensors. )

.
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Table A.2.2
(Continued)

]_ FATIMfRAM E
W45M-1400 GE hac

Gth(RAL
&acyptuG treetatni FAllUaf M04 PF0f all (F . G. E DW8 PWA R. 1

|IAAmsfosW 25 Transformers: Open circuit. la to''thr 3 C
primary er seceaJary
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y terminal Boards open comaecties. A isla'#thr 10 C
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*EF: Error Factor R: Reference
Note: Reference Table 4.12 from GE DOCUMENT, NECE-24809

"Probabilistic Analysis of the Reliability of BWR/4 Systems
for Small LOCA Events," April 1980:

References: A. WAstl-1400: Appendix 3, Table III 4-1
B. GE Evaluation
C. WASii-1400: Appendix 3, Table III 4-2
D. WASH-1400: Appendix 3, Table III 4-3
E. W. it. Sullivan and J. P. Poloski, " Data Sumaries of Licensee

Event Repot ts of Pumps at U.S. Comercial Nuclear Power Plants-
January 1972 to April 1978," prepared for U.S. Nuclear Regulatory
Comissior, by EG1G. NUREG/CR-1205, dated January 1980.

F. EG&G report for USNRC, July 1979, Table I
G. "Sumaries of Failure Rate Data." Government-Industry Data

Exchange Program (GIDEP), Volume 1, dated January 1974.
H. WASH-1400: Appendix 3, Table ifI 6-1
I. EGAG report USHRC, August 1979
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Demand failure rates are converted to failure probabilities by multi-
plying by the number o' demands. This applies to all situations except
the HPCI fault tree, where subsequent * automatic starts are possible.

]

Hourly failure rates are used to describe standby systems that
,

are subject to continuous exposure:
i

.

e Instrumentation sensors
.

e Pipe and pressure containing member failures.

| Hourly failure rates are converted to failure probabilities for success-
ful initiation of a component using the following failure probability
equation. For equipment in a standby condition which can fail, the pro- [

bability is given by:

failure probability = failure rate (per hour) x exp sure time **(hours)i'
,

; In addition, there is a probability of failure associated with
; a component's failure to run for the duration of the accident analysis For

the purposes of failure probability calculations, the exposure /run time

for the " accident" is taken to be 20 hcors. This time is consistent with
the definition of the accident sequence given in Section 1.5.

.

'

A.2.3 Comparisons of Data Evaluation Methods

There have been some efforts in recent probabilistic risk
| analyses to develop a formalized method of calculating the component
| failure rates on a plant-specific basis. These efforts have focused

on the application of a Bayesian statistics approach to the use of
available data.

*The determination of prop 6r data input for this analysis is complicated by the
fact that most appifcations of data assume a demand failure probability for aO i

single start or demand. In this analysis, the potential unavailability of e
system to respond to multiple demnds to start is incorporated. The failure pro-;

bability for these subsequent demands is judged to be less then the demand failure
probability for the initial start.

** Interval between tests verifying operation.
t When failure probability is less than .l.

A-29
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Probabilistic risk assessment methods allow not only determina-

tion of a best estimate frequency for various events. but also the "proba-
bility" of this frequency; that is, the frequency results can be expressed
not only as an expected value, but also as a probability distribution about
this expected value. Detennination of the probability distribution for ,

the failure rate. parameters which describe the component behavior can be
accomplished by utilizing component histories on a plant-specific basis.

The expected value of specific component failure rates as a
function of various methods of data assessment were compared. Basically,

two methods were investigated: IIayesian and classical statistics. The
example chosen for comparison is pump failure to start on demand. Data for
this event is taken from the EG&G data summary on pumps (A.2.1). This

com;arison used the pump experience from BWR's as given in Table A.2.3.
. - . . . . . . . . .-

The methodology utilized can be found in several sources. Ref- .

erence A.2.5 contains information on Bayesian methcds and Reference A.2.6,

classical statistics.

It is assumed for the following that all the plants in the EG&G
study have an underlying pump failure probability in common. (If not, then

|
the data of plants believed to be outliers could be discarded.) By means

|

|
of some preliminary analysis. a common probability distribution model is

|
fit to the reported pump failere data of each plant in the EG&G study. An
adequate prior distribution on the paraceter (s) of the model can then be
chosen based on the distribution model above. As the Bayesian inference has
an inherent sequential nature, it can be used to analyze the data of the
plants successively to derive a posterior distribution representative of the

,

current " state of knowledge" regarding pump failure probability. The model
set-up required for the Bayesian inference 1:;cludes:

.

g A prior distribution representative of our previous
knowledge.

A likelihood based on consideration of all the dataI e

O
_
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To assess the sensitivity to.various priors and distribution

mocels, the Bayesian methods were applied to the data in the following
'

four combinations of the above two items:

1. A unifam prior * aistribution: plant-specific data
modeled as a binomial distribution **

2. Tne Reactor Salety Study log-normal distribution for
pumps to fail on demand as the prior and the plant-
specific data as binomial distributions

3. A "f?st" prior distribution: the plant-specific data
being modeled as log-ncmal distributions with mean
and variance the same us the equivalent binomial
distribution

4. Chi-square distribution (upper byund).

The results of these various assessments are given in Table
A.2.4. As shown, the mean value is relatively insensitiva to the method
of data assessment. Moreover, those two cases which have tne more con-

sistent assumptions, Case 1 and Case.4, agree to three significant figures.

Table A.2.4

CASE 1 CASE 2 CASE 3 CASE 4

Prior Data Prior Data Prior Data assical |Flat Binomial RSS Binomial Flat Loc-tioma l

EXPECTED 1.61 x 10-3 1.48 x 10-3 2.01 x 10-3 1.61 x 10-3
VALUE

* A unifom or " flat" prior distribution indicates that each failure
probability value is equally likely. This generally indicates a
lack of prior kr.cwledas of the "real" distribution.

,

**The binomial distribution is constructed ba:ed upon the number
of demands at each plant.
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As shown above, the failure probability to be used in the
assessment of risk at Limerick can be estimated by a number of methods.
The above example demonstrates that data from individual plants can be
characterized by a coninon distribution model, and the total population
of plants combined in a Bayesian fashion, to detennine a posterior dis-
tribution representing the current state of knowledge. However, it appears
from the results that this method, which may be rather time consuming,
produces point value results which are similar to the classical statistical |
approach. While the establishment of a specific method of combining com-
ponent data from varicus sources is desirable, there are a number of varia-
tions in the currently available basic data used in the quantification of
the accident sequences. These variations may tend to obscure any usefulness

'

which could be gained by establishing a rigorous method of combining existing
data. These potential variations in the data are due to such items as:

__

'

:1. Lack of specificity as to the function / type of component
O. (e.g. , main circulating water pump or RHR pump). All

types of pumps are treated together because of the very
small population available.
.

2. .,ge of the components is generally not considered.'

3. Variations which occur among different manufacturers
are not included in the LER reporting scheme.

4. Local plant test and maintenance procedures, training
programs, and management / personnel factors may vary.

| Compared with variations arising from the above listed items which may
be encountered at a specific plant, the calculated " expected values" from
Table A.2.4 show very small differences which do not warrant an extensive

!

j Bayesian analysis. See Appenoix F for further discussion of the statisti-
'

cal treatment used in the analysis.
|

|

, 1

O ,

I

l
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A.3 HUMAN FAILURE RATE DATA
!

The safety systems provided in bciling water reactors to
j

| prevent an'd mitigate accidents are generally designed to operate auto-
'

matically during the initial states of accident sequences. Information
on the conditions in the reactor and on the operation of the safety

i systems during an accident would be displayed in the control room so
that the operator would be able to follow the sequence of events, bec
no direct human action would usually be required until the accident were
brought automatically under control. However, human intervention would
be required in case of malfuncticas in the auton.atic systems, and hungn
interaccion with the system exists in routine plant operation, testing,
and maintenance. Therefore, human reliability plays a very large role
in safety systti. reliability.

Although data on human reliability are sparse and difficult to
,

app.ly to specific situations, many attempts along these lines have been
published, usually using subjective estimates by experts in related fields.
Section A.3.1 discusses some of the factors that effect human failure rates.
A brief summary of several data sources, in particular the Handbook of Human
Reliability by Swain and Guttman, is given in Section A.3.2. Finally, data
and evaluations used for the Limerick analysis appear in Section A.3.3.

A.3.1 General Discussion of Causes of Human Errer

Many causes and preventions of human errors must be considered

in order to obtain a reasonable estimate of human failure rates. Scme
I of the major considerations are:
I

e Plant design
.

e Training and experience,

o procedures '

s Stress. '

A-35
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The following discussion of these items outlines the consid-

erations which have been incorporated in the Limerick assessment to
determine the effect of human error on each accident sequence.

Plant Desian: Some reactor control'rocms may have potentially

confus eng arrangements and labeling of controls. In particular,<nany
labels are very long and differ in only a few letters or digits. This may
lead to fairly high error rates for manipulating the wrong switch when |
controls and displays are close together without separation by functional
flow lines on the panels, especially in emergency conditions. WASH-1400
found ,tnat the control arrangements in the plants it studied deviated from
human engineering standards such as those used in the military. Errors
can also be increased due to multiple alanns (several alarms due to one

cause) that confuse the true cause. Human error rates for Limerick are
not subject to high failure rates due to this cause because of improved
plant design such as functional flow lines, annunciators for locked valves,
and improved testing options.

Training and Excerience: SASH-1400 stated that thc training'

.of nuclear plant personnel was outstanding, thereby assuming high re-
liability for routine maintenance, caiioration, and control room opera-
tion. However, WASH-1400 found that operators were not able to " talk
tPrough" appropriate emergency procedures without hesitation or inde-
cision. Ti.is led to the assumption of less reliability in major emer-
gencies. An additional point concerns experience. Although experience
leads to improvement, it can also increase error. For example, a te::h-
nician or operator may beccme si used to seeing a correct instrument
reading that when an cut-of-tolerance condition occurs, he may still

"see" the correct reading.

Procedures: Written procedures such as check lists &re a
definite aid in human reliability. However, WASH-1400 fcund that the
written instructions do not confonn to established principles of good

9
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writi;:g; they are more typical of military maintenance procedures of
approximately 20 years ago. WASH-1400 also found poor printing quality;
inappropriate indexing, and poor format which could contribute to potential
human error. Check lists are also not always used correctly; some opera-
tors or technicians will perfom several tasks and then check them all off
instead of checking each task as perfomed. This may be p rtially pre-
vented and the reliability improved by using checklists that require in-
formation (such as a meter reading) to be written down. Additional re-
liability may be obtained through verification (a second person verifyina-
thai, the perfonnance of the first person is correct).

Stress: Reported data on stress and hunan behavior indicatt
that the error rate for a task has a relationship to the stress level
perceived by the operator. A hypothetical relationship is shown in
Figure A.3.1.

High -

3
8
.I
li
5
E
t
a
E

Low
%

very Low 3[*t4 very H;,h
*-

O Figure A.3.1. Hypothetical Relationship Between Performance and Stress
V

':

,
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As shown, when stress is low, a task is so dull and unchallenging that
most operators would not perfom at their optimal level. Passive-type
inspection tasks are often of this type and can be associated with error
rates of .5 or higher. .When the stress level of a job is somewhat higher
(high enough to keep the operator alert), optimum perfomance levels are
reached. WASH-1400 determined that control room, maintenance, and cali-

bration jobs were sufficiently challenging to maintain moderate stress ~
and therefore maximum perfomance. When stress levels are still higher,
perfomance begins to decline again, this time due to the effects of
worry, fear, or other psychological responses to stress. At the highest
level of stress, human reliability would be at its lowest level. WASH-

! 1400 abtained a value of .2 to .3 as the average error rate for nuclear
power plant personnel in a (continuing) high-stress situation such as
the time folicwing a large LOCA. This was considered to be corservative
and variable for different situations.

Following a major accident, human error would be even higher
than the high-stress value due to a probable incredulity response. Since

the probability of a major accident is so small, for some momeni:s a potential
response would be to disbelieve pcnel indicators. Under such conditions,
especially if false alams had occurred frequently in the past, no action
might be taken at all for at least one minute, and if any action were taken
it would likely be inappropriate. WASH-1400 assessed that the error rate
is .9 five minutes after an accident, .1 after thirty minutes, and .01 after
several hours (Figure A.3.2). It was estimated that by 7 days after an
accident there would be a complete recovery to nomal, steady-st. ate error
rates. These values are based on the assumption that the nuclear plant is
appropriately brought under control. For those cases where the situation
persists or becomes worse, Swain (A.3-2) suggests that the error rate levels
off at .25 after the initial peak.

A.3.2 Sources of Data

There are many sources of estimated human failure rates, but
most are too specific or too general to allow easy comparison or averaging
of values. Some of these data sources are presented here:
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Nuclear Exoerience Data: Fullwood and Gilbert (A.3-3, A.3-4)
used data reported to the NRC under the requirements of Regulatory Guide |

1.15 in the form of all BWR and PWR citations in the Nuclear Safety In-
forcation Center (Oak Ridge, TN) up to the time of the search. There i

were 7,038 citations for LWRs, which were individually read to avoid
'

misclassifications, and 1,490 or 21% contained identifiable human errors.
Of this number, only 28 or 1.9% of the human factors citations were for
compound human error. These events were grouped as appeared natural to
the event descriptions.

:

The accumulated experience represented in the reports for 61
plants was 260 plant-years. The unprocessed categorization of data is
presented in Table A.3.2. By using data on the number of people involved

in various operational phases and making estimates as to task frequency,
O the data of Table A.3.2 were normalized and are presented in Table A.3.3.V

Heman Reliability Handbook: Swain and Guttmann have prepared a
handbook to aid in analyzing the reliability of human actions in a power
plant. This handbook explains the basic tems, performance-changing fac-
tors, and human perfomance models. It also provides numerous exampler

i of the application of analysis methods. Table A.3.4 summarizes some of
the derived Human Error Probabilities (HEPs) for tasks in a nuclear plant.
It should be pointed out that these data are not from objective observa-
tions, but instead are estimated from related (sometimes only marginally
so} measurements of human perfomance. In general, Swain's handbook con-
tains such a large amount of infomation on human failures that there may;

'

be several interpretations of the data or methods used to apply the data.-

Each interpretation may result in a different failure probability.

I

V,

|

|
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Table A.3.2

UNITED STATES NUCLEAR POWER PLANT EXPERIENCE CATEGORIZED BY TYPE ,0F lilEAN ERROR *

U T.

t
0" 8 # E

.

- 11:;

s1 :!%" 1
8 : e :: : : 8 :

aa a - : a 2e e :-
..

a SS 1 : # 3
0* . 1 : MS a a

* 2 1& b a 0o u o
*et .3 :n 23 te a..E tt

t e. N a da 0 M i 1: " W Wa 2" a tu 10 Ru a au Qu Qa a se es n : :- Ha c : e a . ea 3 g .: s e .av g : :: -
-

8a a a: a: an a na.sa3 a: o a at t a.
'

Reactor Type 340 277 137 40 29 43 26 9 28 27 15 48 53 27 193 77 121 14 go |
PUR 172 150 69 22 14 24 10 5 20 10 4 35 32 17 130 53 70 837

BWR 168 127 68 18 15 19 16 '4 8 17 11 13 21 10 63 24 ~ 51 653
|

ceactor fttegg,

b AC 9 4- 5 3 3 2 - - - 3 - - 4 2 361 --

su'

5 3 1 14 12 5 34 14 16 231B&W 42 36 20 11 5 10 3 -

1 8 4 1 32 9 18' 136-CE 20 19 9 4 2 5 2 - 2 -

CE 159 123 63 15 12 17 16 4 8 14' 11 13 20 10 59 22 51 617

WEST 110 95 40 7 7 9 5 5 13 7 2 13 16 11 (4 30 36 470
i

Reactor Function
Esd e

Unknown or H/A 133 115 40 13 18 22 11 5 31 24 12 33 29 22 76 30 48 642

6 2 - 26 22 21 90Preoperational 3 5 1 1 1 1 - - 1 - -

Operating
ur.knowri :evel 7 20 13 5 3 7 - 3 6 1 1 '3 6 6 - 2 77-

Startup -11 25 9 7 2 3 3 - 4 - - 1 2 1 6 3 7 84

Run 112 72 48 7 2 7 10 2 5 1 3 6 12 4 49 10 26 376

1 - - - 1 - - - - - - - 1 8St.indby 3 2 -
-

Shutdown 46 27 20 4 2 6 2 2 1 3 6 24 7 14 164- - -

Refueling 27 11 7 3 1 1 - 1 1 1 - - 3 8 5 8 77-

Tot.its 342 277 138 40 30 47 26 13 30 27 16 49 57 27 195 77 127 1518

Hanklog 1 2. 4 10 11 9 15 17 12 13 16 8 7 14 .3 6 5

* Reference A.3-3, A.3-4
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Table A.3.3

ASSESSMENT OF HUMAN FAILURE RATES FROM
UNITED STATES POWER REACTOR EXPERIE!$CE*

-

Item Personnel / Error Rate Error Rate
No. Error Type Events Reactor-Year Per Man-Year Per Task

_

1 Maintenance 342 1368 2.5x10 1.4x10
~ ~

2 Failure to comply / 277 6156 4.5x10 1.8x10
~

Completa -

~
3 Design 195 8291 2.4x10 1.2x10

~4 Incorrect Settings 138 1368 1.0x10 6.2x10
4 ~

5 Installa tica 127 1.9x10 6.7x10 1.3x10
6 Fabrication 77 1.9x10 4.1x10 7.9x10 '

~ ~

~ ~

7 Procedural Deficiency 57 6156 9.3x10 3.8x10
~ ~

8 AAni ni strative 49 6156 8.0x10 3.2x10
~

9 Judgmental 47 6156 7.6x10 3.0x10
,

~ ~10 Incorrect Sequence 40 6156 6.5x10 2.6x10
~ ~

11 Wrong Instrument 30 1368 2.2x10 1.4x10
~ ~

12 Failure to Respond 30 6156 4.9x10 .2.0x10
~3 -513 Unspecified operator 27 6156 4.4x10 1.8x10

Error
~ ~

14 Analysis 27 6156 4.4x10 1.8x10 .

-3 ~15 Misunderstanding 26 6156 4.2x10 1.7x10
~ ~

16 Clerical 16 6156 2.6x10 1.1x10
~

17 C mmunications 13 6156 3.1x10 2.0x10
~ ~

18 Compound Personnel Errors 28 6156 4.5x10 1.8x10
.

* Reference A.3-3, A.3-4

!

!

~
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Table A.3.4

HEPS FOR SELECTED TASKS ABOUT A NUCLEAR POWER PLANT *

*ast MEP

walkaround inspections. Failure to .01 (.003 .03)
recognize an incorrect status,
using checklist correctly.

walkaround inspections. Failure to .1 (.0 5 . 5)
recognize an incorrect status,
using checklist incorrectly.

.

walkaround inspections. Itilure to .9 (.5 .99)
recognize an incorrect status,
no checAlist. First walkaround.
Failure to use checklist' correctly. .5 (.1 .8)

Failure to follow established .01 (.003 = .03)
policies or procedures.

Passive inspection. .1 (.03 .2)
Failure to respond to an - .0501 (.C0005 001)
annunciator (1 of 11.

Read annunciated lamp. .001 (.0003 .003)

Read digital display .001 (.0003 003)

Road analog meter .003 (.001 .01)
Read analog chart recorder .006 (.003 .02)
Read a graph .01 (.003 = .03)

I

t Read printing recorder .05 (.01 = .2)
(cluttered)

*Record more than 3 digits .004 (.001 .01)

Aritlumatic errors .03 (.01 .1)
reilure to detect a deviant .001 (.003 .003)
analog display during initial
medit (with limit marks)

| Check-road spesific meters .001 (.0003 e .003)
j with limit marke.

check-road specific meters .e01 (.0003 .003)without limit marks.
Check wrong indicator lamp .003 (.001 .01)
in a group of similar lamps.

Failure to note incorrect statue .f9 (.97 .997)
of an indicator lamp (in a
group)

railure to note incesseet status .98 (.94 - .994)
of a legend lamp (1 .a group)

Failure to remember oral .001 (.0003 .03)instructions, 1 of I

select wrong panel controls

a. Among a group of similar .003 (.001 .01)
controls

b. If functionally grouped .001 (.0003 .03)
c. If part of a mimic type .0005 (.00005 .005)panel

Set a multiposition sutch .001 (.0001 .1)
Mate a connector .01 (.001 .05)

. '

* Reference A.3.2
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research reactor control room - sean
signal rate 1.5 per hour

O (2) Lamp indication and audible alarm in
power reactor control room - seaa
signal rate 0.35 per hour

Figure A.3.3. Ocerator Response Tests in Reactor Control Room

O

'
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is 10-2 It is further assumed that half of the time this error leads to.

small (not unusual) miscalibrations on all future measurements, and half
of the time it leads to large (very unusual) miscalibrations. Recovery of
the setup error is entert-d into the estimate as follows: it was reasoned

that when the technician discovered a small miscalibration of the first
sensor, he would change tne calibration. It was further reasoned that when
the second sensor was also incorrect by a small amount, 30% of the time
he would be suspicious and would recheck the setup. If the technician was
not suspicious and the third sensor also had a small miscalibration, then
50% of the time he would become suspicious and recheck the setup. Finally,
it is assumed that if the technician had not yet discovered the error, then
he would not become suspicious after the fourth sensor. Similarly, if the
test setup led to a large miscalibration error, the technician would recheck
the setup 90% of the time after the second, and 99.9% of the time after the
third. Again, if the technician d'd not discover the error after the first

three sensors, he would also err on the fourth. The final assumption is that
if the technician rechecked the setup, he would find the error and make the
appropriate correction.

Using the probability tree in Figure A.3.4, the probability
of miscalibrating all four sensors is approximately 2x10-3 ,

.

A

S 5 B S = success *
F = failure_ _

B'B B B

C C E C'

SS _

D D D'
_,

O

S
S

? % 5' E'

S F S F21

* Key is on next page.

Figure A.3.4 Human Error Probability Tree
Describina Sensor Miscalibration
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This evaluation is used for Limerick analyses for cases of normal
transients and small LOCAs where it is presumed that minimal stress
exists on the operator. For other, more stressful situations, the
WASH-1400/ Swain stress curve is used to establish the time-dependent

operator behavior.

A.3.3.3 Operator Fails to N1ually Initiate the Second Safety
System Uncar Scram Conditions (Within 30 Minutes)

.

The handbook assumes that initiation of the first and second
safety system is cued by the same or similar indications. The conser-
vative assumption is made that fai'ure to initiate the first system
implies that the operator will not respond to the second, either. Simi-
larly, it is assumed that if the operator initiates the first safety
system, he will respond to the indication for the second with certainty.
Thus, the probability of not responding to the indications of the second
safety system is 10-3 ,

Similarly, the probability for the operator to make an incorrect
response is 10-3 and we can compute the probability of failure to initiate
the second safety system can be computed as follows:

10-3+(1-10-3)x10-3=2x10-3

A.3.3.4 Initiate a Normal Plant Function Following a Reactor Scram

The annunciator response model of Table 20-4 in Swain is used.

It is assumed that the operater may tend to focus on other displays, so
the failure probability of initiating a nomal plant function within a
certain length of time is higher than that for initiating the safety
systems. The probabilities are:

Ov
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Failure to Initiate Human E.ror

Witnin: Probabili ties
I20 min. J.5

2 nrs. .025

20 hrs. .025 j

A.3.3.5 Turn Off Emergency System

An error-of-commision involving emergency systems canr.ot be
assigned a probability using the techniques of the $ wain handbook. As a
gross estimated, the basic error-of-comission probability of 0.001 can
be used. This number should be doubled for stressful situations. The
Limerick analysis does not explicitly evaluate accident scenarios involving
errors-of-commission by the operator.

OA.3.3.6 Open a Single Manual Valve Within 30 Minutes

The failure probability of not properly opening a single manual

valve is 0.02 under stressful conditions such as a 30 minute time limit.
The probability of selecting the wrong manual valve from a group of similar
valves is 0.01 under ..ress, and the probability of the valve failing is 0.001.
In addition, the operator may fail to notice that the valve failed (probability
0.02, again under stress). Using the probability t~ee given in Figure A.3.6,
the probability of failing to open the manual valve is detemined to be 0.03.
However, in reality, tne manual valve may be some distance from the control room.
Because of this, plus the time required to reach the decision that the valve
must be open (especially if the operator does not have clear indication
that the valve needs to be opened), the error probability is often taken
to be approximately .9 to 1.0.

O
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B B 1
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S
F

3

A: Probability that the operator does not follow procedure (stress) = .02,

- B: Probability that t.1e operator selects incorrect valve from group
(stress) = . 01 '

C: Probability that the valve fails = .001

0: Probability that the operator fails to notice and to correct the -
failed valve (stress) = .02

.

Probability of failure (valve is not opened) =
|

F +F +F3=A B b( M xCx0) |1 2
.

= .02+(.98x.01)+(.98x.99x.001x.02)

= .03

'
_.

Figure A.3.6 Human Error Probability Tree Describing Failure
to Open Single Manual Valve

O
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A.3.3.7 Ensure Valves Are in Car m e m+ u,

The failure of an operator to return both of two manual valves to
the correct position is discussed as example 1.5 in Chapter 21 cf Swain's
handb;ok. Two major types of error are possible: (1) neglicting to re-
position a valve following a TCIT; and (2) not opening a valve completely.

The handbook assupes that the line-up is scheduled using tags
and checked by a second operator. The scheduled activity is regarded as
an oral instruction, with a probability of .001 for failure of an operator
to initiate the task. With only two valves, the probability of failure
to restore the second valve is .003.

The probability of a valve failing is assumed to be .001, and
the probability that an operator corrects for the failure is .01. Accor-
ding to Swain, the probability of a checking operator to make the same
mistakes as the first operator is 10 times larger.

.
.

Using the probability tree given in Figure A.3.7, the oroba-
! bility of not ensuring the correct line-up is approximately .0001.

1

I

f
' Given the' events shown in Figure A.3.7, the probability of failure

(both valves not lined-up) is:
,

= F +F +Fy 2 3

= (AxA)+(XxBxB')+(Xx8xCxDxD')

= (.001x.01)+(.999x.003x.03)+(.999x.997x.001x.01x.1)

n .0001

O
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A.4 SYSTEM UNAVAILABILITY DUE TO MAINTENANCE DURING REACTOR OPERATION

One of the principal centributors to safety system unavailability

may be the outage time associated with maintenance operations.* The reason
' ~

for this unavailability is that while maintenance is occurring on one
component in a system (or one leg of a two-leg system) that system may be
incapacitated.** One available source of maintenance frequencies and dura-
tions based upon operating experience at nuclear power plants is WASH-1400.
However, WASH-1400 does not state whether or not simultaneous maintenance

activities are included and does not differentiate between on-line and off-
line maintenance. The WASH-1400 data also include several startup problems
in early BWRs which have been subsequently corrected. General Electric
does not believe the data to be represer.tative of present-day conditions.
General Electric has performed a search of their Component Infomation
Retrieval system and completed an analysis of tne data. In cdilition,
Philadelphia diectric has provided detailed maintenance information on

\ each of tie Peach Bottom 2 and 3 safety systems, based upon operating ex-
perience: Both of these sources confirm that maintenance unavailabilities
are substantially less than assumed in WASH-1400. In addition, Philadelphia

Electric Nuclear Plant operating philosophy dictates that all normal main-
tenance of safety systems ba performed during outages when there will be
no demand for the safety system. General Electric maintenance availability
values were used in this analysis.

A.4.1 Calculated Maintenance Unava11 abilities

For comparisor, purposes, mair.unance information from WASH-1400

is provided. WASH-1400 assessed the mean time between component failures I
'

to be 4.55 months (.22 failures / month), while the mean time to repair (MTTR)

is a function of both:'

.

* WASH-1400 found on-line maintenance to be a ma,jor contributor to individual
system unavailability; however, oceratina experience and maintenance philosophy
of the operating PECo BWRs support a sigp# "cantly lower estimate. |

%J ** Note that there may be some maintenance acts from which tne operator can
recover the system for use as a safety system; however, this is not considered.

in this model.
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1. The component, and

2. The upper bound on the alldwed system outage time (e.g., for
HPCI it is 7 days with RCIC oper:tional). The technical
specifications define these combinations of systera unavaila-
bilities. The Limiting Conditions of Operation from the ,

technical specifications for Peach Bottom * are reproduced in
Table A.4.1.

The WASH-1400 evaluation of MTTR for components which are anticipated

to lead to maintenance outsges is sumarized in Table A.4.2.

Table A.4.2

SUMMARY OF MEAN TIME TO REPAIR (HOURS) BY COMPONENT
TYPE ASSUMING A LOG NORMAL DISTRIBUTION OF REPAIR TIMES AND

A MAXIMUM ALLOWED OUTAGE TIME OF 7 DAYS (WASH-1400 ANALYSES)

Component Type MTTR(heurs)

O
Fumps 19

,

Valves 19

Diesels 21

Instrumentation (I&C) 7

The following brief sumaries of each system provide the number
of components by type, the evaluated mean time to repair (MTTR) for each
component, and the calculated unavailability of safety systems due to main-
tenance while the plant is operating.

*As noted in the groundrules for this study, the Limerick techn. cal specifi-
cations are not written or approved and therefore Peach Bottom technical
specifications are used as typical.

O
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In the detemination of the maintenance unavailabilities for

HPCI, RCIC, and RHR, the number of components used in assessing the

maintenance outages are for the specific system. Components involved

in the room cooling and ventilation are not included in this estimate of
maintenance unavailability.

HPCI: HPCI is a single leg series system as described in
Appendix B. The following evaluation of HPCI unavailability due to main-
tenance is based uoan the. data and assumptions used in WASH-1400; a Gen-

eral Electric assessed value for HPCI maintenance unavailability (from
BWR operating data available to General Electric); and Peach Bottom-specific

data (see Table A.4.3).

Table A.4.3

SUMMARY OF MAINTENANCE ASSU!iPTIONS USED
IN EVALUATIllG HPCI UNAVAILABILITY

Component Number MTTR (Hours) Unavailability *

Turbine 1 19 5.80 x 10-3
-3

Pump 1 19 5.80 x 10
|Valves

-2 1

NOV 8 19 4.64 x 10
' 19 5.80 x 10-3ADV

Turbine 2 19 1.16 x 10-2

C&I 1 set 7 2.10 x 10-3

TOTAL (WASH-1400 Assumptions) 7.75 x 10-2

GENERAL ELECTRIC ASSESSED VALUE 1.0 x 10-2

* Based on.22 failure per calendar month
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Table A.4.8 gives a summary of safety-related systems required for normal
operation. The operating experience cata assembled to represent the main-
tenance on systems is compiled from data which results from normal plant
operation where the maintenance represents operations carried out in accor-
dance with the LCOs. For example, the maintenance unavailability for RCIC
from operating experience data represents the unavailability associated with
RCIC when HPCI is operating. Therefore, there is a condition on the RCIC
operation requiring HPCI to be available which must be reflected in the
fault tree model.

This section summarizes the relationship of the fault tree model
logic to the probability that a system is in maintenance. Because of the
dependencies among systems (suninarized in the Limiting Conditions of Opera-
tion) and the "NOT" gate fonnaitsm used in this analysis, the input proba-
bilities to the fault t ee are not imediately obvious. Therefore, this

section presents the boolean algebra used to derive the.se input probabili-
O'. ties in terms of the known probabilities.

.

The maintenance evaluation included in this analysis includes
two contributions to system unavailability. These two contributions are:

1. The dependent portion of systems unavailable due to mainte-
nance, which provides that a portion of the safety :ystems
may be unavailable if the remainder of the safety systems
are operational.

2. An independent portion of system unavailability which can be
attributed to those cases in which both legs of a system
are found to require maintenance. In general, the allowed
outage time associated with these conditions is 24 to 48
hours. For this analysis, this condition is assumed to occur
once every ten years, which qorresponds to an unavailability
of 2.74 x 10-4'to 5.48 x 10-4

i

v

v
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Table A.4.8
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.The following discussion summarizes the derivation of * depend-

ent fault tree input pararteter values for each system. |

RCIC: The RCIC unavailability due to maintenance (Figure A.4.1)
is combined with no HPCI maintenance. The assessed General Electric data,

as shown in Table A.4.7, yields an estimation of the probability associated
with the top event "RCIC in maintenance" (RCICTM). In order to determine
RTM (Figure A.4.1), the following relacionship is used: .

'

RCICE 1.10 w 10 1,1 x 10-2RTM = , ,

(1 - HTM) 1 - 1.0 x 10-d

The above is a simple example of a two-tiered relationship; how-
ef er, as can be seen from the LCOs or the fault tree model, other systemst

have more complex relationships in defining the allowable maintenance which
can be perfomed with the plant remaining operational. The remainder of
this section is devoted to defining the input probabilities required for the

O fault tree model in tems of the known values from Table A.4.7.

.

ACIC IN;

' MINTNE
RCICTn

ANO

__
,

hi

|

1 TM CI MPCI IN
NOT IN MINT. M!hTENANCE

|

| O O
'

nTn m

! Figure A.4.1 The Structure of the RCIC Maintenance
Unavailability in the RCIC Fault Tree

..
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Diesels: The maintenance representation used for the Diesels

is given in Figure A.4.2

Assuming the diesels are statistically symmetrical, each has an
equal probability of being in maintenance as defined in Table A.4.7.

E1M I E2M = E3M E E4M = 1.0 x 10-3 (3,1)

From the fault tree (see Figure A.4.2)

E4M = E4MM * ECUM3 (A-2)

E3M = E3MM * ECOM2 (A-3)

E2M = E2MM * M (A-4)

O
'nhere

E1M = EIMM = 1.0 x 10-3 (A-5)

ECUM2 = E2MM + E1M - (E2MM)(E1M) (A-6)

ECUM2 = N * M (A-7)

Similarly,

ECOM3 = N * TCO M (A-8)

ECUM4 = E4MM * ECUM3 (A-9)

Using (A-4):

E2M = E2MM + E1M

E2MM = = 1. 0 x 10-3 (A-10)
2M

E1M
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The probability of restoration of one DG before four hours

is 11i-27=0.41 based on the Peach Bottom data or 0.5 if a smooth (eye- |
fit) curve is used for statistical inference. These data do not vary
significantly compared with the statistical uncertainties.

The inferred probability of restoration before thirty minutes

is more uncertain. Directly from the data, the probability is 0.04; how-
ever, thers are two, problems. Oae is that there must be a minimum restora-
tion time for personnel to arrive at the DG if the DG cannot be started
from the control room. Thus, the probability should decrease at short
times. The second problem is that the recording of short re-toration
times tends to be inaccurate because of a tender.cy to round off to
larger values (less than one hour). This is suspected to be a reason
for the small amount of data below 0.5 hours. However, because
of the large uncertainty and small benefit perceived, no credit is taken
for diesel restorat1on within thirty minutes.

These data were collected under fairly routine plant conditions,
3., in no case was there an accident that could lead to hazardous condi-

cions. The question arises as to how much faster could a C3 be restored

under " heroic" action. Based on human factor studies in the literature,

it appears that the probability of restoration may increase greatly under
accictnt conditions. People would move faster, but tnere are certain

minimum transit times. There is also a negative effect; the increased
stress could accentuate the error rate, causing more mistakes.

The emergency diesel data from ;each Bottom has been included in
this analysis as the most appropriate to determine the basic diesel failura
rate because of the following items:

1 The diesels are approximately the same size (2.6MW at Peach Bottom,
2.8MW at Limerick) and made by the same manufacturer (however, the
details of design and auxiliaries are different}.

O
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2. Since Peach Bottom is also owned and operated by PECO, it has

been subject to the same maintenance' practices anticipated
at Limerick.

3. Environmental conditions (seasonal variation in humidity
and external temperatures) are approximately the same.

4. The data is based upon a detailed search of both tests
(demands) and failures by the utility staff who have
direct access to the plant logs.

Diesel data from sevaral sources were obtained and analyzed to
provide conditional failure rates for characterizing possible multiple
diesel failures. These sources are discussed in the remaining sectione
of this appendix.

A.$.2 Plant X Data Assessment

In general, most cources of data do not provide detailed informa-
tion as to the exact number of demands of diesels (success plus failures).
One source does, however, provide detailed demand data on single, double,
triple, and quadruple ccmbinations of diesel demands and failures. In this
assessment, these data will be referenced as Pl' ant X.

Data were obtained from Plant X for its four-diesel population.

These data yielded:

!?dIl Em 5Ed
1 133 25

2 23 2

3 71 1

47 0*

-

These data can the n be exun:.ded to count trials and failure ccmbinations.
That is, there are two single trials in every double demana. Therefore,
the following table can be formed:

O
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' sweer of
i W '' I'$" e.,

'

i i
si ,ies 6.o n
Douoles 638 5

Triples ! 339 1

Queervolts 67 O* .

Using this infonnation, upper bound estimates can be obtained. These
upper bound estimates assume a failure occurs on the next trial. There-
fore, the probability of failure on demand becomes:

P(s) = P(Single) = g = 4.99 x 10

P(d) = P(Double) = h = 9.39 x 10-3

P(t) = P(Triple) = 3 = 5.88 x 10-3

1v) P(q) = P(Quadruple) = 5 = 1.47 x 10-2
,

Note that these assumptions have retuited in an impossible result
for quadruple failures. That is, quadruple failures cannot be more likely
than lesser comMnations. Therefore, another estimate mt'st be obtained.
This other estimate can be obtained by recognizing that there was one triple
failure where a quadruple failure did not occur. Thus, the 'e was one chance
for a fourth failure given three failures. Again, using an upper bound
approximation, gives:

;

P(fourth given three failures) = i = .5
t

Other conditional failures can be found as

P(second given one failure) = P(d) = .188-

P( s-)-

P(third given two failures) = P(t) = .626
p

;

(.- P(fourth given three failures)=.5 (from above)
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These results are summarized under Plant X in the results tabu-

lated in Table A.5.9.

A.S.3 Diesel Data Assessment From LERs and Direct Utility Resconse

A.5.3.1 Assessment of Utility Responses to EPRI Diesel Evaluation

Utility data wereused directly to assess Zion and Cook diesels.
A S factor approach was used as these plant c'ata did not allow distinguish-
ing multiple demands. Data were also studied for Zion and Cook from LERs
to detennine more precisely the course of failure. A rigorous statistical
data analysis is not likely here due to the nature of the 4:ta base available.

Data were then collated to distinguish between independent and
corrnon-cause diesel failures. Three primary contributors to potential
connon-mode failures were identified:

e Human error (H)

Design, fabrication, and installation errors (D)e

e Procedural deficiencies (P).

| Factors were therefore defined to account for the fraction of
failures which were due to the comon-cause contributors;

1

g the numb'er of comon diesel failure causes of the i tyoe
g
i the total number of diesel failure causes

where:

S = Human contributiong

SD = Design, fabrication, and installation contribution

Sp = Procedural contribution.

Three S factors were defined because the plant-specific data

showed that principal coman-cause contributions varied among the facili-

ties. In tais manner, each plant could be assigned its own relative 8
factors.
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In addition, the following general assumptions were made for multiple
diesel plants of population N:

t

Single unit demands are primarily due to tests.e

N unit demands are primarily due to non-test actuation signals.e

For N'> 2; N-1 unit demands are actually N unit demands when I diesele

is a~1 ready unavailable.

For N > 2; N-2 unit demands are primarily due to testing.e

Therefore, based on the ratio of multiple to single demands from
Plant X (given below), the average number of demands / diesel year (65.4),

and the above assumptions, the following number of general multiple diesel
demands were estimated:

Ratio of Multiole Diesel Demands
1: Total = .20
2: Total = .03
3: Total = .11
4: Total = .10

4+3+2: Total = .?4

Estimation of Diesel Demands / Year

N=2

D(total) = (65.4 x N) = 130
D(double) = .24xD(total) = 31

N=3

D(total) (65.4 x N) = 196=

D(double) = .12xD(total) = 24
D(triple) = .12xD(total) = 24

.
D(double + triple) = .24xD(total)

O
,
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N=4

0(total) = (65.4 x N) = 262
O(double) = .03xD( total) =8

D(triple) = .11xD( total:) = 29

0(quad.) = .10xD( total) , 26

D(double + triple + quad.) = .24xD( total)

Using unavailabilities (based on multiple diesel failures) the following
,

failure rate analysis can be made: (See Table A.5.8)

Q(2|2) = .10/ year

A31(2!2)*'31 = .0032 / demand

Q(2|3) = .14 / year

124(2|3) = .0058/ demand

Q(2[4)=.13/ year

1 (2|4) = .016/ demand8
|

Q(3|3)=.04/ year

124(3|3) = .0017/ demand

Q(3|4) = .03/ year

29(3|4)=.001/ demand1

Q(4[4) = .03/ year

'126(4|4)=.0012/ demand

O

A-96



O%s

A.6.2 WASH-1400 Assessment of Comolete Loss of Offsite Power

The WASH-1400 estimate for loss of offsite pow 6r was larger
than the estimate for the PJM interconnection, as shown below:

COMPLETE LOSS OF 0FFSITE
~

-

SOURCE POWER INITIATOR

WASH-1400 0.18 per plant year

PJM Grid (see Section 0.053 per plant year
- A.6.1)

The PJM value (0.053) was used in this study.

WASH-1400 estimated the frequency of offsite power loss at
2x10-5/hr. based on three occurrences in 1972 for 150,000 hours of opera-
tion. If it is assumed that plants are 100% available, this is equivalent
to 17.1 plant-years of experience giving an estimated 0.18 offsite power
loss / plant year. The estimate becomes 0.17 offsite power loss / plant
year if the plants are assumed to be 70% available. Figure A.6.2 can
then be utilized to predict frequency / duration characteristics of the
offsite power outages. Results are as follows (assuming 70% average
availability):

Frequer.cy of offsite power loss (P ) which is restored S
-

g
les 'tFan 0.01 Your ="0.001/ plant-yr.
P restored in 0.01 - 0.032 hours = 0.007/ plant-yr.

g

0.023/pl ant-yr.P restored in 0.032 - 0.1 hour =
g

.

P restored in 0.1 .32 hour 0.046/ plant-yr.=
g

P restored in 0.32 - 1.0 hour 0.015/ plant-yr.=
g

P restored in 1.0 - 3.2 hour 0.014/ plant-yr.=
g

k- P restored in 3.2 - 10.0 hour 0.01/ plant-yr.=
g

P restored in greater than 10 hours = 0.004/ plant-yr.g
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.

A.6.3 Loss of Offsite Power Resultino from Turbine /Generato.- Trio

In-plant transient events causing a turbine or generator trip
result in a sudden loss of grid generating capacity. If the sudden loss
of generator exceeds the transient stability limit of the local or regional
grid system, then all offsite power to the plant could be lost. Based upon
infomation developed for WASH-1400, the probability for complete loss of
offsite power following a turbine or generator trip is assumed to be lx10-3 ,

The probability for any particular plant could be lower depending on the
transmission systems, the transient stability limit resulting from high

installed capacity, extensive grid connections with other large utilities,

and the number af 500 and 230 kV transmission lines connecting the plant
to the grid. The probability of lx10-3 is conservative for LGS because of
the PJM Interconnection system and the use of five plant transmission lines
and is includca in the analysis.
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APPENDIX B

i

The purpose of this appendix is to present, in a consolidated
form, the following:

e A system description of the key systems which contribute to
plant safety

A schematic of the system arrangementse

the system leve': fault tree logic models and identification 'e

of the top level functional fault trees used in the evaluation
of system and plant reliability

e Fault trees for generic components such as pumps, valves and
turbines.

O Included in this appendix are descriptions of the following systems,as identified by section:

B.1 High Pressure Coolant Systems

B.l.1 HPCI
B.l.2 RCIC
B.1.3 CRD
B.l.4 Condensate and Feedwater

B.2 Low Pressure Coolant Systems and Pressure Reduction System
.

B.2.1 ADS

B.2.2 LPCI
B.2.3 CS

B.3 Decay Heat Removal Systems

B.3.1 RHRSW
B.3.2 Condenser
B.3.3 Ultimate Heat Sink

B.4 Containment Systems
,

B.4.1 Containment Over-Pressure Relief
B.A.2 Containment Inerting

O~- B.5 Electric Power System and Instrumentation

3-1
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Emergency Service Water System -- HVAC Pump Room CoolingB.6

E.7 Reactor Protection System

B.8 Standby Liquid Control System
.

In addition, there are two summary sections which organize the
individual system trees into the following:

e B.9: Generic component fault trees for potential failure "
'

modes of concern

e B.10: Functional level fault trees which combine system
trees together to reflect the success criteria for various
accident sequences

B.1 HIGH PRESSURE C00LNIT SYSTEMS

B.1.1 Hich Pressure Coolant Injection System (HPCI)

Purcose

lhe primary purpose of the high pressure coolant injection (HPCI)
is to maintain the reactor vessel water inventory under conditions which
do not depressurize the reactor vessel.

|

!

Hardware Descriotion

The HPCI system consists of a steam turbine-driven, constar:t-flow
pump assembly and associated system piping, valves, controls, and instru-
mentation (see schematic in Figure B.1.1). Suction piping comes from both
the condensate storage tank (CST) and the suppression pool (SP). Initially,

water from the CST is used. Injected water is piped to the reactor vessel
by way of the core spray loop B pipe. The steam supply for the turbine is
piped from the main steam line in the primary containment. The steam
piping has an isolation valve on each side of the primary containment.
Remote controls for valve and turbine operation are provided in the main
control room.

.

I
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O
Table 2.9.3

INSTRUMENTATION / SENSOR FAILURE MODES
AND APPORTIONED FAILURE RATES FOR EACH

Approximatew

Apportioning of
Rank Failure Mode Failure Rate

1 Ccmponent Failure 56}

2 Installation Error 14%

3 Dirty or Binding Centacts 13%

4 Leaking or Blocked Instrumentation 64
Sensing Lines

5 Excessive Moisture 54

6 Design Inadequacy 31

7 Electrical Short 21

8 Hechanical Damage 11

| CVERALL 100%
' ---

-,==e =

|

|

|

till
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B.10 FUNCTIONAL LEVEL FAULT TREES

The etent trees are used to tie together the key system
functions whose perfomance are required following the accident iritia-
tors. The functions appearing in the event trees may be simple or com-
plex. This rection discusses the fault tree model ;epresentation for
the correct Boolean er ination of these systems or functions. The
Boolean combination is necessary in those instances where there are
common dependencies among systems or functions. Some examples of such

dependencies are: (1) the requirement that maintenance on one safety
system be carried out exclusive of maintenance on certain other safety
systems and (2) that' sensors used in the initiation of one safety system
are also used for another system (i.e., LPCI and ADS).

B.10.1 Transient Event Tree " unctions

The first set of functional level fault trees are constructed
to define, in fault tree format, the system success criteria for each of

the functions of the transient event trees.

Initiators: These are input values determined based upon

opr. rating experience data.

!

Reactor Shutdown: This is treated separately in the ATWS event
tree discussion. It is not developed as a system fault tree because of

| the criticisms such evaluations have received in the past. The single

| exception to this is the estimation of the failure to manually initiate

| a scram during an inadvertent open relief valve (IORV) incident.

i

O
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Safety / Relief Valves Fail to Ocen: Many of the transients

which normally occur during the course of a reactor plant life do not
require the safety / relief valves to operate. However, there are a
few transients which may demand that these vai es operate successfully
in order to protect the plant against ultimate reactor over-pressure.
A fault tree description is used in assessing the likelihood of a failure

,

to perform this function.

Loss of Coolant Makeuo to the Reactor: The functional level
fault tree for the loss of coolant makeup to the reactor is a combina-
tion of four functions listed in the eveni; tree; these are:

e Feedwater availability

e HPC7 or RCIC availability

e ADS operation

e Low pressure system operation.
.

A functional fault tree is used to combine these functions. The principal

items; to note are that:

1. The quantification of tne fault tree depends upon the
accident sequence being evaluated. For example, CR0
coolant injection alone is not considered successful for
any accident sequence evaluated for LGS. Also, feedwater
has a lower probability of success during an MSIV closure
than during a turbine trip.

2. The depressurization function (ADSX) is defic.ed explicitly .
This function provides the_ only access to the low pressure
system capability.

, ,

O
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Loss of Containment Heat Removal: The final function provided

in the transient accident sequence event trees is the removal of heat from~

containment. This function can be fulfilled in the following ways:

1. The power conversion system (PCS) can be used to remove decay
heat through the main steam lines to the condenser.

2. The RHR system can be used to remove heat from the suppression
pool, using the. safety / relief valves to provide the path from
the reactor to the suppression pool, plus the RHR service
water to remove heat ' rem the RHR heat exchangers.

3. The RCIC system can be used in the steam condensing mode in
conjtiction with the RHR heat exchangers and RHR service
water system to provide methods of:

e High pressure coolant makeuo .

Cirect heat removal from the primary systeme

4. In add! tion to the above methods of containment heat removal, -

there is the containment overpressure relief function which
will satisfy this need temporarily (i.e., for periods not in
excess of 3 days in certain accident sequences). This functd i
is logically placed in the bridge tree so that the timing ar.*

constraints on its use can'be understood by the reader. However,
for quantitative evaluation it is included in the functional

fault tree for containment heat removal.

A containment heat removal functional fault tree is used with the
transient accident initiators. These systems have some interdepen-

,

dencies which require the fault tree evaluation of the systems. Simi-
larly, accident sequences and groups of accident sequences require the
same type of simultaneous evaluation to ensure that dependencies are
properly evaluated.

O
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Medium and small LOCAs are incorporated in the estimated MSIV

closure initiator frequency for the calculation of risk due to failure
to scram. An area of large uncertainty is the method of bringing the
reactor from hot shutdown to cold shutdown, but this is not addressed
in the current analysis.

Coolant Injection: The event tree function associated with
coolant injection is governed by a functional faul? tree which is
identical to that given for transient events. The distinction to be

drawn is in the evaluation of the fault tree. The differences in the
quantification can be sumarized as follows:

1. For Large LOCA:
i

Failure
System Probability Reason

RCIC 1.0 Insufficient
flow.

HPCI 1.0 Insufficient
flow

Feedwater 1.0 Unavailable due to
MSIV closu e

ADS 0.0 Not needed for
large LOCA

2. For Medium LOCA:

Failure
| System Probability Reason

RCIC 1.0 Insufficient
flow

FW l.C Isolation due to
low reactor water
leval

i
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3. For Small LOCA: the reliability of all systems is the
same as used in the transient event trees with the ex-
ception that HPCI automatic initiation reliability is
improved since high drywell pressure will occur.

Containment Heat Removal: The removal of heat from contain-
ment is a vital function in assuring the safe condition of thr plant
following a LCCA. The removal of heat from containment fol~ st the
same functional fault tree as developed for the transient evuts

with the following exceptions: ,.

1. Large LOCA:

I Failure Probat,ility
System | Used in the LGS Analysis Reason

Power Conver- 1.0 Isolation of con-
sion System tainment from the &

main condenser W
on low reactor
wat'er level

RCIC in the 1.0 Loss of steam to
Steam Conden- the RCIC turbine
sing Mode

Containment 1.0 Potential forOverpressure radiation inside
Relief (COR) containment

2. Medium LOCA:

| Fiilure Probability |
System i Used in the LGS Analysis i Reason

Power Conver- Reduced from tran- Isolation inrnedi-
sion System sient event tree ately following

LOCA: increased
probability of
failure to recover
from isolation

RCIC in Steam 1.0 Loss of steam to
Ccndensing the RCIC turbine
Mode following depres-

surization
,
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3. Small LOCA: the quantification of the small LOCA containment

heat removal function is the same as that for the turnine
trip event tree.

B.10.3 ATWS Functional Fault Trees

The functional events considered in the ATWS event tree evalua-
tion are similar in most ways with those noted for transients. There are,
however, some unique differences which require separate evaluation and
these are discussed in this section. It should be carefully noted that
the success criteria used in the construction of the functional lev ~el
fault trees is that identified in Section 1.5 and reflects the General
Electric evaluation of BWR/4 systems capability under ATWS conditions.
Specifically, the system capability is based upon unpublished GE analysis
and takes advantage of best estimate values for system flow and perfor-
mance capability rather than the usual conservative values used in design
basis analyses. In addition, containment capability beyond that usually4

acknowledged in design basis evaluations has been utilized.

Initiators: These input values are based upon the' General
Electric evaluation of operai:ing experience data and include demands from
all power levels. There is a discrimination among the types of transients
in order to treat the dependent effects of the plant system on the initia-
ting event as precisely as possible.

Reactor Shutdown: The ATWS event trees provide the vehicle in
the time-ick analysis for treating the consequences associated with reactor
shutdown, i.e., insertion of sufficient negative reactivity into the

reactor core. Reactor shutdown for the LGS plants can be acccmplished
successfully through any of the following:

1. Insertion of the control rods by automatic action of the
reactor protection system or by manual operator action.
This is event item C in the ATWS event trees.

E

DO
,

t
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1

2. Insertion of the control rods by automatic action of
the diverse and redundant backup system known as the I

Alternate Rod Insertion (ARI) system. This is referred
to as Event V in the event trees. This backup system
requires that the following additional features operate:

e The control rod mechanical operation be functional

The recirculation pump trip (RPT) be functional. |e

At present, the design details of the logic, power, and
sensors for RPS and RPT are not available for Limerick;
therefore, possible dependencies between RPS and RPT have
not been analyzed in detail. The possibility of a common-

,

| ality between the logic and sensors has not been explicitly
| ,

evaluated. The assumptions made in the analysis are:
!

e RPS and RPT are separate and diverse.

| e The reliability of the RPS is as specified by the
| NRC characterizations in NUREG-0460.

e The RPT reliability is that specified by GE and
' assumed by the NRC in NUREG-0460.,

f

.

3. Insertion of negative reactivity via the Standby Liquid
Control (SLC) system which injects a sodium pentaborate
solution into the reactor. This backup system is de-

;

I signed to safely shutdown the reactor in the unlikely
event that the control rods cannot be inserted into the'

core.

Poison Injection: While poison injection was discussed briefly
| above under Reactor Shutdown, it needs further discussion since its partial

operation can also be successful if other systems operate successfully.
The specific points to be gleaned from an examination of the ATWS event

trees are:

1. Lcss of all SLC system capability and loss of control rod
insertion will lead to a Class IV type event sequence.

2. Loss of one SLC system pump (i.e., half capacity) makes RCIC
alone unacceptable to maintain adequate core coolant inventory
and requires RHR initiation in a very short time, i.e., on
the order of 10 minutes.

|

1
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Adeouate Pressure Control (N): For ATWS events the operation
of the safety relief valves is required since there is a rapid pressure

| rise in the primary system. The number of valves required for operation
under this remote postulated event is larger than that used in the typicali

transient event, but the dominant failure mode remains a comon-mode failure

of a large number of valves,

Safety Valves ReclosetP): Stuck-open safety valves are an un-
desirable event at any time and during an ATWS will tend to aggravate
the situation by:

e Eliminating RCIC as a successful injection made

e Requiring both RHR heat exchanges for successful containment
heat removal.

The probability of failure of the safety relief valves in the stuck-open
position following an ATWS is estimated to have a higher probability than

| during a normal transient. -

*

..

' Coolant Injection: The success of coolant injection during an
ATWS event requires operation of one of the high pi' essure injection systems:
HPCI, RCIC, or Feedwater. The use of low pressure systems may result in
unacceptable dilution of the boron (LPCI overfilling the vessel or ADS
initiation) which may lead to an unacceptable plant condition such as'

high reactor or containment pressure.

The probabilities of each of the system level functions in
t

the fault tree are dependent on the ATWS initiator. In addition, con-

siderations beyond those included in the transient and LOCA eve.'t trees
! are included in the ATWS quar,tification for the following reasons:
!

i

O
;

.i -
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1. For ATWS accident scenarios, HPCI system has been modified

to include a failure cf the HPCI to restart once it has
been turned off (i.e., isolated) by the high pressure spike
which accompanies ATWS. In addition, there is an increased
probability of premature HPCI shutoff due to high suppression
pool pressure.

2. RCIC pump seals are generally considered marginal at elevated
suppressica pool temperature. Therefore, the RCIC system un-
reliability is evaluated as higher than nomal since it is
availableduringanA{.45eventwheresuppressionpooltempera-
ture may be above 140 F. In addition, tne same logic considera-
tion noted above for HPCI applies to RCIC'.

3. During ATWS events where RCIC alone is a successful coolant
makeup source, RCIC could be lost due to high containment
pressure (25 psig) leading to a Class III event. RCIC loss
for non-ATWS trar.sients leads to Class II events. |

4. IORV-initiated transients during which control rods cannot
be inserted have some special characteristics which make the
quantitative evaluation slightly different than for other
transients. The normal method of recovering from an IORV is
to depressuri;:e, but ADS should not be initiated during an
ATWS. Thus, the probability that the operator will fail to
inhibit ADS needs to be assessed.

.

Containment Heat Renoval: The evalua* ion of adequate contain-

ment heat removal following an ATWS is strongly dependent upon the ATWS
initiator. For turbine trip cases where the MSIVs remain open, it is

assumed that the power conversion system is more than adequate to remove

| the heat from containment. However, for all other cases (i.e., MSIV:
closed) it is assumed that the power conversion system is unavailable due
to the inability to reopen the MSIVs in time for successful PCS operation.

.

The two paths available for adequate containment heat removal are:

|
.

1. The RHR system

2. The containment overpressure relief system.

Successful operation of these systems is dominated by the reliability
associated with correct operator action.

O
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rapidly over a central section and that the molten core appears in the
lower head simultaneously with completion of core melt. The model also
includes a physical representation for the water displaced by the molten
debris and a film boiling process occurring at the molten debris-water
interface. It does not assume any. fragmentation of the molten core so

; that there is no intimate contact of the molten debris with the water.
The water in the bottom head is displaced to.the top of the molten core

d

and is boiled off. The metal / water reaction and consequent hydrogen -

production is not modeled in this sub-code.
4

The PYMELT model assumes that conduction dominates the transfer
of decay to debris / water ar.d debris / wall interfaces and that constant
thermo-physical properties exist. The heat transfer v.icula~tions are
perfomed through a one-dimensional transient analys*s at tha RPV center-,

line and as a lumped parameter analysis for the vessel insulation. The
PVMELT model assumes that the molten steel is promptly transferred to,

v the upper surface of the molten debris layer and that thermal resistance
of the transferred steel is negligible.

.

: PVMELT is called by CONTEMPT-LT when BOIL has calculated (80%)

{ core melt. This assumption is the same as was used in WASH-1400. The

molten core appears at the bottom of the RPV simultaneously with the 80%
core melt. Once PVMELT has calculated RPV failure, the primary system
compartment disappears with its releases being incorporated into the

) drywell compartment.

PVMELT printout frequency is specified by CONTEMPT-LT with
output as follows:

e Normalized wall thickness of RPV head

e Water overburden thickness
.

| e Applied stress

: e Yield stress.
,
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C.2.4 INTER

INTER, the last of the major sub-codes called by CONTEMPT-LT,
models core-concrete interac'. dons by calculating the rate of penetratica
of concrete by a molten LWR care, and simultaneous generation of gases.

INTER assumes convective stirring of tne , melt by evolved gases,
admixture of concrete decomposition products to the melt, chemical reactions,
radiative heat losses, and variation of heat transfer coefficients with

local pressure. INTER models the molten core as a two-phase melt (metallic
and oxidic). Each layer is considered to be well-mixed and isothemal in
its interior as long as the layer is molten. Heat transfer from layer to

layer takes place across a boundary layer or film whose thickness varies
with the violence of mixing. The two main layers are assumed to be in
intimate contact with each other (there can be a vapor layer at the inter-
face with the decomposing concrete). The thickness of the boundary layer
can be different for each main layer; however, in each layer, it is uni-

| form around the periphery of the layer. Heat is radiated to the contain-

| ment, conducted inL1 the concrete, and interchanged between the layers.

INTER models the molten core as a hemispherical segment inter-

sected by a cylinder with geometry changes as the problem advances by
material interchange between the layers. Iron oxides created by reaction
of the steam with iron in the metallic part of the melt are assumed to be
rapidly incorporated into the oxide layer. Solid or liquid decomposition

~

products are assumed always to go promptly to the appropriate melt layer.
However, gaseous products will not pass through the melt if the interface
with the concrete is vertical. -

INTER also assumes gas-induced insulation cells (Figure C.2).
In a nomal cell, more gas passes through the outside of the melt and cir-
culation follows as shown in Figure C.2(a). However, if the lower layer
is hotter than the upper layer, more gas flows through the center and ths
circulation direction can be reversed. A circulation cell will be modeled
if the material is molten and there is appreciable gas flow. The intensity
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e The MSIVs are assumed closed and feedwater to the RPV is lost.

e In addition to the failure of the control rods to insert, the
ifquid poison injection system is also postulated to fail for
the purposes of this sequence calculation.

~

e HPCI is modeled to turn on at low RPV water level and turn off
permanently on high pressure turbine exhaust. This is as de-
signed and, therefore, is a high pecbability occurrence,

e .' h t. RPV is assumed to be at high pressure and maintained below
a certain pressure (high setpoint of the relief valves) hy
relievin'g to the wetwell.

e The containment is assumed to be intact and conditions in the
various compartments to be nonnal operating conditions at the

,

start of the calculations.

o Normal leakage from the containment to the reactor building
is modeled.

The code has been modified in this sequence to track the water
level in the RPV. The code considers that the part of the core which isbQ covered is at 30". power while the exposed core follows the decay power

curve. The core melt occurs,due to loss of coolant inventory. The molten
core from the ruptured RPV is modeled in two ways: (1) drop on the dia-
phragm floor, interacting only with concrete inside the pedestal; or, (2)
drop on the diaphragm floor and flow through the doorway to interact with
concrete of the entire floor. (See Table C.1 for inputs).

C.3.4 Failure of Coolant Inventory Makeuo Followino an ATWS with
Containment Failure Prior to Core Melt ( Anticioated Transient
without Scram - Case 2)

The last type of sequence calculated using the INCOR package
is an ATWS without adequate car.*.ainment heat removal which leads to

containment overpressure failure prior to core melt, referred to as a
Class IV accident sequence.

O
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OThe assumptions in the sequence are similar to the third

sequence with the following exceptions: HPCI is allowed to stay on
ese:1 after the high exhaust pressure is reached for the HPCI turbine.
Tie pressure in containment increases until failure pressure is reached.
It is assumed that at containment failure, HPCI fails. Therefore, con-
tainment failure occurs criar to C' ore Melt, RPV Meltthrough, and Core /
Concrete Interaction for this ATWS case.

The code has also been modified in this sequence to track the
water level so that the part of the core which is covered is at 30%
power while the exposed portion follows the decay power curve. The core
melts due to loss of coolant inventory and eventually melts the RPV to
drop onto the diaphragm floor. The molten core is only modeled to drop
onto the diaphragm floor and flow through the doorway to interact with

.

the entire floor. (See Table C.i for inputs).

C.4 INCOR RESULTS: OVERVIEW OF PRESSURES AND TEMPERATURES
CALCULATEC TO OCCUR WITHIN CONTAINMENT FOLLOWING CORE
MELT SCENARIOS

INCOR results are only used to calculate the containment con-
ditions, which are then used for the radionuclide release fraction cal-
culations. In the cases where INCOR did not perform the calculations
out to diachrc;m floor failure, some extrapolations using simplified
models were done to predict: (1) the pressure in containment by esti-
nting the steam pressure and the pressure due to the gases produced
from the melting concrete; and (2) the time of floor failure by com-
paring the penetration rate and decomposition rate from various INCOR
runs.

C.4.1 Containment Pressure Temoerature Resconse Durino Postulated
Core Melt

The RPV pressure for each sequence oscillates as shown in Figure
C.7. This pressure oscillation is around the SRV setpoint. The si 3 of
the oscillation is dependent on the timestep used in the calculation and

O
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the number of SRVs. A larger timestep or a larger number of SRVs depletes
a greater amount of steam from the RPV, resulting in a larger calculated
pressure reductior. Also, as the accident progresses, the steam generation
rate for each sequence decreases with time since the core power is de-
creasing. For some sequences, the calculated steam volume is drastically
reduced in a timestep so that the steam generated in later timesteps is
not enough to make up the depleted volume and the total pressure decreases.
Once enough steam is generated to overceme this calculated depletion, the

pressure starts to increase until the SRV setpoint is reached. This phe-
nomena aise occurs during core melting. However, the pressure in this
casc decreases until the molten core drops to the bottom of the reactor
vessel where film boiling (steam generation) of the water occurs and
the pressure t'en starts to increase once again.

The steam relieved from the RPV is dumped into the suppression
pool. In each sequence, the pool is subcooled. The containment pressure

( increase is very slow until saturation is reached at which point evapora-
tion starts to occur ar.d drives the pressure at a faster rate. The time
at which saturation is reached is dependent upon the amount of flow through
the SRVs from the RPV. Those sequences which have a larger number of SRVs

actuated (ATAS with HPCI unavailable and AT4S with containment failure)
produce a much greater steam flow to the wetwell pool and saturation is
reached very quickly (see Figures C.12 and C.1,J. Also, for these two

|
FfS sequences, makeup water (HPCI) is continually added to the RPV dur-
ing a portion of the sequence. The HPCI eventually becomes unavailable
in both AT45 sequences due to high exhaust turbine pressure trip ce con-
tainment failure at which point the water boils off in a relatively short
time and the core reaches its melting temperature. Since the core is
totally uncovered, the steam generation rate is very slight and is in-
sufficient to overcome the depletion resulting in total, pressure decrease.
During this time there is no SRV flow and the pressure and temperature in
the wetwell remains fairly constant. However, for the lQUV sequence, core
melt is initiated soon after containment isolation and the total steam

o generation to the wetwell pool is smaller than in the AT45 sequences and
b

,
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O
saturation is not reached prior to the RPV rupture; therefore, the
pressure rise is very slight (see Figures C.8 and C.9). In the TW

sequence the pressure rises slightly until saturation is reached and
then increases rapidly (see Figures C.10 and C.ll).

C.4.2 Containment Pressure and Temoerature Resoonse Durina
Reactor Pressure Vessel Failure Phase

|

The PVMELT module of INCOR calculates RPV failure by creep

rupture failure of the bottom head of the vessel.* This type of ru'pture

| can c/e=te a large pressure spike in containment. However, it has also
been postulated ** that the molten core preferentially melts through the
BWR control rod penetrations in the RPV bottom head creating small holes
and therefore slowlv reducing the pressure in the reactor system during
RPV melt, so that (- failure there is no large pressure spike in contain-

| ment. The se.cond assumption is used in the LGS analysis to determine the
pressure rise in containment since it appears more appropriate for BWR

; reactor vessel designs.
|

C.4.3 Containment Pressure-Temaerature Resconse During the Phase of
|

| Corium-Concrete Interaction

The next calculational phase involves the time once the molten

| core has failed the RPV and dropped onto the diaphragm floor in the pedestal
region directly below the RPV. In this phase, which includes the corium-
convrete interaction and the reaction by-products, the conditions of the
core follcwing RPV ' failure are fairly similar for the sequences considered
in the LGS analysis. Therefore, the evaluation of the concrete-corium
interaction is performed with INCOR and used for each class of accident

,

sequence. There are two bounding cases which have been run to establi+h
the range of potential uncertainty during this phase of the INCOR calculation.

|

The pedestal wall surrounding the RPV has a doorway flush with the
diaphragm floor. It is uncertain whether the molten core will: (1) case 1:

*Acolicable primarily to PWRs which have few penetrations of the bottom head.
** Appendix H discusses the more likely mode of RPV failure for BWRs.

|
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O
stay inside the pedestal region; or, '2) case 2: flow through the door-
way and spread across the floor cutside the pedestal. Both cases are
analyzed. It is assumed that the diaphragm ficer will fail structurally
at approximately 70 cm or two thirds of floor penetration (before the

"
molten core melts through the floor).

The molten core interacting with the diaphragm ficor inside the
i pedestal (Case 1) versus the entire diaphragm floor (Case 2) proauces

different concrete penetration, concrete decomposition, and non-condensible
concrete generation rates, thus affecting the pressure-temperature condi-
tions inside containment.

At RPV rupture, molten core conditions for Case 2 in each of these
sequences are similar. It is therefore assumed that the INTER calculations
for the ATWS sequence with containment failed are applicable for the TQUV
and ATWS (with HPCI Failure) Case 2 sequences. Therefore, one INCOR calcu-
lation of the time to diaphragm floor failure is used to characterize the
following Case 2 sequences:

o ATWS - with containment failure occurring prior to core
melt initiation (Class IV)

.

e ATWS - with HPCI unavailable during the sequence and
with contairment intact (Class III)

e TQUV - with lors of coolant inventory and core melt
initiation with containment intact.

The INCOR results of the corium-concrete interaction phase are
exemplified in Figures C.14 to C.16. One assumption made in these analyses

i which differs from that used in the REACT / CORRAL calcolation for radionuclide '

release is that in the CORRAL calculations ten percent of the core is taken
to directly interact with the suppression pool leading to an oxidation re-

j lease *. However, the INCOR calculations do not include the pressure rise
due to the steam generation from the ten percent steam-core interaction.i

!

O *The possibility of a coherent steam explosion which would lead to
imediate containment failure is considered unlikely and is treated
separately in the release fraction calculation discussed in Appendix 0.
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It should also be noted that the amount of hydrogen generated during a
postulated core melt scenario is an area of uncertainty. The INCOR hy-

,

drogen production model during INTER (see Section C.2.4) is
similar to that used in WASH-1400 and may tend to underpredict hydrogen
production during such sequences. The pressure and temperature curves
for each ' sequence consider neither RPV pressure relief during RPV melt
nor steam explosion after RPV rupture. The large temperature rise seen
on Figure C.13 is caused by the dumping of the mass and heat from the

reactor system into the drywell.

The drywell conditions for each sequence (Figures C.3 - C.6)
parallel those in the wetwell (for example, see Figures C.4, C.10, and
C.ll). As the pressure builds up inside the wetwell, it is relieved to
the diywell through vacuum breakers once a specified pressure differential
is reached. Therefore, a pressure increase in the wetwell causes a pres-
sure (and temperature) increase in the drywell. Upon RPV rupture, dry-
well conditions are no longer determined by the wetwell. (The uncertain-
ties, assumptions and considerations mentioned previously are also appli-
cable to the drywell.) The molten core / concrete interaction now exerts
the greater influence on containment conditions. The rate of concrete
decomoosition/ penetration and the surface area over which the molten
core is acting mainly determines the amount of non-condensioles generated.
These gases control the pressure during this period of the analysis. As
the core penetrates the diaphragm floor,1c coc,ls and its rate of decom-
position and penetration decreases, thereby decreasing the production of
gases until the pressure inside containment becomes fairly stable (as
demonstrated in Figures C.14 - C.16).

C.4.4 Summary of Individual Secuence Results

Using the assumptions and methodology described in sections C.4.1 through

C.4.3, the results of the individual accident sequences are summarized in the
the following sections.

O
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TABLE C.1

sigil!FICAfiT IflCOR IflPUTS

ANALV$l5 litM yAtugs AMAL,$g$ gytN vAlu.

Compartment descriptf we Cards Penetration Leakage Specification Cards

Total cw 'N (f t') Relief Valves |. . .

RPV 21195- Identification amt.er of compartment that
Wetwell 2.80E 5 leakage is late 2
Or nell 2.484t5 Area of throat for leakage calculation (ft ) .5112 (6)I

Ra BullJing 2.0E6 Ratio of throat area to salt area 0.0
3 Natie of throat area to inlet area 1.0Volume of liquid poul (ft ) Constant multiplier for leakage calculation 1.0

i

cPV 18770.9 Dryuell
Wetwell 1.18615 (1)
Drynell 0. Identification ned,er of compartment that
Rm BullJing 0. leaka e is into 5

2Area o throat for leakage calculation (f t ) .205 (1)Ierverature of vapor region (*f) gatto of throat area to emit area 0.0
Batte of throat area to inlet area 1.0

-

|f Constant multiplier for leakage calculation 1.0'

brywell 150. < 2 g,g,g,4g,9Rs BullJing 90. < 2 '

O Identification museer of cWartment thatg fesperature of IlqulJ pool region (*f) leakage is into 0
#4 Asea of throat for leakage calculation (f t ) .429(8) 61.0 (9)RPV 545. - 2 4 Retto of throat area to emit area 0.0

We twell 95. <2 l Ratio of throat area to inlet area 1.0
'I -

| | Constant multiplier for leakage calculation 1.0

'''"I" I ''"" I"''" I '" "''" IIITotal coupartment absolute
P''''"'' $"EP''''I** $#'t**B,rnsure (psla)

Systee Control Card
RPV 1020. I 3 ,

Wetwell 15.45 i 3 ' thaber of downcomers in 81Drywell 15.45 3 'i normal vent systemRm SullJlny 14.624 3 'i

Ratio of fraction of Ilquid .5
"' I'' '"I''I"9 " "" IEstative hunlJ4ty of vapor reglun (1)
system to fraction of
II I I '#''

["*'9'"''
''g'"II*'I*" I"' "" I. 9"sr"e're''e ie,RPV 1,00 ,

,t,, ,,
Drjuell 20 (4) * O'IRA BullJing 45

M6scellaneous Vent Data Cardibrerontal cross-settlunal area
2of cwpartment (f t ) Vent submergence (f t) 10 (10)

Absolute roughness of laslJe wall
NFV g. of vent ealt pipe (ft) g,gg.4
Wetwell 5 . 11 3
Drywell 5266. Irrevessible anergy less coeffectent

2.5for incompressible single phaseR. Bullain9 0. flow
Inside diameter of vent opening (f t) g,9375

_ . _ _
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TABLE C.1 (continued)

ANALV555 IIEMS VALUE5 gyggg gg gg

Vacuum Relief System Card initial talchness of pressure
vessel bottom he.J (f t) , pag 3

2 hermal C nductivity of RFV *Pressure difference (lbg/in ) I*75 bottom head material4t which vacuum breakers bat-
ween wetwell and drywell (Stu/hr-f t of) 18.0

Density of bottom headopen
3sats*lal (Itm/ft ) 460.0

Nssingle-phaseirreversible Specdfic heat (Stu/Ita-ot. 0.15
k

s coeffectent for vacuum 51 IIII latent head of fusionrelief system
A. flow area of one vacuun (Stu/lba) 110.0

2breaker (f t ) 2.05
N re nunter of vacuum breakers futl Properties Card
\nsystem 4

initial thickness of molten
Ructor Vessel and Gore Description fuel layer (ft) 4.s
Card thermal e.onductivity

(Stu/hr f t of)3 1.5
Density (Ibe/ft ) 550.Decay Power anJ Ilse Definition Card
Specific heat (Sta/Ita 8f) .123

lattial core power level (BIU/hr) 1.824El0 (missivity of molten layer .a
flee from shutJuwe to start of

Q celsulations (sec) 0.0 (12) Reference Temperatures (O ) CardF

ui Reutor Core Physical Descripteun Card Melting point for steel 2t>05.
Failure point for lasulation 3040.

Active fuel height (f t) 12.5 ,

Fuel Rod Olameter (f t) 4.025(-2 Cuncrete. Properties Card
PelletJiameterfit) 3.4 tit-2
Coro diameter (ft) 16.70 Concrete thermal conJactivity
Ihickness of Ilrcalloy cladding (f t) 2.667E-3 (J/sec/cm/*E) .0882
fuel rod volumetric heat capacity Concrete specific heat*

' (Stu/f $ /of) 54.2 (J/gs/e l .65253 E

3.100-1 Concrete density (ge/ cal) 2.405
flowchannelhydraulig) diameter (ft)flow area la core (fte 84.0 Mass fraction of CACO 3 .5071

2 Mass fraction of Ca(fat)2 .0867flow area in vessel (ft ) 154.0 .

Mass fraction of 5102 .3777
Rsactor Har.heare Descriptics Card Mass fraction of free H O2in concrete .0285 ,

Radiation laterchange factor between Rebar to concrete asss retto .164
top or core and heat sink above .4th

laterface Heat Transfer Coef ficient
tavironment Paraseters Card Card

Metal /concreteheatg/oK)
rensferinitial airconium onlJe

coHficient(j/sec/ca- , cogthickness (ft) 3. 2tE -6
i Melting temperature of fuel Ostde/ concrete heat trgasfer

plus temperature equivalent coefficient (J/sec/ca fo ) .050s!

of heat of fusion (OF) 6. 343E 3j
Hetting temperature of fuel (Of) 5000. Materials Initial Temperature Card

a

I Rau tor Pressure Vessel Description Concrete teeperature (8g) pt
J130.

Galde layer temperature ((oEj)Card .
Metal layer temperature s 2560.

>
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NOTES TO TABLE C.1

3 for TW.(1) TQUV and ATWS only; volume of liquid pool is 1.308E5 ft

(2) TQUV and ATWS only; RPV temperature is 431.750F, wetvell temperature
is 3650F, and drywell temperature is 3630F for TW. |

(3) TQUV anu ATWS only; RPV pressure is 351 psia, wetwell pressure is 165
psia, and drywell pressure is 160 psia for TW.

.

(4) TQUV and ATWS only; drywell RH is 100% for TW.

(5) Models flow through the SRVs.

(6) TQUV and TW oni (models 4 SRVs); throat area is 2.0062 ft2 for ATWS |
(models 14 SRVs .

TW only; models break in contairiment (drywell). failure prior to core melt, break size of 3.14 ft{ar ATWS with containment(7)
.

;

(8) TW only; models nomal seepage from Rx Building to outside.

(9) ATWS with containment failure prior to core melt; models break in Rx
building (bicwout panels).

(10) TQUV and ATWS only; vent submergence is 12.25 ft for TW.
*

(11) ATWS and TQUV only; loss coefficient is 1.5 for TW.
~

! (12) ATWS and TQUV only; time from shutdcwn to starc of calculations is
| 1.08E5 sec (30 hours) for W.
1
'

(13) TQUV, TW, and ATWS sequences for molten cdre over entire diaphragm floor;
for sequences with molten core in pedestal, initiai oxide layer tempera-

0
|

ture is 36300K and initial metal layer temperature is 3060 X.,

|

1

e

O
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The addition from sources, S(t), may be modeled as any function of time,
t, such as a constant rate, an impulse at time zero, or some other function.
The removal from sinks, a(t) * C(t) is expressed in tems of the magnitude
of the concentration at time, t, since the removal process acts within the
compartment and treats the compartment volume as a whole. The source is
independent of compartment concentration; however, it may be dependent on
another compartment's concentration if leakage is occurring from one com-
partment to another.

.

An e:6cnential solution to Equation 0-1.is implied since the
change in concentration with respect to time is proportional to the con-
centration at that time:

,

fg(t)=S(t)-a(t)*C(t); S(t) = 0

= -o(t)dt

C(t) = Coe-h(t)dt (0-2)

St.nce Equation D-1 is a linear differential equation, the solution for any
particular source can be found as a sum of the homogeneous solution (S(t) =
0) and the particular solution. This implies that concentrations as a
function of time, developed from different sources or release mechanisms,
can be combined by suming individual solutions to fom an overall solution
at any time of interest.

D.2.2 Radionuclide Relesse Mechanisms
!

In a core melt accident, there are four basic mechanisms for

i release of radioactivity:
{

e Gap Release -- occurs when the cladding ruptures and fission
products are released to the reactor coolant system.

e Melt Release -- occurs when the fuel reaches its melting point,
i resulting in volatilization of fission products from the melt-

ing core.

D-3
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O
e Oxidation Release -- occurs when part of the molten core

drops into the suppression pool, causing a steam explosion,
dispersing the hot core particles to tr::2 containment atmos-
phere.

e Vaporization Release -- occurs when the molten core drrps
onto the diaphragm floor and interacts with concrete, genera.
ting gases at the molten core / concrete interface.

These mechanisms are similar to those postulated in WASH-1400.

D.2.2.1 Gap Release

The gap release is chronologically the first release to occur
in an accident sequence and the amount of radioactivity released is small
compared to the other release mechanisms. Consequently, the overall re-
lease fractions of a gap release are negligible and are ignored for sim-

. plicity. The gap release is composed principally of noble gases.

0.2.2.2 Melt Release (Core and RPV Melt)

p The core melt release starts after the core has uncovered and
the fuel has heated to its melting point. As the fuel melts, core fission

l products are released. In the Limerick PRA it was assumed that the core
melt release occurs linearly as 0% to 80% of the core melts. This is a
simolification over WASH-1400, which assumed that fission product release
occurred at the rate of core melting. The results of the BOIL code indicate
that this simplification is reasonable. At 80% core melt, the core grid
plate is assumed to fail. At this time,-the core is assumed to fall into

' the lower head and further radioactive release is teminated. When the
core falls to the bottom of the RPV,'the surface area for release is notice-
ably smaller. Additionally, either a crust may fom due to the water on
top of the molten corium or the metal in the melt could migrate to the top

,

| due to density differences. Either of these would provide a barrier in-
hibitir.g the flow of fission products. The release fractions ir+.o other
compartments during the core melt phase are the same as used in the Reactor
Safety Study and are taken from Table VII l-3 of WASH-1400.

D-4

_



.

O
D.2.5 Soecific Secuence Calculations

.

Calculations for the radionuclide release fractions were done
for three of the sequences modeled in the INCOR analysis -- TQUV, TW, and
ATWS with HPCI failure (see Appendix C for details). These three sequences
can be divided into two categories for the methodology used to calculate
the release fractions: (1) Core Melt -- RPV Meltthrough -- Core / Concrete
Interaction Prior to Containment Failure (TQUV and ATWS with HPCI Failure);

'

' and (2) Containment Failure Prior to Core Melt -- RPV Meltthrough -- Core /
Concrete Interaction (TW).

0.2.5.1 Core Melt -- RPV Meltthrough -- Core /Concrcts Interaction
Prior to Containment Failure

The basic methodology used in this type of sequence is to accu-
mulate the radioactivity in the containment from the various releases (see
Section 0.2.2) and then to release the accumulated radioactivity from the
contairment either directly to the atmosphere or through the reactor build-
ing to the atmosphere. For each type of release, an equation is ser up to
define the concentration of radioactivity in the compartment being considered
using general Equation D-1. This equation is then solved for two amounts:

(1) the fraction of radioactivity available for release (f'leakeo) and (2)
the fraction of available radioactivity remaining (f'left) or the fraction
of radioactivity available for release at a later time. The actual fractions

of radioactivity released (fleaked) and left (fleft) are equal to the product
of the available radioactivity remaining /left and the percentage of radio-
activity that is released for that type of release.

The first release considered is the melt release which is divided
into four parts: Core melt, RPV Melt, RPV failure, and Blowdown. A constant
release is assumed to occur during core melt which implies a constant source
of radioactivity over time; therefore, general Equation D-1 takes on the form:

= So -cC(t) (D 3)
v
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Equation 0-3 is then solved for the two sources: the radioactivity

available for release to the wetwell pool through the SRVs (f' leaked)'
and the available radioactivity remaining in the RPV for a later release

(f'left). The first solution is:

f' leaked * (" +* ~} (~}
2at

where a = A + A and A is the leakage removal rate and A is theg NR g NR,

natural removal rate. It is assumed that natural deposition does not
occur in the RPV; therefore, the total removal rate is only equal to the
leakage removal rate (a =- A ). Equation D-4 then reduces tog

at (at + e #-1) (D-5)f *
leaked

The second solution to Equation 0-3 is:

.

I'left " (I ~ I' leaked)

ft (at + e- t_j)1-=

og (1 - e ) (D-6)=

At the time of core grid plate failure, it is assumed that no

radionuclides are added to the RPV from the molten fuel (see Section 0.2.2.2). |
The only radioactivity available for release through the SRVs during RPV melt
is that left during core melt. Mcwever, the actual radioactivity available
for release during RPV melt is the product of that which is availL;;ie from
core melt (CM) and the solution to the equation for the concentration of

,

radioactivity. General Equation 0-3 for a no-source release takes on the
form:

t) = -cC(t)3

. _ _
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; O
and with the same solutions:

(at + e "D - 1)
-

f' leaked
=

f'j,fg =h(1-e-at)
'

Natural deposition is still assumed not to occur in the RPV.

The radioactivity is constantly being released to the suppression
pool, being scrubbed, and then released to tha wetwell atmosphere. This
release from the suppression pool acts as a constant source for the wetwell
atmosphere, and, therefore, the same equations still apply. However, since
natural deposition is assumed to occur, the equations for the radioactivity
available for release from containment to the reactor building, and the
available raaicactivity left for later release are:

.

f' leaked " a t (Gt + e - 1) (0-10)

f'i,ft =h(1-e'"U) (0-11)

Again, the fission products constantly being released frem the wetwell at-
mosphere to the reactor building act as a constant source for the reactor
building. Therefore, Equation D-10 is also applicable for the radioactivity
available for release to the atmosphere. However, Equation 0-11 is assumed
zero since the radioactivity that is not naturally deposited is assumed to
be tctally released to the atmosphere.

The next step is a release of the available radioactivity left in,

the wetwell atmosphere to the reactor building and then to the atmosphere.
Since this is remaining radioactivity, it is assumed there is no source.

O,

,

|
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It is also assumed that the remaini radioactivity which is not naturally
deposited is released during a time per.Jd assumed to be infinity. The
solution for a no-input source * 'h an inf' nite time period then reduces to:

A

leaked " a (0-12)f

In the next release, RPV melt, the fraction of radioactivity
available for release from the RPV to the wetwell pool is subjected to the
same assumptions and conditions as mentioned in Section 0.2.5.1. Therefore,

Equation D-7 is applicable and the fraction of radioactivity available for
release is equal to:

f' leaked * #'left
CM

At RPV railure, the radioactivity remaining in the RPV available
for release to the drywell is equal to:,

I *I- ' '
leaked leaked leaked

CM pyg

Also at RPV failure, part of the radioactivity is released from the drywell
to the wetwell pool due to a pressure increase. This release happens in so
short a space of time that it is assumed to be an instantaneous release, and
therefore, natural deposition is not assumed. Since it is also a no-source
release, the radioactivity available for release to the suppression pool
(where it is scrubbed) is equal to:

f' leaked * I~*

While the radioactivity is being released to both the wetwell at-
mosphere and the drywell, it is also being released from these compartments
to the reactor building and + hen to the atmosphere. These releases are

0-22
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e Escaped fractions released (for each release:

elemental and organic iodines, particulates)
at time, t

Escape fractions of the core for any desirede
isotope

Dose reduction factors for each release (ele-e

mental iodine and particulates; at time, t ,

e Overall ,'ose reduction factor (elemental
iodine ai' particulates) at time, tt

Total fraction of core iodine escaped ande

core particulates escaped up to time, t.

The input data for CORRAL includes two main types: constants
and variables. The constant inputs are:

e Core fractions for each release -- (CFR(I,J)g
U e Number of compartme ts -- N

,

e Volumes -- (V(I): wall areas -- AW(I); floor areas --
AF(I); and heights -- HT(I) of each compartment

Spray parameters (see Footnote 1, Table D.1)e

e Times of events (see Footnote 8. Table 0.1)

Compartment filter decontamination rates -- FDP(I)e

(see Footnote 6 Table D.1)
1

e Fractions of compartments released due to a puff
release (see Footnote 2, Table 0.1)

e Option to select gas flow through the drywell on
annulus from a selected compartment - MANN (see
Footnote 9, Table D.1).

The variable inputs (those that change with time) are (see Footnote 3,
i Table D.1):

e Thermodynamic conditions of each compartment:

O pressure -- PI(J,I); temperature -- TMY(J,I);
water vapor content -- VAPI(J,I); and temperature
difference between bulk gas and walls -- DELTTI(J,I)

_
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O
e Flow rates between compartments -- GI(J,X,I)

e Decontamination factors between compartments --
EP(J,X,I) (see Footnote 4, Table D.1)

e Particle sizes -- DPE, DPL, TD

e Leak rates to atmosphere (leak decontamination factors)
-- ELXP(J,I) (see Footnote 5. Table 0.1).

Reler.se fractions were calculated by CORRAL for each sequence

analyzed by INCOW.

D.4 SAI-REACT MARK II AND CORRAL RESUITS

Tables D.2 and 0.3 give several examples of REACT calculations

for various release producing events in which the containment fails due to
overpressure. Table 0.4 gives examples of data produced with the CDRRAL g
code. The REACT calculations served two purposes: W

.

1) to verify tM reasonableness of CORRAL-produced
release fractions

21 to estimate the effect of decreasing containment
overpressure failure size as well as the influence
of the secondary containment.

For the first purpose, it can be seen that the REACT release fractions,
as expected, do not exactly match the CORRAL data. Absolute and relative
magnitudes of release fractions, especially elemental iodine, are generally
comparable except for tellurium. The REACT value for tellurium for the
TOUV y' sequence is markedly high for a subcooled pool, and is believed to
be erroneous. The CORRAL value (.016) was used in the analysis.

For the second purpose, it is evident that the Es release size
produces comparalle releasas to the y' event, but that other releases do not.
Therefore, a conservative ex-plant eval >ation approach was used to include
the probability of a Ec occurrence with that of y' mode and perform con-
seque:nce evaluations using y' release fractions, as defined with CORRAL.

D-28
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The results of the CRAC consequences model are displayed as
a set of complementary cununulative distribution functions (CCDr; for
specific consequences. These distributions are determined from the
calculated magitude of each consequence for each combination of postu-
lated accident release, weather, and population as well as the proba-
bility of each such combination.

The consequence Code (CRAC) used in WASH-1400 is munarized

in Table E.1. The basis CRAC methodology, tLe dosimetric model, and
the health effect models, were adopted for this analysis. Some modi-
fications were made to adapt CRAC to the Limerick site-specific re-
quirements. These site-specific effects include: i

e The probabilities and release fraction input data (see 3.5
and 3.6)

I O
V e The Limerick site meteorology

| e The population for the Limerick area.
1
'

The remaining subsections of this Appendix discuss the various models
used in the limerick CRAC calculation and how they were implemented.

E.2 BEHAVIOR OF RADIONUCLIDES IN THE ATMOSPHERE

In the event of radioactive release, radionuclides are released

into the air and dispersed. Figure E.4 shows a side view of this process.
The population in the area under the plume receive radiation in three ways:

1. From external radiation received directly from the radio-
isotopes in the cloud (cloudshine)

2. From radiation received following inhalation

3. From radiation received from material deposited on the ground
(gr cndshine).

O
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Table E.1
Consequence Code Model Details stee/noJa!

as Applied in WASil-1400 2 g .
In general
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m .i ,- ,
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greater than 0.5
330 of Isotopee 54 Isotopes hour , and a b= I

spaeiat sedii1 0 3o,J,+ CA
cation for cloud

i Fleelon Product Initial source strength of deplotton tay ihe standard dowlation O &O
*

Im'mtory the potential raJioactive dry and wat are evaluatc4 at cach Y

source was calculatcJ by using dJscattica radial posittun as

i calctra code (nell, 19334 and finally for
araJ1oactive a.Ag eC

weather Data 6 stability classifications. A-F where A. Is. C are parameters associated
8 Wind velocity Gas,upa 1,cr with each pa69ull! etab111ty cate pry,m classification eac'. with rain / (Mar tin-h hva s t coettactente) . Ti e verticalb no rain condition,and diffusion, og to not allowed to
associateJ psota llities, succed a maximura. An this case. 0.8 L.

6 distinct compo.ite sites whero L is the sizing height ( itolawor th
1912)

Each alte had et least one
year of complete recorJc4weathes'
date including hourly

plube nipa the plume canterline height, h todata on rain occurrence.*

determined,tay using a relationship
1ho consequence code developc4 by Briggs (1969)
uso4 corzeletely

for unstable conj!tionsstratificJ earplce. In
order to ensure cosynste

fh = 1.6F1/3 -1 2a /3
outtoa=1.2SOhgcoverage, every four

days plus one hour
starting Ll::4 was for stable conj 6tionsa
eclected and the weather
condition for the neat Ah = 2.9(F/us)

'

10 to 30 hours was out to X = 2.4utsi-l/2
updatcJ every hour. Thus, In theen equations h la not allowed to
90 weather samples are escacJ the manhng layer depth L.
ut!!!aeJ. l.h = pluso heaght ateve an initial emiselon

heaght
4r = teoyancy fluu = 3.1 u 10 O

h0, a caergy release rate (catora. / cl3

5 = stab 111ty pgtmer. (see i

O O O



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

t

!

'

,

wind shear with altitude were not cc*isidered in WASH-1400. (It has since
been shown that (E-5) wind shear variations do not significantly affect -
the plume dispersion calculations.) The Limerick analysis, uses seasonally
varying wind roses, stability, and wind speed.

The wind measurements used in the Limerick consequence calcu-

lations are determired at the start of the radioactive release. No
subsequent variations are accounted for. .

E.2.3.2 Precipitation

Another consideration is the effect of precipitation on the
dispersion of the plume (E-4). As rain falls through the plume, radio-,

O active materialfalls with the rain to the ground. Thus, ground concen-
tration of radiocativity is raised. The effects of a rainstonn on
dispersion are controlled by the following variables:

.

Washout coefficient - the amount of radioactivity interactinge
the rain.

Runoff - the amount of water not absorbed into the grounde

e Rain intensity - the variation with time

Intersection - the distance .from the reactor at which the plumee

intersect with the rainstorm.
i

Occurrence of rain will tend to increase the number of early fatalities,
! and decrease latent fatalities since the radioactivity is dispersed in a

smaller area in more concentrated amounts. The WASH-1400 precipitation

model, which does not consider runoff or time-varying rainfall intensity,
| was used in the Limerick analysis.

!

O
|

E-13

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



.

O
E.3 PUBLIC RESPONSE MODEL

Since the consequences of a nuclear power plant accident are
dependent on public response, a response model must be included in con-
sequence calculations. The public response model used in this study is
the same as that used in WASH-1400, which considered two main facets of

! the public response: evacuation and shielding.

E.3.1 Evacua tion -

:

The quickness and effectiveness of an evacuation are mainly
controlled by the following:

o Public participation in the evacuation
|

e Warning time for evacuation
l
; o Speed of evacuation
1

1
'

e Population density of evacuated area
.

e Emergency preparedness.

In the WASH-1400 evacuation model, the evacuated area is in the

shape of a keyhcle centered on the prevailing wind heading at the time of
release (Figure E.6).

A
i \

' ff 0 'f '""' oiree:an or .. e
_

% n.-- j.
~

/

Figure E.S. Evacuation Area - ' DASH-l.100

|
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In the Limerick analysis, the site-specific population distri-
bution (Table E.7) and warning time are used to develop inputs to the
CRAC code. The warning time depends upon the accident sequence. The
population response is fixed, in that all pecsons in the evacuation
portion of the effected zone head outward raJially and all persons in
the keyhole portion head tangentially at a constant rate of speed. In
WASH-1400 the intention was to divide population into 3 groups with 3
effective evacuatfon speeds, in cieder to adequately model different
levels of population participation in an evacuation. Thus 30% of the
population would move with an effective speed of 0.2 mph, 40% would move
with an effective speed of 1.2 mph, and 30% would move with an effective

speed of 7 mph. In fact, analysis of several sites showed that only the
medium spaed (1.2 mph) need be used if the resulting casualties were
scaled by a factor of 1.5. The Limerick analysis uses the same procedure
actually used in WASH-1400, i.e., a medium evacuation speed of 1.2 mph
and a multiplying factor of 1.5.

E.3.2 Shielding

E.3.2.1 Cloudshine: and Grour. -hine

People caught within or under a radioactive cloud will re-
| ceive an external dose to the whole body due to gamma radiation.
| Buf1 dings offer some attenuation of doses since the walls of the building
! will absorb and scatter gamma radiation. Recent EPRI studies (E-6)

| have shown that the benefit of shielding in some areas of the country
!

may outweigh the benefits of evacuation for much of the population.

In the Limerick ex-plant consequence model, dose assessment
includes consideration of cloudshine and groundshine shielding. The fom

! of the shielding model used in Limerick is the same as that used for WASH-
1400. People in structures at the time of exposure receive a lower whole

| body dose than those that are unprotected. A shielding factor (SF) is de-
N fined, which is the ratio of the interior dose to the dose that would have

been received with no protection.

I
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Since structures have regionally related characteristics, an
assessment was made for the area around Limerick. The methodology for
detennining the overall shielding factor involves weighted averaging of
shie'iding factors. These shielding factors were developed for various
human situations. This model assumed that people who were outdoors or

commuting would not seek shelter. Additionally, 5% of the people were
asstiniad to take no action, even if advised to. This model also uses
regional data on the percentage of brick houses. The values for ground-
shine and cloudshine dose shielding factors used in the Limerick analysis
are found in Table E.2a and E.2b respectively. When compared with the
shielding factorsof 0.33 for groundshine and 0.75 for cloudshine, as
used in WASH-1400, the Limerick shielding factors are enhanced somewhat,
/rincipally because of the effect of more adequate shielding.

'E.3.2.2 ' Inhalation

The effective inhalation rate for the population affects the
latent consequences of a nuclear accident. When the radioactive plume
passes over a populated area, people may inhale radionuclides from the
passing cloud. The breathing rate input to the CRAC code is an effective
breathing rate; it is a measure of now much radiatior; the public receives
through inhalation. The breathing rate used in WASH-1400 and the Limerick

3
PRA was 2 x 10-4 m /s.

Credit was given only for the moderate reductions in inhalation
dose as a result of sheltering with some subsecuent effective vertilation
acti on. The values for these sheltering factors were taken from Reference
E-14 For ventilation rates consistent with closed windows, shut-down
outside ventilation systems, and the reduced leakage consistent with houses
equipped for energy conservation (typical of the Northeast), the indoor
dose ratio, or inhalation shielding factor, is 0.53.

O
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Table E.3

1
Shielding Factors Fo: Inhalation Doses Given Sheltering

*
j

People at Home

Basement No Basement

Fraction of total 0.63 0.06
SF 0.48 0.53

i

Peoole at Work

Large Buildinn, Brick or Wood Basement
_

Fraction of total 0.078 0.118a
SF 0.53 0.48

Peoole Commuting or Outdoors
}

Commuting Outdoors

Fraction of total 0.05 0.062'
SF 1.0 1.0

.

| TOTAL SF - 0.544 - WASH-1400 A 1.0
(No Sheltering)

i
SF - 0.95* (0.544) + 0.05 (1.0) = 0.57

* Portion of total population participating in emergency response

.

O
.

|
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Table E.3 gives the calculations for the final shielding factor.
It should also be noted, from Reference E-14, that approximately a 10".
reduction is assumed for persons in their basements. Consequently, given
that 95% of those inside follow directions, a total shielding factor of
0.57 is calculated.

E.4 HEALTH EFFECTS MODEL

One of the measures of consequences of a nuclear power plant
accident is health effects on the public. Figure E.7 gives a summary of
the isotopes which affect the consequences to the public. Health effects
can be divided into two categories; short term (early) effects, which are
apparent within one year from exposure, an,d long term (latent) effects,
which can show up during the remainder of a lifetime. Cumulative
Complementary Distribution Functions (CCDF) are ultimately obtained in
the Lirrerick analysis for early and latent fatalities.

.
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Figure E.7. Relative Doses to Bone Marrow at 0.5 Miles from Reactor

(Reference E-1, App. VI, Fig. VI 13-1)
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Table E.4

COMPARISON OF Tile WASil-1400 COMPOSITE SITE DATA WITil TilAT FOR LIMERIE

WA5ti-1400 EOMPOSIIE Silf LG5 SITE-SPEElfl0,

!

|AANKOf 10 = WINoROSE*
] ORIGlh Al v IIIONE R4 ding Of jb"fy 370 pg
; sicIOu sv cf 0F sicI0u wihu $#gT , Sectors $1MER WINTER1 Porut All0h sttloa silhG Enrosto host ,g g,g g,posg, 1974 19744 m
! s 1 i .00446 1.0 .00446 (G) ** .06 .2

2 2 .00446 1.0 .00446 (f) .32 .8%
3 3. 4 .00d91 1.0 .00u13 (N) .05 .05
4 s. 6 .00d92 8.0 .00 ass (t) .03 .04
5 AVG. of htii 6 .026d 1.0 . 0.'68 (8) .04 .04

! 6 AVG. of htAl 6 . 024,5 1.0 .0268 (1) .50 .On1
2 AVG. of htII 12 .0516 8.0 .0536 (J) .04 .06

; 8 AVG. of hIsi 22 .09u2 1.0 .0902 (0) .02 .04
9 AVG.,of klaf 22 . 0'Jd2 1.0 .09s2 (A) .09 .04
IO AVG. of hf51 23 .1030 1.0 .3010 (5) .03 .05
|| AVG. of htXI 22 .0982 3.0 .09u2 (C) .06 .0%

; 12 AVG. of htti 22 .0982 1.0 .0982 (Q) .ch .04) 13 t V.. of hini 20 .0u33 1.0 .0H93 (R) .0$ .02
14 AVG of NLII 20 .009) 1.0 .nHyl (M) .05 .05
is Avs. of htal 28 .094a 1.0 .094s (h) .02 .Un
is AVG. of hini 22 .09n2 1.0 .09d2 (t ) .06 .05

*Also conditional probability of sector being esposed

**Populatt0a sector designator (Table E.17)

:
I
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with the wind blowing in the direction of highest population. Table E.5
reflects the approximate increase in the conditional probability of the
wind blowing in the direction of highest population.

Table E.5

TOP T40(2) SECTORS WITH MAXIMUM PCPULATION

CCM0!TIOMAL PRC8A8tLITY OF SECTOR BEthG EXPC5ED

f!ON 'a - L = TRICK 5tTE LLw RI K

t .Cou s . -as

z ,ocus .ts -34

e

E.6 CRAC INPUT

The inputs to the CRAC code are sumar'2ad in Table E-6.

Wind roses for the LGS site are shown on Figures E.8 and E.9.

Table E-7 shows the sector designations and the population by

sectcr.

Table E-8 compares the radiological core inventory used in the
Limerick analysis to that used in WASH-1400. The amants are similar for
the majority of the isotopes between Limerick and WASH-1400. The major diff-
erence is seen in the particulates. The Cesium (Cs), Antimony (Sb) and Tel-
lurium (Te) isotopes are generally greater for WASH-1400 than Limerick. How-
ever, the Rubidium (Rbl, Ruthenium (.Ru),.and Americium (.Am), isotopes are

generally greater for. Limerick than WASH-1400 isotopes.

O
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TABLE E.6 *NPUTS TO CRAC CODE. ,

-a

,

DLt3 Name Value
*'

Maximum Distance of Evacuation (mi) ' 25

Evacuation Velocity (mph) 1.2

Time Lag before Evacuation (days) 0 *

Travel Distance while Evacuating (m) 5000

CAngle of Evaluated Downwind Sectors 45

Criteria of Duration of Release for
3Evacuatiort

'

Cloud Shielding with Sheltering 0.54

Cloud Shielding without Sheltering 0.71

Ground Shielding with . Sheltering 0.15

Ground Shielding without Sheltering 0.29

Breathing Rate m /s 2.0 x 10-43

R lease Height-high (m) 25

Release Height-low (m) 0

Isotopes . Limerick core inventor /*

Early Health Effects same as WASH-1400*

Latent Health Effects Same as WASH-1400*

Spacial Mesh Description Limerick site-specific *

Population Data 1970 census. & PECo data (see Table
C.7)

Meteorological Data Limerick wind roses shown on Figures
E.8 and E.9

|O
* Input values on computer tape

E-25
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a random variable that follows a log-normal distribution. Despite lack
of conclusive reasons, MSH-1400 has led many to believe the log-nomal
is the best distribution to use (for example see C-5). WASH-1400 is

correct in using " assessment ranges", since these accurately specify
the state of knowledge or uncertainty.

There is no theoretical foundation for or against either the
gama or log-nor nal distributions, and *ere is little data for either

choice, particularly if the shape is dependent on the grouping. The
log-nomal distribution has the advantage that it is easy to cbtain
the distribution parameters from the 5% and 95% values, whereas this
is difficult for the gama. On the other hand, the ganna distribution
foms a conjugate prior when using the exponential model (i.e., a gama

| prior leads to a gamma posterior), and this simplifies Bayesian calcu-
! lations,' whereas, the log-normal is difficult to work with analytically.

The choice between log-normal and gama therefore becomes: "Do we just
desire a distribution?" (the log-nomal hu easily obtained parameters);'

or "Will we perfom Bayesian updating?" (the gama is easier to work
with analytically).

Note: In additidi, a possible, but not necessarily correct, justification
of log-nomal can be the following:

If we tcok a "sufficiently large group of "relatively kno odgeable"
people and asked them to estimate a number (for example, the length
of a room in feet), the results of each estimate might be approximately
nomally distributed around some (maybe even correct) mean. Now, if (we asked a similar group to estimate a very small or very large number
in power of 10 (for example, the length of a pencil in miles), the
exponents of 10 might be normally distributed, and therefore the esti-
mates would be log-normal (F-6). Therefore, some might be inclined
to consider the log-normal as a reasonable distribution for uncertainty
in our collective knowledge. Experiments mignt be conducted to see if
groups of people really estimate in this fashion.

O

F-7
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Table F.2

WASH-140C>' REASONS FOR USIllG LOG-NORMAL

teeson | telation to Gassia |

1. .wre sofficient data dir nin,- aareir, if ever. was tre e
the data fit a log-actual. Sufficient sata.

2a. Using error factors. the range $meunct circular logic.
Thera is no reason to expect

;
- this,

r. x, cz,
T
can transform to inx + Inc += Ilke
usingnormalerrors3rnds.

2b. Sata is expressed as 104, so if
deta is log-normal, taen *c" is
normal.

3. Log.norel has two parasisters. Game has two parameters.

*&#. Log-normel is positively skewed. *ansne has the identicala

procerties.

ab. Man > "edian > "ost Peebacle (mode) ,

is proDagated *thus providing a
protective, positive type blas".

5. *!f the probabtitties are decem- A sig ~!F.
posed into products of prob 40t11 ties
representing eequisites for failure,

then [tf] wher. the cecral-litte
theorem is appli able, the log-
normal is the resulting distrtbution.*

6. 'The log-normal can become near normal The Gaema can escame near
or near exponential in certain normal. and the Gamma nas
situations. exponential and ent-sousted as

spectal cases.

7. *!ts ecollcation as a generai Gama is often apolted to
distribution for... reliability feliabilty Drocesses also,
processes is establisned and has
often been validated.*

t

*4coenals !! o. 4

9
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APPEflDIX G

The question arises as to whether the mean or median should
be used to characterize or display the point estimate rest.lts of the
accident sequence probability calculations. The following loints are
important in this discussion:

.

1. The fault tree quantification is performed using mean
values for all input parameters in the point value
calculation. The mean values propagate through the
fault tree to accurately represent the top event for
independent input events (see Section G.2). However,
in addition, in order to present a consistent set of
values with those presented in WASH-1400, cn estimate
of.the median (along with the appropriate error range)
is provided for display purposes.

2. The question of which measure of central tendency to

(O display (mean or median) is more philosophical than
) mathematical. In the case of a nonnal (Gaussian) dis-

tribution, either one would suffice since the mean =
median. This is not true for asymetric distributions
(see Figure G.1). '

3. This appendix discusses the apolicability of using
the mean or median valve of a probability distribution
as the point estimate in accidant sequence probability
calculations for the Limerick PRA. The following
points are important in this discussion:

/
r /

/s

mi usu men won msn nan.es w

Log-Morus) 01stribution Normal 01stritution

Figure G.1 Schematic Comparison of Three Possible Distributions
Which Would Alter the Relationship Between the ftean
and Median.

O
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G.1 COMPARISON OF MEAN AND MEDIAN VALUES

M. e_a n,

There are a number of advantages associated with using mean
values as opposed to median values. The mean value has several proper-
ties which make- it suitable for use in the calculational phase of a
problem. For exami.'e, means will propagate through the Boolean algebra
calculation requi ed * combine "a group of sequences" to determine the
final probability (see Section G.2). Medians cannot, in general, be
used in this calculational phase. They can be multiplied (AND gates)
if the distribution is known to be log-nonnal, but they cannot be
added (OR gates).

Also, mean values provide more infonnation than do median values
about the effect of extreme values which may be present in a skewed dis-
tribution(such- 'as hypothesized nuclear power plant risk curves).

|

The ultimate use of the failure rate, however, may be in a

( value-impact analysis. In such an analysis, wnere consequences asso-

| ciated with failures are combined with the probabilities, the distribu-

tion may be skewed. In such cases (where a value-impact analysis is
involved), it appears to make more sense to use a mean value as the

| parameter representing central tendency.

Median

The median value .ias properties which also make it desirable,
as noted in the matched quotations below:

the median of ten is an appropriate easure of central tendency
for random variables that are not symetrically distributed (G-1).

. .particularly if it is desired to eliminate the effect of

| extreme values (G-2).

G
|

G-2
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Despite the equal usefulness of both the mean and median when

the distributial is known, criticisms are still made against one or the

other. It is argued by Kendall (G-6) that if only the median is used
(dropping the context of the log-normal distribution and the 90% and 10%
points), nuclear reactors would have the appearance of being safer than
they really are. This is true, since the "best estimate" ;quence pro-

bability estimates 'or each category are calculated as a median; if the
mean is used to represent the sequence probabilities, the point estimate-

will appear higher (see Figure G.2). However, this discussion ignores
a point that is repeated several times in WASH-1400: "One cannot gen-
erally use point values and treat them as being exact, since there will
always be variabilities and uncertainties" (Ref. G-7). The method of analysis

used requires that some fonn of distribution or spread be stated. Any
statement of the result is incomplete if the associated uncertainty is
not specified, i.e., as a variance.

It is believed that the use of either a mean or median for
display purposes is technically correct and can be justified. An estimate
of the medians is provided to display the results for consistency with
WASH-1400. (Since the results will be compared with WASH-1400, it is felt
that the Limerick results should be available in the same fann as those
in WASH-1400.) However, the median values are only estimated, based upon
calculations using the mean values, and assuming a distribution for the
final calculations using the mean values, and assuming a distribution for
the final sequence values. It cannot be overemphasized that the real im-
portance of any comparison of sequence probabilities lies in the compari-
son of the total uncertainty range established in WASH-1400 versus the
range established in the Limerick study, and not in a comparison of the
central tendency or best estimate values.

G.2 PROPAGATION OF MEAN VALUES THROUGH A BOOLEAN ALGEBRAIC
EXPRESSION (i.e., Fault Tree)

O The following section describes the mathematical basis for the-

propagation of mean values through a fault tree, assuming that all basic

G-5
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input components are independent. Many computer codes, such as WAMBAM,

will propagate any set of pointwise input values to generate a point
estimate of the top gate. Here it is shown that if these input values
are means, then the output for the top event will be a mean value.

In the following discussion it will be useful to adopt the
followirp rotation (G-8):

1. P(A) = the pitbability of event A occurring. This has a
value between zero and one. P(A) will be considered as
an " uncertainty variab h" (see Appendix F) which has the
same properties as a random variable.

2. For convenience let X = P(A) and Y = P(B). X and Y will
be treated as though they are random variables with
0 < x , y < 1.

3. X and Y have probability density functions g(x) and h(y)
respectively with the following properties:

a) g(x) > 0, O < x < 1 a') h(y)> 0, 0< y < 1

b) /[g(x)dx=1 b') fa h(y)dy = 1l .

b
c) P(a<X<b)-/;b(x)dx c') P(a<Y<b) = /a h(y)dy.g

4. X and Y have a joint probability density function f(x,y)
such that:

a) f(x,y) > 0, O < x,y < 1

i
b) / f(x,y)dxdy = 1

o

c) P(X,Y) e S) = /s / f(x,y)dxdy.

5. Two events are independent if, and only if, P(A and B) =
P(A) . (P(B). Two random variables are independent if,
and only if, f(x,y) = g(x)h(y) where:

lg(x) = fa f(x,y)dy marginal distribution of X

h(y) = fo f(x,y)dx marginal distribution of Y.i

6. The mean of a random variable X is defined as fo*
The mean of a function of two random variables A(X,Y) is
defined as fo lo A(x,y)f(x,y)dxdy.l l

G-6
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The propagation of mean values through fault trees will now
be considered for several simple examples with independent or mutually
exclusive inputs. Only AND, OR, and NOT gates need to be considered
since all Boolean statements (i.e., fault trees) can be formed using
only these gates (G-9).

_ _ _ _ _ .

TOP

{ ANDAND

I I

A B

By the definition of independent events, it is known that
the Boolean representation of an AND gate is P(A AND B) = P(A)P(B).
P(A) and P(B) are treated as though they are random variables, so

) P(A AND B) is also a random variable, which can be written as P(A AND

B) = X Y. This equality implies that the mean value of the random ,

variable P(A AND B) is equal to the mean value of the random variable

(X Y).

l lThe mean of (X Y) is, by definition, equal to fa fa xyf
(x,y)dxdy. Since A and B are independent events, P(A) and P(B) are
independent random variables. Therefore, X(=P(A)) and Y(=P(B)) are
independent random variables, and it can be seen that:

l l l tmean of X Y = la fa xyf(x,y)dxdy = fa fa xyg(x)h(y)dxdy

= ( fa xg(x)dx)(fa yh(y)dy) = (mean X) (mean Y).l l

,

In other words, if the mean value of P(A) and the mean value
of P(B) are input to a simple AND gate (A ano 8 independent), the use
of the Boolean fomula P(A AND B) = P(A)P(B) gives the mean value of

P(A AND B).
4

G-7
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A B

The Boolean algebra calculation for a simple OR gate makes

use of the well-known (G-8) formula that P(A OR B) = P(A) + P(B) -
P(A AND B). A and B are assumed to be independent events, so this can

ce written as P(A OR B) = P(A) + P(B) - P(A)P(B). In addition, P(A)
and P(B) are treated as though they are random variables. Therefore,
P(A OR B) is also treated as a randem variable and can be written
P(A OR B) = X + Y - X Y. This equality implies that the mean of the
random variable P(A OR B) is equal to the mean value of the random

variable (X + Y - X Y).

The mean value of (X + Y - X Y) is, be definition, equal to:

// (x + y - xy)f(x,y)dxdy = / / xf(x,y)dxdy+/{1 yf(x,y)dxdy1 1 1 1 1

.

1-//1 xyf(x,y)dxdy;

by the definition of independence:

1 1 l 1 1 1= / x(/ f(x,y)dy)dx + f y(/ f(x,y)dx)dy - / / xyg(x)h(y)dxdy
( a a o a os
|

| by the definition of marginal distributions:
|
,

1 1 1=/ xg(x)dx+{1 y5(y)dy - (/ xg(x)dx)(/ yh(y)dy)

= (mean X) + (mean Y) - (mean X)(mean Y).

In other words, if the mean value of P(A) and the mean value
of P(B) are input to a simple OR gate (A and B independent), the use
of the formula P(A OR B) = P(A) + P(B) - P(A)P(B) yields the mean value
of P(A OR B).

G-8
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Now consider the case when A and B are mutually exclusive, and

thus dependent. Then P (A AND B)=0, and P (A OR B) = P(A) + P(B) -
P(A AND B) = P(A) + P(B). This equal %y would then imply that the mean
value of the random variable P(A OR B) is equal to the mean value of
the random variable P(A) + P(B), i.e., X + Y. Therefore, for a simple
OR gate, the propagation of mean values would hold with the fonnula
P(A OR B) = P(A)+P(B), where A and B are dependent and mutually exclusive.

NOT o

A

It is also known that P(NOT A) - P(A). Again P(A) is
treated as a random variable, so P(NOT A) is treated as a random variable

v that can be written as P(NOT A) = 1 - X.

Therefore, the mean of P(NOT A) is equal to the mean of (1-X),
which is by definition:

l 1 2mean (1-X) = /a (1-x)g(x)dx = /a g(x)dx - fa xg(x)dx,since
the area under a probability distribution sums to 1:

= 1 - (mean X).

In other words, if the mean value of P(A) is input into a NOT
gate, the use of the formula P(NOT A) = 1 - P(A) results in the mean value!

of P(NOT A).

|
'

Therefore, it has been shown that if the inputs to a gate are
assumed independent, then when the data is input as means of the distribu-
tions, the propagated value will be the mean value of the gate.

|

|
|
| G-9
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However, it is not necessarily true that all inputs to

higher level gates of a fault tree are independent, even if the com-
ponents are independent. Take, for example, the follawing tree with
independent components A, B, and C:

*

(A B) + (X C) + (B C)

+ OR-

, _ = ,

(A B) (IC) (B C)

O O P -

AND AND
, AND

- -

' ' ', , , , ,
. . -

A
. . B X c. B C

| O O-O OO - O- O
'

Figure G.3 Example Fault Tree

In this case, the gates imrrediately above the component level have inde-
pendent inputs (since the components are assumed to be independent), but
the top gate does not have independent inputs. For examole, (A 8) and
(B C) are not independent since component B appears in both inputs, There-
fare, the previous discussion about simple gates must be extended to apply
to this tree.

All Boolean expressions (i.e., fault trees) can be transformed
into equivalent and unique (principal disjunctive nonnd) fom also kno m
as the " sum of products canonical form" (see G-9). In this form the pro-

pagation of means is valid. A simple method of creating this form is by
using a truth table.

For example, the following truth table may be formed frcm the
fault tree in Figure G.3, showing all possible success or failures of
the component, A, B, and C.

W = OR
= AND G-10

X = NOT A
_

- . . --



p
d Table G.1 TRUTH TABLE OF EXAMPLE FAULT TREE

(See Figure G.3)

A B C AB XC BC (A B) + (X C) + (B C)

1* 1 1 1 0 1 1

1 1 0 1 0 0 1

1 0 1 0 0 0 0

1 0 0 0 0 0 0

0* 1 1 0 1 1 1

0 1 0 0 0 0 0 ,

0 0 1 0 1 0 1

0 0 0 0 0 0 0

Hence, it can be seen that the top event, (A b! + (X C) +
(B C), occurs only when A AND B AND C occurs, or when A AN3 B AND NOT

C occurs, or when NOT A AND B AND C occurs, or when NOT A AND NOT B AND

C occurs. Another way of writing this is:
.

(A B) + (X C) + (B C) <=> (A B C) + ( A B 5)' + (X BaC) + (X N C) |
(principal disjunctive nomal form)~

Notice that a principal disjunctive nomal form contains a series of
unique terms, each term containing every component exactly once.

Assuming that each component is independent from the others, |
then all components in each tem are independent, since each component
occurs only once. Furthemore, all the tems in the principal disjunctive
nomal fom are mutually exclusive. The discussion above of a simple OR

'

gate, with two mutt. ally exclusive input events, can be easily extended to
a case with more than two mutually exclusive input events.

O *1 = the component fails

D 0 = the component does not fail

G-il
.
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In this manner, a fault tree may be changed to a Boolean
logic form, i.e., principal disjunctive normal form of a series of

unique terms. Therefore, when distinct component inputs are inde-
pendent, the previ.ous discussion applies, and mean value inputs to
a fault tree lead to the mean value of the top event.

.

.

O

,

I

t

.
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component reliability. Similarly, component reliability is very much
affected by the environment in which'it operates. For example, valve
reliability is strongly affected by the moisture in the environment,
the operating temperature, and the fluid with which it operates.

The major limitations in the component failure rate characteri-
zation are:

e Assumption of similar environment for all components of
the same type

o No modeling of the age dependence of failure rates

e Treatment of all components of similar types as part
of the identically same population

e Or.ly a portion of aM failures have been reported,
processed, and finally appear in one of the available
data sources, such as:

( ,./ NRC LER file-

WASH-1400-

- GE component information retrival (CIR) system

- NPRDS (nuclear plant reliability data system).

In addition to the above items, there is a potential concern arising
frem the implementation of component failure rate data. The data re-
parted is generally taken and treated as random independent failures.
The inclusion of dependent failures, known as common-cause or common-

made failures, plays a very important role in the evaluation of risk.

The tem common-mode refers to two or more items failing as
a ruult of the same cause or failure mode. Concern for this type of

preblem arises since there is a limit to the attainable reliability

with a singlecomponent or subsystem; but, if components fail independ-
--ly of .ach other, it is possible to use several so that the failuree

c' or more is circumvented by one or more operational units.
v

I-3
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It is apparent that ccmon-mode failures are primarily sig-
nificant for redundant systems. For example, suppose a sub' system has
two redundant components each with a probability of failure of 0.01;
the probability that both have failed is 0.01 x 0.01 = 0.0001. But if
the components fail at the same time due to a common cause, the proba-
bility of the redundant system failure is that of a single component:
0.01. The change between coupled and uncoupled failures is even larger
for more redundant systems. Common-mode or comon-cause failures are

very important, but there are aspects that assist in their identifica-
tion and elimination. These are noted as follows:

.

1. Comon-mode effects have safety significance only in
redundant systems, thus all systems need not be examined -

for these effects. This selection must be done with care,
however, because some backup rrangements are not always
obvious.

2. Coman-mode effects are minimized by design, manufacture,
and procedural diversity.

3. Isolation "rriers are used to minimize such common-mode
effects as pipe whip, fire, and' missiles.

WASH-1400 used a mathen.atical artifice when common-made eff- s
could not be identified. This was severely criticized by the Lewis
Ccmittee and has been mentioned previously. WASH-1400 employed the
rationale that the true failure rate of a redandant system is bounded
at the low and by assuming completely independent subsysters and at the
high end by assuming completely decendent subsystems keyed to the failure
of the highest failure rate subsystem. Having established these bounds,
the RSS chose the expected value as being the geometric mean of these

extremes. It is obvious that there is no hardware basis for this select oni

and it is avoided in the " realistic" analyses presented in the LGS r .sk

assessment.

There is another type of ccmon-mode coupling that has received
less attention than the type discussed above. This is the fact
that the consequences frcm one type of failure can modify the operating

I-10



.

.

A

(Jn

environment of other components and result in both accelerated failure
as well as possibly imediate failure. This type of common-mode is pri-/

marily addressed through the Code of Federal Regulations and through the
Regulatory Guides by requiring equipment certification as to operr.oility
in a degraded environment. In the LGS analysis, the environmental
changes that result as an accident progresses through its sequences is
continually examined. When the environment exceeds operability require-
ments for a component, it is assumed to fail. This is a conservative

.

assumption, but more realistic treatment cannot be justified in the
absence of test data extending beyond design specifications (see also

Section I.3).

I.4.2 Meteroloaical Data

The consequence analysis carried out using the CRAC computer
code makes use of several simplifying assumptions to model the transport
of fission products from the site and release to the environment. The

principal components of the modeling are:

e Wind direction at various elevations .

'

e Wind speed at various elevations

e Atmospheric / plume dispersion

e Rainfall.

The wind direction and speed could be modeled centinuously at
all heights and distances from the site. Mcwever, the available data
limits the model. The site meterological data is collected from one
tower with some backup data available from satellite towers. However, the
existing meterological data does not provide a continuous plot of wind di-
rection and speed in all directions at all distances. The CRAC model used
in the consequence analysis employs wind direction and speed during the
course of the accident.

m

I-ll
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The CRAC model also incorporates some dispersion of the plume

arising from the turbulence of the air and roughness of the terrain. The
plume dispersion can have an effect on the prediction of early
fatalities at large distances from the plant, since early fatalities are

| a threshold effect.
|

In a review paper, Van der Haven (I-1) summarizes data on atmes- |
pheric dis::ersion experiments performed on various terrains in Washington,
Idaho, Louisana, Pennsylvania, and Tennessee. The Washington experiment |

0
usec an Kr tracer and the other measurements were made with an SF6

(nonradioactive) tracer. These measurements were performed for

Pasquill stability classes E, F, and G, in windsraeds less than 2 m/sec.
The terrains were classified into the following types:

Smooth desert-like (Washington and Idaho) '

TyJe I -

Wooded flat terrain (Lot.isiana and Pennsylvania)
j Type II -

Type III - Wooded hilly terrain (Tennessee).
|

The author concludes that for flat forested surfaces, the diffusion model
;

(CRAC code) will overpredict the peak concentration by 20 to 40, whereas
for hilly forested terrain, the overprediction is 50 to 500.

*I.4.3 Poculation Data

The population at various distances and directions from the
plant can be detennined with sufficient accuracy to characteriza the
health effects resulting from the postulated accidents. Since popu-

| lation is grouped by sector, small uncertainty is introduced into the
analysis. However, the modeling of the evacuation, sheltering, and
breathing rates of the population during an accident sequence plays more
important roles in determining consequences to the population in an
accident.

I-12
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e Rapid evacuation could result in very few or no
fatalities even under the most adverse accident
conditions.

e Adequate sheltering could minimize the population dose.

e Accurate modeling of the breathing rates can also
drastically change the early fatality estimate.

I.4.4 Accident Consecuences

There are very few benchmarks which can be used to establish
the accuracy of the consequence models used in the nuclear power plant
analysis. Data on the Mhavior of reactor systems are being gathered
by many large-scale (e.g., LOFT and Semiscale) as well as laboratory-
scale controlled experir/ents on core release functions, plate-out
factors, and other factors that attenuate the release of rar.ioactivity.
Since it is impractical to perform full scale replications of accident

/ sequences, the fragmentary data from accidents such as TMI-2, Windscale,s

and SL-1 m .zt be used in system models.

There are many barriers that are designed to confine or disperse-

the radioactivity in the event of an accident. In general terms, these
barriers are: fuel matrix, coolant, reactor system cooling boundary, pri-
mary containment, secondary containment, and the atmospheric dispersion of
material before it reaches the public. Each barrier has varying abilities

to confine or dissipate the materials depending on the barrier structure,
geometry, and environmental chemistry and physics. Tht: amount of material
retained by or on the various barriers may be calculated using simolifying
assumotions, but many inaccuracie: are involved in using laboratory data
for modeling the amount of release in a damaged nuclear power plant. The
reason for these uncertainties are problems in applying small sample labora-
tory. data to a model of a complex power plant and extrapolating the data
to accident conditions. Because of the uncertainties, the WASH-1400 analysis
tended to be conservative, i.e., predict higher than expected releases so

q that the consequences would not be underestimated.

I-13
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Comparisons can be made of these predictions and the amount of

material released in severe reactor accidents. Recently, there has been
an attempt (I-2) to calculate the SL-1 accident using updated versions of
the CORRAL and CRAC codes used in WASH-1400. Even though the models were

more detailed than those of WASH-1400, and the SL-1 geometry is simpler,
the results overestimated the release by four times the amount actually

observed.

The recent accident at TMI-2 provides useful data on actual
releases from damaged cores (I-3) as shown in Table I-1.

O
Table I.1

CORE RELEASE FRACTIONS OF TOTAL INVENTORY FROM TMI-2

Material Release to !
RCS Reactor Building Auxiliary i i

Gaseous Liouid Buildina i Environment I

Noble Gas 0.6 0.6
'

O.05 0.05
Iodine 0.3 0.006 0.2 0.03 2 x 10-7 ,

Ce 0.5 i 40.01 0.4 0.03 '
.

' '

Be, Sr 0.02 I 0.01 |

!
,

e

I-14
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