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ABSTRACT ,

Inter-system loss-of coolant accidents (ISI.OCAs) have been identified as
,

iruportant contributors to ofIsite risk for some nuclear power plants. A methal-
ology has been developed for identifying and esaluating plant specific hardware
designs, human factors issues, and accident consequence factors relevant to the
estimation of ISt.OCA core damage frequency and risk. This report presents a
detailed description of the application of this anal >'.is methodology to a
Combustion Engineering plant.

|
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EXECUTIVE SUMMARY

lt ter-system loss-of-coolant accidents 2. ISLOCA sequences initiated by hardware

(ISLOCAs) have been identified in some prob- failures were the dominant contributors to

abilistic risk asseumerits (PR As) n major contrib- CDF and risk.

utors to offsite risk at nuclear puer plants (NPPst

They have the potential to result in corc damage
.

" " " " " # "" #1 unponant
and contamment bypau, which may lead to the wcos ny acdon during an ISLOL,A. Refuel-
early release of large quanuties of lidion pnducts E E" *" #"E '"P"#"Y "
to tiir o'fsite environment. P.ecent esents at !"E "."'" "m""m"ahu.msu ment n an a&quaw am tor
several operating reactors haw been identified as C""I".nt inventmy for out Om
ISLOCA precurson. These esento base raised contmnnu nt gat am larga than appy
concerns ov2r the frequency of occurrence, ruately 1 inch m diameter. The analysis indi-

,

plausible initiators, and means of identifying and cates that hardware would be available to
mitigating th,is potential accident. In tesponse to . ak dww BW,A hwak Imwevn,
these con;crns, a June 7,1989. memorandum, mt-Wak pmMums am ng avadaW to
" Request for Office of Nuclear Regulatory at 16 haniware is ud in aH

'

ensun
Research (RES) Sut> port for Resolution of th, #4"#" *
ISLOCA hsue," was uansmitted from Dr. Thomas

E. Murley to Dr. Eric S. Beckjord. %e ISLOCA
research program described in this report was 4. At the time of the plant visit, a general sur-

initiated in response to this snemorandum. vey was made of the interfacing system Cow
paths to qualitatively estimate the impact on

The obiective of the ISLOCA research pmgram equipment of ruptures in sarious locations.

is to pro.ule the U.S. Nuclear Regulatory This sursey could not verify that the

Ccmmission with qualitative and quantitative emergency core cooling systems (ECCS)

infonnation en the hardware, human factors, and are adequately separated such that any

accident consequence issues that contribute to postulated rupture would not affect redun-

ISLOCA risk. To meet this objective, a method- dant ECCS trains. This issue is still under

ology has been developed to estimate the core study at the Idaho Natienal Engineering

damage fr.:quency (CDF) and offsite conse- Laboratory.

quences associated with an ISLOCA, and this
met' oJology is being applied to indis idual NPPs. h appean that n-lakely dmpk changes to
This report describes the ISLOCA methodology pmuduws and training could reduce
and the results of its application to a Combustiot} ISLOCA nsk substantially by reducing the

. . iatori.requency and increasing the likeh..Engineering ((.,E) NPP. imt
hood of successfully isolating an

An e. ht-step methodology was developed to ;ig
evaluate the ISLOCA issue qualitatively and
quantitatively. These steps and their relationships
to one anther are shown in Figure ES l. This 6. The ISLOCA methodology has been suc-

methodology was applied to a CE plant by a team cessful in pmviding imponant insights on

of PRA and human factors specialists. The the relative contribution of both hardware
faults and human acticas to ISLOCA CDFimponant results, specific to this plant, are
and risk. In particular, the extensive task

| analysis performed as pan of the human
j 1, flutaan errors that could occur during

startup and shutdown of the plant were not
reliability analysis provided many valuable

found to be significant contributors to insights that would have been missed in a
less detailed analysis.ISLOCA CDF and risk,

t
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estimated

/
-

-L

Cote damage11adio active - frequencysource terrna calculated *
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consequences
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Figure ES-1. Appmach for plant-specific evaluation of ISLOCA.

While caution roust be exercised when using along with suitable sensitivity studies and com-
these results ;o draw general conclusions about the panion PRAs, provide additional technical bases
ISI.OCA risk at other NPPs, the perspective pro- upon w hich a regulatos., m .~ision for resolution c.f
vided by the aforementioned important imights, ISLOCA as a generic issue c.in be considered.

,

n

p.

,
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Assessment of !SLOCA Risks-Methodology and
Application to a Combustion Engineering Plant

1. INTRODUCTION

The Rea tur Safety Study-An A.ucwncut of mission (NRC) with quahtative and r v ntitatne

Arcident Rish in U.S. Commricial Nuclecr
infonnation on the hardw are, human f uttors, and ;

Pmrer Plant 3 (WAsil 14(o)1 identified a class of
accident consequence issues that contribute to

accidents that can result in m erpreuuritation and ISLOCA risk. 'lhis infonnauon is to be used a i

rupture of systems that interface with the reactor Dnelopmg a PRA framework for evaluat-*coolant system (RCSh These events were
ing the ISLOCA issue and identifying

postulated to be caused by failure of the check
insights with respeci to the risk .ontributionvalves and motor-operated valves (MOVs)
from both hardware and human factors,

normally used for system isolation. In a subset of
these inter-systene loss of coolant accidents along with recommendatiom for reducing

the ISLOCA risk.(ISLOCAs), called V-sequenen or esent V, the ,

system rupture occurred -outside of ihe ihghlighting the effcets of specific types*
containment building. In cases w here the rupture

of hu' nan errtus and their root causes on
led to severe core damage,ISLOCAs were found ISLOCA risk, along with secommendations
to be significant contributors to risk because

Ior risk reduction.
fission products released from the RCS bypassed
the containment and were discharged directiv to Evaluating the fragility of low-press .esys-
the environment. Subsequent probabilistic $isk tenn expmed to high-pressure, high-

*,

assessments (PRAs), including the NUREG- 'C"'PCr^t"'C "' actor coolant, This evaluation
Il50 :esults for Surry and Sequoyah, have identi- wilt include identification of likely (ailure2

fied ISLOCAs as important contributors to public kations and failun pnihabilities.
health risk. Researchers at Bnokhaven National
Laboratory (llNL) have evaluated the vulner- * "I "E "" ""E P"""U"I

.

ability of several reactor designs to an ISLOCA *#4."""""
* '*#' '" N"N"E'

and identified improvements that could reduce
.

pon aco em man gement strategin,
lSLOCA frequency.3j and effects on other plant equipment and

#"

Recent events at several operating reactors
Estimating the fission product source termshave been identified as precursors to an ISLOCA. .

These eients have raised concerns over the frc~ and offsite consequences for postulated

quency of occurrence, potential initiators, and ISLOCAs. Again,important issues will be

means of identifying and mitigatiog this potential - identified and recommendations will be
accident. In response to these concerns, a June 7, made on possible consequence reduction

1989, memorandum," Request for Office of actions.

IL Nuclear Regulatory Research (RES) Support for
- Resolution of the ISLOCA Issue," was trank To meet the above pragram objectives, a

mitted from Dr. Thomas E. Murley to Dr. fric S. methodology has been developed to estimate the

Beckjord. The ISLOCA research program ISLOCA core damage ficquency (CDF) and

described in this report was initiated in response offsite risk, and this methodology is being applied
to a limited 3 ample of nuclear power plants (NPPs)

to this memorandum.
of .lifferent design. This report describes the -

The objective of the ISLOCA research program
ISLOC \ methodology and documents the results

is to provide the U.S. Nuclear Regulatory Com-
from its application to a Combustion Engineering

NUREG/CR-5745i
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intmduction

(CE) plant. Dese results emphasue the effect of the approach taken for its application to a specific
hardware failures and human actions on the plant, and a desciiption of the plant systems that
ISLOCA CDP. The offsite risk rneasures are con. were identified as potential ISLOCA flow paths.
sidered usefulin comparing results from the sensi- Section 3 des ( ri!vs the interfacing sy stems and the
tisity studies. Major uncedainties in this estimale possible ISLOCA scenarios. Section 4 describes
are also identified. the plant. specific results and Section 5 contains

the conclusions and recommendations from this
.Section 2 of this report describes the assessment. Appendices A-li arc used io docu.

methodology developed to evaluate ISLOCAs. ment the details of the separate analyses.
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2. APPROACH

The general approach that is being used to ISLOCA had occurred. The results froin this
evaluate !SLOCA risk and plant vulnerabilities to search provided information on the causes and

ISI.OCA is to perform a detailed analysis for a frequencies of vah e failures and provided impor-

sinall but diverse sample of plants and, to the tant insights on the systems involved and the

extent possible, extrapolate and generalite these potential causes of those ISLOCAs that hase
results for additional plants. A detailed plant occurred. This infonnation was used during the

analysis methodology was des eloped to meet the plant visits to help identify systems to be

program objectives discussed in the previous see- revieued, desclop the event trees, and quantify

tion. The steps in this individual plant method- the failure rates of some interfacing system

ology are illustrated in 1;igure 1, Subsections 2.1 valvet Appendix A to assessmcnt of /SLOCA

through 2.7 discuw each of these steps briefly. Ri3 As-Methodology and Af> plication to a
Itabcot L and Wah m Plant suinmarites the resula
of this evaluation!

13efore beginning the . dividual plant evalua.in

tions, historical plant operating infonnation was 2.1 Assessment of ISLOCA
uviewed to provide msights on potential

PotentialISLOCA issues. The major emphasis of this eval.

uation was identification and evaluation of
Licensee Event Reports (LERs) that (a) involved The first step in the individual plant evaluation

valve failures resulting from either hardware fail- approach is a preliminary assessment of th(

urcs or human errors or (b) indicated that an potential for an ISLOCA to occur. Plant specific

Potential 15LOCA 15LOCA sequencePlant Interfaces and Initiation prob, ) '
systems and

' ghn"tttoj
' estimate (l!W/ItRA- * * ' .

operations
reviewed (ETs developed)

Component Local system
press, freellities pressures

cricula(ed calculated

'
Recovery. and Estimate time

probabilities (l.a. time a v ail. -

Sy stem rupturemitigallon to core damste
probabilities=

estimated for recovery) estimated

Radioactive 7r'e ene
source terms calculated '

estimated (ETs quantified) ISLOCA risk Sensitivity
calculated analysis"

Conditton al ' # Results mudconsequences insightscalculated
|

Figure 1. Approach for plant-specific evaluation of ISLOCA.

3 NUREG/CR-5745
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Approach

i

infonnation on the systems that could tv intoh ed Procedures, guidelines and practices fol-a

in an ISLOCA is obtained during a short data- lowed by plant personnel during startup,
gathening visit to the plant. Detailed infonnation nonnal [wwer operation, and shutdown of
is obtained on the hardware and operation of a the plant, as w ell as detailed inf onnation on l
range of low- and high pressure interfacing maintenance and in-service testing.
sy stems. Examples of information collected
include plant procedures, piping and instrumenta-
tion diagrams (P&lDs), isometric drawings, and Facton th.o could influence perf onnance of*

training manuals. This information is the" plant personnel as related to initiation,

reviewed by a team of PRA and human factors detection, diagnosis, prevention, or mitiga-
tian of an ISLOCA.

specialists to familiarire them with the systems
and operation < that have the potential to imtiate,
prevent, or mitigate an ISLOCA. All systems that 2.3 Development of Event )
interf:ce with the RCS are identified during this Trees )preliminary assessment. A determination is then
made of the maximum interfacing system break
size that would not be expected to result in core Aher the plant specific information was col-

damage. The systems are screened to identify lected, a final list of low-prewme interfaces and

those with interfacing Npe siees larger than this scenarios wm cornpiled and the detailed accident

maximum value with the potential to bypass con- sequence analpis begun. This analysis was a

tainment. The systems that meet this screening joint ef fort of the PRA and human factors special-

criterion are analyzed funher to identify specific sts. The scenarios were modeled using tpri-

ISLOCA initiators and scenarios. The identified rnarily) component level event trees combming

scenarios are developed in sufficient detail to the budware faults and the human errors that
guide the team in obtaining detailed information constitute each sequence in the scenario. In

during a sub9:quent extended plant visit. general, each es ent tree comprised three phases:

L The initiating events, w hich are those com-2.2 Gathering of Detailed
hinations or failures, both haidware and

Plant-Specific Information human related,ihm resun in a failure onhe
~

RCS pressure isolution boundary and
An extended visit to the plant allowed the . expose the low Pressure interfacing system

analysts to gather the information needed to com, to the RCS.

pl:te the abo"e reviews and te develop and
analyze the candidate ISL OCA scenarios. Mem. 2. The rupture es ents wbich model a break in
bers of the team that derchped the candidate the interf acing system,its size, and location.
scenarlos obtained informuion by imerviewing
plant personnel and walking down the systems of 3. The post-rupture events which model the
interest. This task was performed in conjunction performance of the control room and auxil-
with an ISLOCA inspection conducted by the
NRC Office of Nu:len Reactor Regulation. The

iary operators in recovering from or mitigat-
ing the consequences of an ISLOCA. The

types of information that were obtained during
I st of possible ISLOCA sequences contains

this visit include detailed information on both hardware-based sequences (as found in

typical PR As) and ,equences initiated by
liardwart that would be involved in an human error. The potential human errors in

.

ISLOCA. For example, data were collected both types of sequence comprised errors of
on control valves, relief valves, piping, omission, commission, and pre-existing or
flanges pumps, and heat exchangers. latent errors.

!
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Approach 1
1

2.4 Estimation of Rupture faco begin to separate. At some yet higher pres.
sure (Pa ihe botis begin io unacrpo piastic

Potential defonnation. At this point,large leak areas begm
"" "E " '""M"" "E 'd'E" I""k N#'

it is important to ter.listically assess the perf or- .'' #'#I'" "" E' * "'# '"EI" "' N I" * U h E'
mance of those components designed h.r low. #'""" "" 0" and gwater man P A am
pressure conditions that are exposed to the anoe ate w n lea /cs Ic AlatMy:
beyond design pressures associated with an spray kab, unaH kaks and large leaks
ISLOCA. The basic approach for perfonning this

assessment is 2.5 Hurnan Reliability Analysis
The failun probrWiity of each piece of i

*

equipment in the interfacinr $15tCM i$ The predominant human errors for each
described by a legnonnai distribution with a scenario in the ISLOCA PR A were modeled
specified median failure pressure and loga- using the techniquo of human reliability analysis
rithmic standard deviation tilR Al. IIR A is a methodological tool used for

prediction, evahiation, and quantitative analpis
Thermal-hydraulic response of the systems of work-oriented human perfonnance. As a diag-*

is simulated, if necessary, to estimate the nostic neol, llR A can estimate the enor rate antic-

pressure distribution in the system based on ipated for individual t:6ks and can i<lentify w here ,

'

the expected initiating event, initial primary errors are likely to be most frequent.

system conditions, and the expected perfor-
mance of relief ulves designed to protect The general methodologicaliramework for
the .sptems from overpressurization & ISI.OCA IIRA was based on guidelines

(under development) from the NRC-sponsored
The failure pres.use of. each component .n Task Analysis Linked Evaluation Techniquee

compared with the calculated pressure at TALENT) Program,6 w hich recommends the use
that point in the system to estimate the com- of task analyses, time line analyses, and interface
ponent failure probability (see Appendix l, analyses in a detailed ilR A, NUREG/CR-1278.
for details) llamH>od gflurnan ReliaNiity Analais with

.Tl e individual component failure probabih.-
Emphasis on Nuclear Power Plant Applications
[which discusses the technique for human ciror.- i

ties are combined to give an estimate of the rate prediction (TilERP)l,7 recommends similar
system rupture probability. techniques and, in addition, provides a data base

that <;an be used for estimating human error pmb-
The component and piping failure pressures silitin OlEPs), Finally, the ISLOCA IIR A inte-

and distributions used in the rupture calculatmns &u from & Sutcmatic //urnan
were developed from an independent structural Action Reliability Procedure (SilARPf and A
analysis performed by Impell Corporation (see @M r Gem $1 Prindph 3 gl/ ninon & tionI

\ppendix 11). Not only were failure pressuren cal' Re HaN/@ Mm/v.s pr Nuclear Powerj

|
culated, but likely teak rates and leak areas also, G neration Stationi(lill!E Standard P10S2/D7)?

L In this respect. Danges are somewhat unique in
that there are actually two failure pressures ot From this combination of approaches, the,

interest. First, there is the estimated gross leak
analpts Wenuned 11 bam ucps to k foHowed m

i pressure (GLP) at which a measurable leak area perfonning the llRA:
develops. At lower pressures, leakage is possible
but only at very small rates (measured in mg/s)
caused by seepage around the flange gasket. Once 1. Select the analysis team and train ihem

the GLP is exceeded, the flange bolts begin to on relevant plant functions and systems

stretch (clastic deformation) and the flange sur- (IEEE P10S2)?

5 NUREG/CR-5745
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2, Familimite the :eam with the plant through Hecause most of the human actions in this .

the use of sy stem walkdowns, simulator llRA imohed the use of sarious written normal, |obsen ations, etc. (IEEE Pf 082)? abnonnat, and emergency o[wating procedures,
TilERP-type llRA esent trees were used to

A Ensure that the full ange of potential model most of the human actioas in the detailed
'

human ictions and interactions is con- analped flowever, not all ISI OCA scenarios
'

sidered in the analysis (SilARP) were best represented by TilliRP event trees
;

(IEEE P1082)M alone. In those cases, llRA fault trees were used i

in conjunction with the TilERP esent trees. The
4. Construct the initial model of the relevant fault trees and TilERP event trees were used in a

systems and interactions (IEEE P1082)? detailed analysis to estimate the probability of
human error for each of the dominant human,-

i identify and screen specific human actions actions.
that are significant conttibutors to safe
operation of the plant. This was accom- TrahdonaHy, hmnan n-HaNhty analpts model
plished through detailed task analyses, time- human performance through the use of an esent

line analyse . observattens of operator tree Uke that shown in Figure 2, wah operator
perfonnance in the plant and in the simula- crnu p nnaHy pland abng the descenthng right
tor, nnd esaluations of the human / machine brandes of the event un , and succcuful opera-
interface (SilARP and il!EE P1082)p for acnons wqm need on de kit side of the int

For example, on the top left, ewnt a, IRO Oeactor
'

6) IAvelop a detailed description of the impor- o[x'ra W &tati, darcaUng prewudm (PM)
tant human interactions and associated key inel and pn wurej h dm suaen path FaHure to

factors necessary to complete the plant aaomp tad n, nuxMed as ewnt A,(RO
to atdecreas.mg preuuriter lesel and '

nmdel. This description shouhl include the
key failure modes, an identification of P*""'" .D#" " '"""d "P""'"I' " E "* P "I
errors of omission / commission, and a opnaton, Mnsolwd. such as in nent H, kontnd

review of relevant performance shaping "*'* WNI fails to detect PZR lli Im alann], the
factors (S!!ARP)(IEEE P1082)p acu.on of du.s suond oruuor may N nuxkled in

a recovery branch, as shown in Figure 2. livent b i

models how the control r xnn also has an opportu-7. Select and apply the appropriate llRA tech-
-

g g g, t du' PZR lli-Im alarm, if the controlniques for modung the _important human
act ons (SilARP)3 room does detect the alarm,-this becomes ai

meowry acdon becam it wodd bring de nuxkl

8. Evaluate the impact on ISLOCA of signifi~ back to the success path (via the dotted lines m
Figure 2).

cant human actions identified in Step 6 *

- (SIIARP)? The basic, or unmodified, llEPs for branches in
'

the lira event trees were estimated using tech-
9 Estimate error probabilities for the various niques from TilERP and human cognitive reli- '

human actions and interactions, determine ability (llCR).10These basic IIEP estimates w ere :
sensitivities, and establish uncertainty then revised by using perfonnance shaping fac-
ranges (SilARP and IEEE P1082)9 tors (PSFs) to more realistically nuxlel the work

proceu at the plant. Each PSF was either positive --
10. Review results for completeness and or negative and, accordingly, either decreased or

relevance (IEEE P1082)? increased the likelihood of a given hmom error.
For example, an analog meter, such as a pressure

11.- Document all informatica necessary to pro- gauge, if it does not have easily seen limit marks,
vide an audit trail and-1o make the would bejudged to be a negatit e PSP Thus, there
infonnatmn understandable (Sll ARP)? would be a higher-than normal probability for

t

NUREG/CR 5745 6
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Approach

error in reading the gauge. Individual PSFs were ator fails to detect decreasing PZR level and pres.
derived from task analyses time-line analyses, sure, followed by individual failures of the
evaluation of the human / machine interface, and .

control room to detect tu o PZR lesel sdarms. In a
direct observallons of operator performance, similar manner, failuN ;wth A o-D-E modeh a
They are presented as part of the ISI.OCA sequence where the reactor operator fails to
inspection Report.11 detect decreasing PZR level and preuure, then

recovers (e.g., the control raom detects the P/R
Specific PSFt that were imestigated include Ili Lo alarn0 f rom this first failure (event bh only

to have both the conuol room supenisor (CRS)
Quality of the human / machine interface .ind shili supervisor (SS) fail to enter Proce-

*

dure OP 9014M6," Shutdown Cooling Malfune-
Written proceduret(emergency, abnormal,*

tion." Probabilities fot each unique error pathmal *enance, eteil
were calculated by .uultiplying each ilEP on a

* P&lD5 given error path by other llEPs on the same pdh.
For esample, the error rate for path A Il C wotii

Response times for systerm and personnel be calculated by multiplying the llEP of failure A
.*

by that for failure H an/then by the llEP for faill '

- Commutucatmn requtrements ute C. resuking in a nominalilliP for that specifie. . .*
path. Other error paths for this esent tree include

Determination of whether the operator A-Il-c D.E and a-D-E. The individual error path*

actions were skill . rule , or knowledge' failure probabilities were then summed to pise
based k W w m bilm poWhility. Compre-

hensive details of thh process are provided in
Crew e perience Appendis C for each event, and the results are*

summarized in Section 4.2.
!Levels.of operator stress in different*

A detailed ilRA was conducted for each of theseen.irios ,

significant scenarios identified in the ISLOCA
PRA. See Section 4.2 or Appendis C for details of

-

I. dback1ro'm the systems m. the plante ee
k resuhs of these ana!>ses. (The tables in See-

Task dependence and operator dependence 'I" *""."" "" 'h# '""N E" '" P*~ ~
*

vide the identifier and description for each '

Location of the task (control room, auxiliary significant human erwr, as well as both nmninal*

building, etc.) and mean llEPs. Nominal llEPs in these tables
are assumed to be mcdian point otimatesfrom a

,

Training for individual operator actions lognormal distribution (using guidelines from*

including those required in ISLOCA Handbool of #wnan Reliability Analysis with '

situations. Emphasis on Nm lear Power Plant Applica.
tions)," w hile mean values are mean #EPsfrom a

- Finally, the combination of allidentified failure loxnorma/ distribution, which were derived using
paths (i.e., sequences that included either single the following formula:
or multiple human errors leading to a failure of
the action modeled by the IIRA tree) gave the mean #EP => . c.tp +
failure probability for the action modeled in the A - ' -

1 IRA tree.The guidelines of TIIERP were fol- where
lowed in identifying the individual error paths. As g,
depicted by Figure 2, each human error es ent tree ,

may have several unique error paths. For exam- 1 the median llEP=

pie, event A, evem B, and event C together
= ~intoryr fango

constitute an error path in which the reactor oper- 0
t 6e

.
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The consersions to mean values were carried 2.7 Consequence Evaluation
out as a result of mathematical concerns where
median values from a lognormal distribution The ISLOCA CDI s are inultiplied by the cor-

should not be multiplied by mean values in responding consequences honditional on the
estimating the mean CDF, a process that has been occurrence of care damage) calculated using the

followed in some past ilRAs. MELCOR Accident Consequence Code System

(M ACCS) code to obtain the ISLOCA annual risk
estimates.13 't he conditional consequences were

2,6 Quantification of Event generated with M ACCS using a hybrid input

Trees deck. The fistion product source terms were
obtained from the SEQSOR parametric source
tenn generation code.N The source tenns Pener-

The top events on the ISI.OCA accident. ated are the ones id-ntified with the containment

sequence event trees are quantified by separate bypass V-sequence in NUREG il50.2 The site

calculations that generate the conditional proba- infonnation was taken from the Surry MACCS

bilities of occurrence of each event for each path input deck used in the NUREG 1150 program.

through the tree. Re means of obtaining the rup- The Surry site was chosen by seviewing 7cchni-
M

ture event probabilities and the probabilities relat- cal Guidancefor Siting Criteria Deiclopment

ing to failure of plant personnel have already beco and calculating an average site based on weather-

discussed. Ilardware failure probabilities were weighted oopulation density. This average
developed using the data base documented in population density was then compared to the five

Appendix 13 of Assenment oflSLOCA Ri3As- NUREG-1150 sites and Surry was chosen

Methodology and Application to a liabcock and because it most closely matched the calculated

Wilroa Plant.5 The ISt.OCA esent trees were aserage population density. Further details of the

constmeted using the ETA Il personal computer consequence calculations can he found in

cale.12 Appendis G.

!
,

t

,

9 NUREG/CR 5745
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3. DESCRIPTION OF THE INTERFACING SYSTEMS

The unit analyted is a 3,390 MWt pressurved tion. Additional details on these systenn are
water reactar (PWR), with a two by-four loop punided M Appendn A The Si sy stem interface
(two hot legs and four cold legs) Cl! nuclear compiises 12 reparate scactor prenure sessel
steam supply system (NSSSL 11 is equipped with tRPV) injection lines, eight high pressure and
a large, dry, atmospheric-pressure containment four low pressure. Starting from the RPV. cach
vid a separate scactor ausiliary building and tur. injection line contains two check vah es in series,
bine building. An overview of the interfacing sys- a notmally closed motor-cperated How cont ol
tems is preunted in the following section. For valve and the Si pump discharge check vahe. The
more details on ihe interfacing systems, see SDC interface consists 01 four low-pressure
Appendix A. injcction lines to each of the RCS cold legs, two

high-pressure recirculation lines to the RCS hot
3.1 Interfacing Systems legs, and two suction knes from the RCS hot legs

used for shutdou n cooling.

/ 'l interfacing systems were screened to iden-
tify those systt ms that required further evalua- 3.2 PotentialISLOCA |
tion. The first criterion used in screening was that SCenarlOS |any sy stem with an interfacing pipe diameter
larger than 1 inch should be evaluated.The 1 inch Potential scenarios w cre des eloped by esamin-
pipe size was selected based on an estimation of ing the system interfaces and plant operational
the discharge from a i inch high prewure pipe information. A team of PRA and human factors i

break, which was about 200 gpm. A 200 gpm specialists was invoh ed in the scenario develop- i
leak rate outside of the containment is considered ment, in some cases (e.g., the Si system injection i

to be critical based on the capacity of the Icfuel- lineu, the sequences are hardware drivot that is,
ing water storage paol(RWSP)(minimum Tech- the ISLOCA potential is a function of the hard-
nical S uification volume of 443.000 gal), the ware failure rates of the pressure isolation Imund-l
capacity of the three charging pumps (132 gpm), ary valves. In other cases (e.g., the SDC suction
and the normal makeup rate to the RWSP linesh human errors can initiate an ISI.OCA.
(~150 ppm), Based on these considerations and Table i summarizes the ISLOCA scenarios
the number of hours it would take for the plant to identified,
achieve cold shutdo sn (conservatively assumed
to be about 10 hours), leak rates of 200 ppm or 3.2.1 SDC Suction Lines During Shut-
less were judged no. to be iisk significant. The down. During the plant shutdown process. the .

second crite :n was that systems whose low- operators will open MOVs SI-401 and SI 407 and
pressure po..ans were isolated from reactor prev hydraulically o;)erated valve (llOV) St-405 to
suu by three or mon: nonnally closed salves or allow for the removal of decay heat. Sequence 1 A <

periodicrily leak tested check valves in series investigates the hkelihood that the salves Obat
would nat k mlyzed, %e basis for screening will be opened by the operators) are opened pre-
out su v m )s the Wvespected frequency of maturely, that is. at an RCS pressure greater than
som ilure of the pressure isolation the procedural limit of 396 psig,

'

bol1N.

3.2.2 SDC Suction L'nes During Startup.
The initial screenmg resulted in the selection of Sequence iB is similar to Sequence I A, except

the safety injection (SI) system for further analy- that the plant is undergoiag a startup. Thus,
sis, including the high- and low-pressure safety failure to close MOVs SI-401 and if0Vs SI 405
injection pumps and the shutdow n cooling t SDC) is modeled, as opposed to Sequence i A w here the
lines. Ficures 3 thrw show simplified now failure mode for valves SI-401 and SI-405 was
diagrams of th: ? Mrdware configura- premature opening.
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Descliption of lite liitet f acifig SystetIn
,

650 psig 2485 paig
segg-- - . _ ,

a

'il- U9A Sl- 143A St 33(A

Ps m :
,N,m,

t.PSt Pump A
'

N Nb~ - *" _

SI-13PA Si- 142A St-3300
SI-r22A St-124 A St-t29A

---- --f} n

,47
h

'

51-1398 51-1438 Si.3354

& *

=

w.s en wN
LPS) Purnp D S1-1/28 51-1248 51-1290

N N I *-~~~'

.[51-1388 58-1428 S1-33$8
6, -q

M N --
% **t o

|

Outside hside
Contouvrent Contointnent

Figure 3. Flow diagram of RCS cold legs to low-ptessure safety injection (Ll'SI) pump discharge.
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ikseription of the Interfacing Systems'

:
,-

Tathio 1. L(At of potentiat ISLOCA scenarios.
i _ - -

Interface Descripuon Notes

|

SDC nac: ion Failure to close valves during Tw a sc enario4 im estigated: j

lim s startup or premature opening during one stanup arul or.c shutdow n j

whutdow n 61?Qs 1 A and lin) i
i

j

. LPSI cold les' Failure of two(beck vahes uith initwed by hardw are failures

iniec! ion lines uroke-testing of nonne!!) doul in conjunction with MOV

MOV simke 'estir.g (SEQ 21

i
IlPSI cold jeg Failure of two pleaure bolation Only hardware (cifures

.

interface check s altes enJ. stroke test of ecmidered (Sl!Qw3A and 310
'

,

nonnaHy closed MOV, plus faimfe
on safety injection pump discharpe ;

check sn!ve

itPSI hol le; Fzilure of two pressure i,oladon Onty harJwere faiNres

cI eck vahes and strol.c test of considered (SitQv4 A and 411tintedace l
normally clesed MOV, plus faihire
of infety injection pump disdunge ,

check vah e

SDC suetion liilcee of19 o check vahes Seynence initiated during

lines not mal shutdown (SliQ-5)'

-

3.2.3 LPSI Cold Log injection unos to 3.2.5 HPSI Hot Leg a.- co. Once esery

FICS. hmgh the nannat teactor op:vating 3 car, uuarter, MOW SI 502A und St 506A are stroke
,

1

MOW Sl> 13F ( A/IO nnd SI 1.1L9 ( Affh are nttoke .
texted. Theretme. Sequence 4 A is based on the

tested quarterly, Thut the accident sequence for vpening of MOV SI-502A. Since valve SI-502A

te LPSI pump dhchavge h based upon the fro is opened and closed befon valve SI-506A is
opened, the opening of SI 50?A h defined as the

that the_ MOW will be opened once each quener,
ArdtNing even+ for the segoence. Once again, the

""'"*P "" "I "" P'I"' h *'" I"d " "I 'h" '. "#d E "
! 3.2.4 HPD) Cold Leg interf ace. These scc-

U"" "I 'h# 9 """* "'"d' h.#4"'"" 4 0 * """If' nuiowe :mdar to Sequence 2. Once each quar. m quen e3npt that eM vake mi a
ter, MOVn 51225 through SI-228 ( A/lO are mining from piping header 11.
stroke. tested w hile the p,, ant is operaing at
nonr.at pom. Thm, the auident acquence path 3.2.0 SDC Suction Lines During Normal

L for the llPSI pump cold leg discharge is based Shutdown. When the Cl! plant enters the

| ._ upon the 0.et that the MOVs w01 be opened once shutdown mode,1he operators rely on check

| each quancr. Note that Seynence 3B is simih:r to vahes SI 108 und SI 1071 closing when the RCS

Sequence 3A, but these is one icw dieck vab e to piessure exceeds the interfacing sptem design

protni the low-pressure portions of the Si prewure. Thus. Sequence 5 is based upon failure
of the two check vahes.system,

15 NUR EG/CR-5745-
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4. RESULTS

liccause of the unique neure of the ISl OCA based on mxhanistic heat and mau transfer cal-
sequen,ce, a detailed understanding of the capabil- culations and are therefore qualitative in nature.
ities of the plant hardware and personnelis This inue is still under im esligation at the INEL
needed to accurately analyre the ISI.OCA rSal-
lenge, For this report, an ISLOCA h considered 4.1 Event Trees
to imohe a (cu of reactor coolant outside con-
tainment. Since the wupply of water available for The following sectiom descobe the event trees

naakeup to the RCS h cuentially hmited to the deudoped for the positdated ISLOCA wurios
nailable inventory in the RWSP, a high priority The es ent trees are quantified on a yeady or quar-

item for the control rootn o|vraton should be th terly bais,as renected in the hequency of the ini-
holate the break espeditiously and terminate the tiating event.1he event trees are constmcted such

low of reactor coolant. If the break were isolaicJ that the dow nward branch depkis the fallute
in a timely manner and the low of RCS inventory event listed at the top of the esent nee and the
tenninated, the plant coulu tv cooled dow n safelv upwani bninch denotesi the cornplement of the
using the auxiliary feedwater ( AFW) systeth cu nt (i.co typicaHy succeut The top esents are

(secondary couldown) or SDC (primary a cornbination of individual coniponent f ailmes, i
cooldown). human errots, and functional failures that I

describe the psopreuion of the ISI.OCA from
" "" '" # # " # "' ' " EBefore diseuning the detailed iesults, some ,

general comments can be made that are applita- All event tree qu dincation n perfonned ming
ble to all the postulated ISLOCA scenarios. Dur- mean failme probabilities. The derivatiom of the

,

ing the course of the plant vbit, particular eseni tree spht f actions are presented in Appen-
attention was pau n the inue of local environ- dices 11 and C. Note that detailed (i.e., nonscreen-
mental elfccts i ,ing from ruptures in the inter- ing) f ailure probabilities were calculated only ior
facing system. at the time of te plant vhit, the Sequencu 2 and 5, yll of the oiber sequences had
probabilistic system rupture calculations had not CDFs <10 / year in the screening analysis and8

been completed, so a general survey was made of wcre not des cloped funher.
the interfacing system flow paths to qualitalwcly
estimate the impact of ruptures on equipment in Finally, each event tree end state was auigned
various locat;ons. This ti;- vey included walk. to one of the source term bim listed below:
downs of the emergency core cooling spicms

OK-No oserpreuuritation of tht h w-(ECCS) to examine likEly break locations. For
prenure syWin occuned (no h|m|on

.

example, the assumption was made fer thh analv-
sis that all equipment in the companment w here a U" "'''*I#" O

~

break ocenrs will be renderc<l ur,available for use
OK op-5 caario sesults in overprenurse

in isolating /mitigatints the ISLOCA, Therefore, iration of the interfacing system but tne sys-
equipment in compartments judged to be candi- tem does not rupture or leak (no fission

'

'

date locations for an ISLOCA break was invento- pnxluct release).
ned. This survey could not verify that the ECCS
are adequaiely separated such that any postulated LK ned-Scenario results in RCS leakage*

rupture would not affect redundant ECCS trains, from the interfaking system, through either
if there were a piping break and blowdown of a break or an open selief valve, but severe
steam from the RCS into one of the safeguards core damage (suf ficient to cause offsite
pump rooms, the plant configuration may not health effects) does not occur because the
ensure that at least one train of ECCS would still leak is either isolated before core uncovery
be available after a rupture had occuned. Ilow- or the leak is Imo small to interfere with core

| ever, we stress that these conclusions are not cooling (no Ossion pmduct :elease t
,

t
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Results

LOCA-Ic-Identifies scenarios that pro. decay heat from the reactor. Since startup is a.

duce a loss-of-coolant accident (LOCA) " low pressure" procedure compared to normal

inside containment Because these full RCS pressure, it is assunied tha' any
sequences are enveloled by the design basis overpressuritation that causes the relief valve to

analysis of the plant, they are not fully open will not cause an ISLOCA. He event tree
developed on the event trees nd are not models one flow line (out of two) on a mission
considered to be core damage events for the time of one year.

purposes of this analysis.
4.1.3 RCS To LPSI Cold Leg Discharge-

e ~ PEL mit-An ISLOCA with core damage SEO 2, Through the normal reactor operating
occurs but the radioactive fission product year, MOVs SI.138 (A/B) and Sl-139 (A/B) are
release is mitigated through some means, stroke-tened quarterly. Thus, the accident
such,o scrubbing through an overlying sequence path fm the 1. PSI pump discharge is I

water rool or gneral area fire sprays in the based upon the fact that the MOVs will be opened

aciliary buildmg. nee each quarter. Figure 8 si iws the event tree
used to model this sequence.-

REL Ig-An ISLOCA with core damage*

occurs and results in a large unmitigated Obviously, if the two isolation check valves
radioactive release. Note that this does not (SI 335/336 (A/B) and SI-142/143 ( A/B)] pro-
necessatily mean that the break size is large. tecting the MOVs had failed,it would not be

desirable to opsn the MOVs. But, for analyring

- 4.1.1 Premature Entry into Shutdown this sequence, it is assumed that no prior infonna-

Cooling-SEO-1 A. A risk-significant scenario tion (for example, a high-pressure reading on the

at the Babcock and Wilcox niant involved pre- pressure indicator between the two isolation5

mature entry into thutdown cooling, with RCS check valves)is known for the system. This

pressure and temperature above the open permis- assumption is made because the stroke-testing

sive set point of the decay heat removal (DHR) procedure does not direct the operators to check

system suction isola * ion valves. This scenario pressure between the PlV check valves before

was considered credible at the Babcock and performing the stroke test. In addition, the annun-

Wilcox plant because the plant procedures ciator card for this pressure ind;eator was found

allowed operators to bypass the open permissive to be deactivated during the plant inspection,H so

interlock for one of the twc . 1tdown cooling no credit was given for this annunciator. There-

isolation valves. This allowed an error of com- foie, for the model, it is postulated that internal

mi.,sion to be postulated in which, m % deci- failure of the two isolation check valves will auto-

sion is made to enter shutdown coc c o " the matically lead to an overpretsuritation of the

operators will be led to bypass the inc sk fc interfacing system when the MOV is stroke
the other vawe, also, even though the procedge tested. Note that the event tree evaluates one flow

does not instruct them to do so. For the CE plan; path (out of four ponible) for a mission time of
the HRA did not reveal any circumstances that one quarter. Thus, to get the failure frequency for

would lead _to an analogous scenario. Therefore, the complete system based on a one year mission

this scenario was not developed further. time, the sequence end state frequencies mus' be
,-

multiplied by 16.

4.1.2 Shutdown Cooling System / Reactor
Coolant System lSLOC A During Startup- 4.1.4 RCS Cold Legs to HPSI(Header A)-
SEQ 1B. Figure 7 shows the event tree used to SEO-3 A, This scenario is similar to Sequence 2.

model an intersystem LOCA between the RCS Once each quartcr, MOVs SI-225 through SI-228

and SDC system during startup. The SDC suction ( A/B) are stroke tested while ihe plant is
isolation valves from the RCS are open initially operating. Thus, the accident sequence path for

because the SDC system is being used to remove the ilPSI pump discharge is based upon

17 NUREG/CR-5745
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Results

:he fact that the MOVs will be opened once eacn of the two check valves. Figure 13 shows the
quarter. event uee for this sequence.

Once again, if the isolation check valves pro- 4.2 Human Reliability Analysis
tecting the MOVs had failed, it would not be
desirable to open tbc MOW. But, for this analy- This section summari/cs the results of the
sis, no prior knowledge for the system is assumed ISLOCA IIRA efforts. Appendix C provides
(see discussion in Section 4.1.3). Thus, for the detailed infonnation regarding HRA fauh trees,
model, random failure of the two isolation check es ent trees, tabulated ilEP values, and discus-
valves is assumed to lead automatically to a sions of the llRA process. The llEPs presented as
demand on check valve SI-216. Figure 9 show s pan of the llR A are enmates based upon the best
the event tree fer this sequence, contemporary models and quantitative tech-

niques. As in any film, these llEPs must be con-
4.1.5 RCS Cold Legs to HPSI(Header B)- sidered in light of hard.vare failure information
SEQ 38 Sequence 3B is comparable to contained within this report and should not be
Sequence 3A with the exception that Sequence used in isolation.
3B has one less check salve to protect the inter-
facing system. Whereas header A has check valve HR A w as used to model the predominant
SI 216, header B does not have the correspond,nB human errors for each significant scenario in the
check valve in the piping design. Figure 10 shows ISLOCA PRA. As discussed in Section 2.5. HRA
the event tree for this sequence. is a methodological tool that involves the quanti-

tative analysis, prediction, and evaluation of
4.1.6 RCS Hot Legs to HPSI(Header A)- work-oriented human perfonnance The ISLOCA
SEQ-4A. Once every quarter MOVs SI-502A HRA diagnosed those factors within the plam's
and SI-506A are stroke-tested. Therefore, systems that could lead to less than optimal
Sequence 4A is based on the opening of MOV human perfonnance in the initiation, detection,
SI-502A, Since valve SI 502A is opened and diagnosis, and mitigation of ISLOCA scenarios.
c!osed before valve SI-506A is opened, the open- IIRA was used as a diagnostic tool to isolate the
ing of SI-502A is defined as the initiating event error rate anticipated for individual tasks and to
for the sequence. Once again, the assumption of determine where errors were likely to be most
no prior knowledge of the condition of the system frequent,
is used. Figure 1I shows the event nee for this
sequence, Because most of the human actions in this

HRA involved the use of various written nonnal,
4.1.7 RCS Hot Legs to HPSI (Header B}- abnonnal, and emergency operating procedures.
SEO-48. Sequenn 4B is similar to Sequence 4 A THERP-type llRA esent trees were chosen for
except that check valve SI-216 is missing from modeling most of the human actions in the
piping header B. The initiating event for Sequence detailed analysis. However, in sescral ISLOCA
4B is the opening of MOV SI402B. The initiating scenarios, HRA fault trees were used in conjunc-
event probability is identical to that of Sequence lion with the typical THERP event trees to pro-

- 4A and is assumed to be 1.0. Figure 12 shows the vide the best representation of the modeled
event tree for this sequence. events. Detailed analyses were conducted using

the fault eees and/or THERP event trees to esti-
4.1.8 RCS to LPSI During Shutdown- mate the error probabilities and uncertainty
SEO-5. When the analyzed plant enters shut- ranges of the dominant human actions,
down cooling, the operators rely on check s alves -

SI-108 and SI-1071 closing when the RCS pres- Indivi&s error branches for each of the HRA
sure exceeds the interfacing system design event trees o.ce Section 2,5 or Appendix C for
pressure. Thus, Sequence 5 is based upon failure details) were quantified using techniques from
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' Results

T11ERP and llCR Specific human actions on Even though emergency operating procc-a

each error branch were assigned an estimate of dures were generally well written, the RCS
the basic ilEP. These basic IlEP estimates were leak procedure, OP-902-002, does not pro-
then modilled using PSFs to realistically describe vide relevant guidance with respect to requi-
the work process at the phnt. Finally, possible site ai ionc for the isolation of ISLOCAs.
failure paths (i.e, sequences that included either As a .esult, operators and supervisory
single oi multiple human errors leading to a fail- personnel would be required to rely on
ure of the action modeled by the 11RA tree) were know!cdge-ba ed actions, outside of nonnal *

identitled and combined to estimate the total fail- procedures.
ute probability fer the HRA tree, in accordance
with the TilERP guidelines. Individual PSFs Within the context of the prior fio aeg oper-*

were derived from task analyses, time line aaaly- ator training (based on Three W.,: Island
ses, evaluation of the hum n/ machine mterface, scenatios) emphasized that operators should
and direct observations of operator performance. not c.venide a safety i jection signal occur-
The majority of these PSPs were presented in the ring in conjunction with an unisolated RCS
./SLOCA Inspection Report for the analyzed leak (see Sequence 2). This training could
plant,H Each PSF was scen as casting either a lead control room personnel away from the
positive or negative influence on the basic ilEP, actions necessary in Sequence 2 to isolate a
that is, as either decrecing or increasing the prob- break in the safety injection knes (e.g., oper-
ability of failure for a given human action. For aiors would have to sequentially close cach
example, some of the positive PSFs in evalua- 11 PSI and 1. PSI safety injection vah e on the
lions of the CE plant included the following. affected Si train),

"The team did not identify any significante
Opemtors' ISLOCA diagno", tic abili-.

deliciencies m the man machme interf ace ties were centered on Attachment I of
that might significantly increase the proha' OPME which verifies a LOCA out-bility of an operator e ror initiatiny an
ISLOCA."U

side containment but directs operators to a
pmcedure (OP42 002) that does not pro-

. vide reievant guidance for the isolation of an *

* "The team f.ound emergency operatmg pro- ISLOM
cedures to be well written although they
lacked some human factors considerations

A det Hed HRA was conducted for each of the
' (see the second item in the negative PSFs

listed below).ii significant scenarios identified in the ISLOCA
PRA. Tables 2 and 3 summari7e the results of

"Although training specific to ISLOCAs these analyses, ivhich are extensively described ine

was not part of the licensee's training prm Appendix C. These tables provide the identifier

gram, operators indicated, during walk. no description for each significant human error, - :

throughs and simulator exercises, that they as well as the mean llEPs.

were generally well prepared to cope with
losses of RCS inventory."tl Inspection of these tables reveals that ilEPs

increase with time following an interfacing sys-
Examples of negative PSFs were tem rupture. These increasing error rates reflect

the fotlowing circumstances identified for the<

"The team identified weaknesses in the CE plant. First, procedures may not effectivelyo

man-machine interface that could adversely lead operators to the control room indications that
affect the ability of the operators to maigate are most reievant for detection of an ISLOCA,
an ISLOCA because of poor equipment and de not prr. /ide definithe guidance for neces-
!abeling and the inaccessibility of some sary and su nicient actions to isolate an ISLOCA
equipment."U in the two sequences that were modeled in detail.
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Results

Table 2. Estimated mean llEPs for Sequence 2,

Identifier lluman error Mean llEP

FFD-LOCA Control room fails to detect LOCA 0.018

ETDGN Control room fails to ( agn ,' ISLOCA 0.02

Fil Control mom fails to isolate ISLOCA 1.00

Table 3. Estimated mean llEPs for Sequence 5.

Identifier - lluman error Mean IIEP

FFD Operators fail to detect loss-of-coolant 0.0076

FFDGN Operators fail to diagnose system leakage 0.0076

Frl-A Fail to isolate (1 SDC in service) 0.0233

Frl-B Fail to isolate (both SDC in service) 0.0233

Second, diagnostic abilities in the control room that has been examined in some past PR As. Note.

(e.g., procedures and training) rely on the diag- however, that this sequence could be eliminated
nostic flow chart in Attachment 1 of OP-902-002, by modifying the stroke test procedure to require

the RCS leak procedure. That now chart can suc- the operators to check for pressurization of the
cessfully diagnose a LOCA outside of contain- header between the discharge check valves prior

to performing the stroke test. The relative insig-ment, but also directs operators to use
OP-902-002, with the drawbacks mentioned nificance of the human error-initiated sequences

. almve. Therefore, operator workload is increased is due to the excellent administrative controls and

and significant stress (threat level) is likely to be safety culture present at the plant, for example,

experienced by the operators at the time when the practice of not defeating (jumpering out)
ISLOCA isolation actions are required, equipment interlocks during normal operations

aad the tight control of keys needed to restore

4.3 Quantification of ISLOCA power io isolation valves.

Model
The likely failure locations for Sequence 2 are

Gased on the event trees described in See- the schedule 40 piping and the 10-inch,300-psi
tion 4.1 (and in more detail in Appendix B), the Dange at the discharge now element, The Gange

total mean ISLOCA CDF for the plant is esti- failure probability was relatively high (0.69)
mated to be 2.0 x 10* per reactor-year of opera- because of the " soft" S A 193-H8 bolts that are
tion. Table 4 provides a bre.ddown of this used Upgrading these bolts to S A 564 grade 630

frequency by sequence and release category. The would eliminate Dange falute from consideration
dominant scenario is hardware dominated, in this sequence. [ As discussed in Appendix F, the

involving failure of the pressure isolation check probability of Dange failure was partitioned into
valves in the LPSI cold les discharge to the RCS small lenks and large failures. The large failure

_ SEQ-2). This scenario is equivalent to the classi- probability of O.12 was used in calculating the
| (

| cal event-V category of core damage sequences split fraction used in the event tree for this

27 NUREG/CR-5745
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Table 4.' -ISLOCA CDF (per reactor year).

- Scenario- CDF REL-Ig : REL-mit LOCA-ic LK-ned OK-op -

lA t*- e . 0.0 t t r

iB t c 0.0 t t t

.2 2.0E - 06 ' 2.0E- 06 0.0 0.0 1.4E - 06 7.8 E - 07_

3A e r 0.0 0.0 t 0,0

3B e- r 0.0 0.0 c 0.0

4A t c 0.0 0.0 t 0.0

4B E o 0.0 0.0 c 00

5 e e 0.0 0.0 9.6E - OS I .0E - 03

- Totals 2.0E - 06 - 2.0E - 06 0.0 e 1.5E - 06 - 1.0E - 03

4a. t <10 / year.

sequence. Small leaks were judged to be recover- of concern is the demand failure of check valves
able by the operator (see Appendix C for more SI-108 A and B. A demand failure probability of
details) and were binned into the LKacd end - 1.0 was assumed for these valves, based on their-

state on the event tree.] as-found condition at the plant and the complete
lack of testing or maintenance on these valves at

Sequence 5 was the major contributor to the time of the inspection. Were these valves to

ISLOCA risk in the initial screening analysis receive regular leak-testing and some form of

;because the frequency of pressurizing the low- periodic maintenance (e.g.c disassembly to
pressure system beyond its design pressure was inspect for boric acid precipitation and corro-

. approximately 100/ year; however, detailed si nh a generic demand failure probability of 104

analysis of the component pressure fragility could be justified. The Impeh analysis of these
showed that small flange leaks are the only cred. flange * also showed ir.at the leak rates would be

ible overpressure failure mades for this sequence, f ar too small to threaten core cooling. Ilowever,
and the probability of even these small leaks is the llR A for this sequence was done before these -

4extremely small (<10 /fiange). The components results were available, so operator response to a
contributing to the rupture probability are the small break was modeled. Even with this addi-
150-psi flanges at check valves SI-107 (suction - tional conservatism, the CDF from this sequence

L -- from RWSP) and SI-407 (suction from contain- is <10 / year. IIad the flange failure probability4

|. ment sump). (Refer to Appendix 11 for the details been higher, the probability that the failure results
o' the component pressure fragility analysis.) in a leak large enough to threaten core coohng
This sequence woeld also appear to be driven by would have had to be factored into the CDF|-

! hardware failures; however, the hardware failure calculation.

! - NUREG/CR-5745 28-

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



- - .

Results

4.4_ Risk Assessment for the EPRI wotL), tends to predict relatively
little hydrogen ceneration in-vessel. Ilydrogen

As described in Section 24. the olfsite conse. generated in-vessel, it released into the auxiliary
building, could burn, potentially opening path-

quences of ISLOCA core damage seque.r.es u ere
estimated using the V-se.;uence source tenn from ways for free convective exchance with the out-

the June 1989, NUREG-1150 analysis of side environment, thus reducing the effective

Sequoyah (see Appendix G for details of the con.
eunliary building DF. The effect of a credible

sequence analysis). The conditional conse. rangt of DFs on the offsite consequences is
examined in Section 4.5.quences for the base case analysis are listed in

Table 5. Based on information from the When resiewing the ISLOCA con equence
NUREG-1150 program that estimated decontam.

and nsk estimates, several aspects of this calcula-
ination factors (DFs) for both dry and wet con.

tion shoem be kept in mind. M:my measures oftainment bypass releases, a DF of I (no
risk are available and have been used in recent

decontamination)is assumed for the release from stu6e., Mc w ever, to produce these estimates,
the auxiliary building (large dry release) in the many sequence-specific and site-specificbase case. Additional work on estimating DFs far

assumptions must be made, from the co>f ofland
the auxiliary building has been sponsored by the

to the waming time available to activate the off-Electric Power Research Institute (EPRD u.ing
site emergency response plan before a areasethe Modular Accident Analysis Program
meurs. These assumptions can have significant

(MAAP) code a This work would seem to support cflects or, the consequences calculated with
DFs for a dry release in the range of 3 to 80,

M ACCS. The base case ISLOCA risks are show ndepending on th- specific configuration of the
inTable 6-auxiliary buildiag. Wet release DFs, either due to

a flooded break hication or scrubbing by general 4.5 Uncertainty and Sensitivity
area fire sprays in the auxiliary bui: ding, ranged
from 40 on up. However, the M AAP code, when Study Results
the ccre flow Hnckage feart.re is used (as it was

No uncertainty analysis was performed for the
dominant ISLOCA scenarios because the best-

a. Electric Pos sr isesearch Insutute, Baluation of estimate CDF is relatisely low and almost all of
the Consequerces ofContainment ilypass sanarios, the uncertainty is contained in the initiating eventEPRl-NP458(rL. Nos ember 1989. This repon con.

tains proprietary information tnat is not available to of Sequence 2, failure of the two series check

the general public; howeser, the results of this study valves. The error factor on this initiating event

were made available to the INEL analysts for review. is 100; therefore, the CDF distribution will have a

Table 5. Base case ISLOCA consequenen conditional upon severe core damage.

Mean 50-mi dose

Mean early fatalities Mean latent fatalities (person-rem)

9.99E + 1 5.36E + 3 6.12E + 6

Table 6. Base case ISLOCA risk (per reactor-year).

Mean 50-mi dose

Mean early fatalities Mean larent fatalities (person-rem)

| 2.0E - 4 1. l E - 2 1.22E + 1

1
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large, riositive skcwness coefficient, indicating retained For the first two calculations, with DFs
ll.at the reported mean CDF will be close to the of 5 and 10, r. ground-level release was assumed.
95'h percentile valut Fw k W m &Wim Mm m &M M

100, the release elevation was specified as 10 m.
Based on similar results obtained for the The reason for the change in release elevation is

Westinghouse plant.16 the uncertainty in CDF that industry-sponso+cd analyses of auxiliary
should span approximately four orders of building DFs show that higher DFs, in the
ma,-aitude. absence of water svubbing, are puxluced when

these is a lack of free convective exchange with
4.5.1 Component Rupture Pressure the outside environment. This generaliy corre.
Uncertainty. The base case analysis used a loga- sponds to having an opening high up in the auxil-
rithmic standard deviation of 0.36 for the pipe iary building, with a release from the reactor
rupture pressure distribmion (w hich was modeled coolant system in the lower elevations of the
as lognormal). As discussed in Appendix II, this building.
value is derived by assuming that the probability
of component failure is 100 when applied stress Sensitivity cases also were nm to examine the

equals yield stress. This may be an overly conser. potential effects of auxiliary building fire sprays
vative assumption; however, censitivity cases on the release (there are no such spray s at the
were examined in References 5 and 16 in which plant analyzed in this repon). In these so-called

- the probability of component fail *e at yield wet ISLOCA sequences, the base case DF was
4and 10 . '1 nese values specified as a distribution that was sampled upon,stress was taken to be 104

correspond to a logarithmic standard deviation as in the NUREG 1150 analysis of Sequoyah.
.for the pipe rupture pressure of 0.30 and 0.26, The distribution is shown in Table 7 for the base
respectively. The rupture probabilities were recal-
culated, with the result that there was not a signif. Table 7, Distribution of DF for the base case

.icant effect on CDE Because the piping mater.ials analysis pf the wet ISLOCA sequences ast'

specified m the SEQSOR input.
are the same in the CE plant as m the Babcock and

.

Wilcox and Westinghouse plants, this result
should apply to the CE plant, also. Therefore, no Distribution of DF
detailed calculations were performed. (%) DF

4.5.2 Auxiliary Buildirig DF Uncertainty.
0 5. l E + 03Uncertainty due to lack of knowledge was treated

via a sensitivity analysis that examined the effects
1 4.5E + 03

of a range of credible auxiliary building DFs on
fission product source terms and offsite conse- 5 4. l E + 03
quences. The details of this analysis can be found

'5 1'3E + 0'- in Appendix G. The important aspects and results -

of this analysis are summarized below. 50 6.2E + 00

For the dry ISLOCA sequences, the base case 75 3 OE + 00
DF for all release classes had a uniform value of I

95 N + 00and the release was at ground-level. The sensitiv,
ity analysis involved calculating new fission 99 g ,7p + po
product source terms with unifomi-valued DFs of
5,10,50, and 100 for all release classes except the 100 1.6E + 00
noble gases, foi which the base case DF of I was

NUREG/CR-5745 30
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case analysis of the wet sequences. As was done with the release elevation specified hoth at
for the dry sequences, sensitivity analyses were ground level and 10 m.

. performed w' ith unifonn. valued DFs of 5,10,50' Tables 8 and 9 present the mean conditional
and 100 for all release classes except the noble consequence results for the dry and wet ISLOCA
pasesifor w hich the DF remained at the base case sequence sensitivity cases, respecthely. These
valve of 1. For the first tw:o sensitivity calcula' results are also presented Fraphically in

' tions, with DFs of 5 and 10, a ground-level Figures 14 through 19. Comparisons of the dry
release was assumed. For the calculations with and wet sequence consequence results are also

,

DFs of 50 and 100, calculations were performed presented graphically in Figures 20 through 22.

Tat,le 8. Mean MACCS consequencc results for each dry ISLOCA sequence sensitivity.
~

,

Sensitivity Case

DE Release Mean early Mean latent Mean 50-mi dose

elevation fatalities fatalities (person-renu

1 0.0 9.99E + 0! 5.36E + 03 6.12E + 06

5-- 0.0 - 1.63E + 00 1.82 E + 03 2.15E + 06
1

10 0.0 4.03E - 01 1.17E + 03 1.'.5 E + 06

.50 10.0 7.12 E -- 02 5.16E + 02 8.83E + 05'

100 10.0 6.10E - 02 3.97E + 02 7.24E + 05
._.

.

Table 9. Mean M ACCS consequence results for each wet ISLOCA sequence sensitivity,

Sensitivity case

DF Release Mean early Mean laient Mean 50 mi dose

elevation fatalities fatalities (person rem)

-Hase* 0.0 3.69E + 00 1.71 E + 03 2.08E + 06

5 0.0 9.92E- 01 1.49E + 01 1.79E o06

10. . 0.0 4.0 l E- 01 9.85E + 02 1.37E + 06

=50 - 0.0 1.76E - 01 4.43E + 02 7.78E + 05

|
L 50 10.0 1.18E - 01 4.51 E + 02 7.86E + 05

100 0.0 1.59E - 01 3.51 E + O2 6ADE + 05

100 10.0 1.06E - 01 3.56E + 02 6A6E + 05

Wet sequence base case DF is a sampled distnhution as given in Table 7.a.
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5. CONCLUSIONS

The methodology for evaluating ISLOCA risk operation of those pressure isolation valves under

that was developed in Aucs3 ment ofISLOCA operator control. The ilR A found a higher proba-

Risks-Methodology and Application to a bdity for operator error during detection, diagno-
Babcock and M7/cox Planr has been applied to a sis, and isolation of an ISLOCA. This results5

CE plant with a dry, atmospheric-pressure con- fmm an interaction of the f ollowing variables:

tainment. This methodology has been successful
A limited number of clear control roomin providing insights regarding the relatire con- +

tributions of both hardware faults and human indications for ISLOCA

actions to ISLOCA CDE The results indicate that
human ertors of commission, latent faults of Emergency procedures that do not address.

equipment, and normal procedural tasks can com- isolation of a break outside containment
bine in an ISLOCA sequcnce. Ilowever, the
methodology also was used to identify potential Limited amount of time in the dominant.

means of reducing these contributions to risk. scenario for the detection, diagnosis. and
Conclusions are presented below, followed by a isolation of Ic,1.OCA before core unsovery
preliminary discussion of the relationsh p of these

'

results to the general population of NPPs. Opm vm to @ Moad ad.

threat stress at the time when actions to
5.1 Plant-Specific Conclusions isoiate an istoCA are needea.

A publicly availabl ? PR A of the analyzed plant 5.2 General Conclusions
has not yet been completed by the licensee.
Therefore, no comparison could be made of the Extreme caution should be exercised when
results of this analysis with results obtained by uttempting to extrapolate the results of a single
the beensee. analysis to estimate the performance of the entire

commercial nuclear power industry. The analpis
in the pressure fragility analysis of the interfac- of the CE plant in this report has identified some

ing systems, existing relief valves were found to potential ISLOCA issues, but the completeness
provide very little protection acainst the domi' and typicality of the results, even for other
nant ISLOCA initiator (SEQ-2h Typically, relief CE plants, has not been determined.The analysis
valves in the interfacing systems are designed to of this plant indicates that the most important
mitigate the occasional pressure transient concern regarding ISLOCA risk centers on the

| associated with routine valve reabgnments and lack of procedural guidance for responding to an
| pump starts and stops. The pressures generated in ISLOCA, rather than on the plant personnel.

ISLOCA events simply overwhelm the relatively llowever, it is imprudent to conclude that human
small relief capasity of these valves. errors, while not important ISLOCA initiators at

the plant analyzed in this report, will not domi-
The Idaho National Engineering Laboratory nate the ISLOCA risk for other plants.Therefore,

lira found that operator error could contribute to a major emphasis in any evaluation of ISLOCA-
ISLOCA initiators. Ilowever, risk-significant should be the assessment of the potential for
human error initiators were judged unlikely dur- human error initiators. Specifically, this involves

ing operations involving interfacing systems. judging the adequacy of plant procedures and per.

This is due,in part, to the existence of significant sonnel training and awareness of the potential for

administrative procedures and related operator and consequences of an ISLOCA. To generalize.

training, as well as the presence of well- the plant personnel's understanding of the ;mpor
controlled interk)cks that prevent the inadvertent tance of maintaining the pressure isolation
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Appendix A |
ISys'em Descriptions

The plant atalyzed for this report is a single unit site. The uni' is a |
3390 Mwt pressurized water reactor (PWR), with an NSSS supplied by Combu. tion

'

Engineering (CE). The unit has a large dry containment that is maintained at
atmospheric pressure and a separate reactor auxiliary building and turbine

i

building.
,-

,

The plant is similar to other CE plants in the number and type of
[charging and safety injtstion pumps.

A.1 Reactor Coolant Sy'.'am

The reactor coolant system (RCS) transfers energy from the reactor. core
to the secondary water in the steam generators. The RCS pressure boundary ,

acts as a barrier (one of several) against the uncontrolled release of
radioactive material from the reactor core and primary coolant.

During power operation, primary coolant in the RCS is circulated by one
reactor coolant cump in each of the four cold legs. Pressure is maintained

within a prescribed band by the combined action of the pressurizer heaters and
sprays. RCS inventory is maintained within a prescribed band by tha chemical
and vo.umo control system (CVCS), otherwise known as the charging system.

[.qm.m m nt Informatio_n

A. RCS
3

1. Volume: 10,300 ft excluding pressurizer and surge line *

2. Nominal operating pressure: 2235 psig.

B. . . Steam generators (2)
1. Type: vertical shell and U-tube
2.- Model :- CE

A-3
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A.2 Interfacing Systems

All interfacing systems were se.reened to identify those systems that,

needed further evaluation. The criterion used in screening was that any
system with an interfacing pipe diameter larger than one inch should be
evaluated. The one inch pipe size was selected based on an estimation of the
discharge from-a one inch high pressure pipe break, which was about 200 gpm.
A 200 gpm leak rate outside of the containment is considered to be critical
based on: the capacity of the RWSP (Technical Specification minimum volume of
443,000 gal), the capacity of three charging pumps. (132 gpm), and the normal
makeup rate to the Rh;P (~150 gpm). Based on these considerations and the
number of hours it would take for the plant to achieve cold shutdown.
(conservatively assumed to be about 10 hours), leak rates of 200 gpm or-less
were judged not to be risk-significant. '

The initial screening resulted in the selection of the safety injection :

(SI) system, including the low pressure safety injection system, and the i

shutdown cooling syster. Figures A.1 through A 6 are schematic diagrams
,

showing the hardware configuration of the safety injection system.

i

>

,

A-4
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A. 4! .1 Safety injection System

The safety injection system provides high and low pressure coolant
injection capability, as-well as_the ability to remove residual heat from the
reactor core when the plant is shutdown and at low pressures. There are two
low pressure safety injection system trains, each with one safety injection
pump, and two high pressure trains with three pumps. The safety injection
pump <. are normally aligned for cold leg injection (to all four RCS cold legs),
but are capable of _ supplying flow to the hot legs, also. The pumps start
automatically upon receipt of a safety injection actuation signal. During

injection -the RWSP supplies borated water which_the safety injection pumps
deliver to the cold legs via a common discharge header that branches into four

' lines, one for each RCS loop.

The low pressure safety injection pumps also provide the motive force
for shutdown cooling flow.~ In this mode of operatian they take suction from ;

the RCS hot legs-and discharge to the cold legs through the shutdown cooling
heat exchangers.

The safety injection system also contains four cold leg safety injection
tanks (SITS). Each SIT contains borated water with a pressurized cover gas.
The borated water is forced into the respective cold legs when RCS pressure
decreases-below the cover gas pressure.

-Testing of the safety injection system is specified in the plant
Technical Specifications end in the in-service testing (IST) program. The

pumps are flow-tested on a quarterly basis. The normally closed discharge
H0Vs are stroke-tested quarterly. Functional actuation tests of the safety
-injection system are performed during cold shutdown.

Table A.I. Low Pressure Safety injection Pump Data- 1

Type- Single-stage, vertical, centrifugal
Design pressure 650 psig

|
,

A-ll
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.

Design temperature 400* f.

Design flow 4050 gpm

Maximum flow 5500 gpm

Design head 342 ft

Head at roaximum flow 265 ft

Table /. 2 High Pressure Safety injection Pump Data

Type ;iciti-stage, horizontal, centrifugal

Design pressure 1950 psig

Design temperature 400* F.

Design flow 380 gpm

Maximum flow 910 gpm

Design head 2830 ft

Head at maximum flow 1275 ft

A-12
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Appendix B

ISLOCA Event Trees

This appendix describes in detail the ISLOCA scenarios developed for the
CE plant and the event trees used to calculate the core damage frequency. The

event trees are quantified on a yearly basis. The downward branch at each

node depicts the failure event listed at the top of the event tree and the
upward branch denotes the complement of the event (typically success). The

top events represent a combination of individual component failures, human
errors, and functional failures that describe the ISLOCA progression.

All event tree quantification is performed using mean failure
probabilities. An uncertainty analysis of core damage frequency is presented
in Section 4.5 of the main report. In addition, sensitivity studies were
performed for selected issues that are believed to dominate the risk or about
which there is significant uncertainty.

Note that only screening failure probabilities are shown for Sequences
IB, 3A, 38, 4A, ar,d 48. Sequences 2 and 5 were analyzed in detail, so the

failtre probabilities shown in the event trees for these sequences are the
mean values calculated in the detailed analysis.

fina11v, each event tree end state was assigned to one of the
consequence bins listed below.

OK - No overpressurization of the low pressure system occurred.
;

|

I OK-op - Scenario results in overpressurization of the interfacing system
but the system does not rupture or leak.

I
LKaned - Scenario results in RCS leakage from the interfacing ystem,

through either a break or an open relief valve, but no severe core
damage (sufficient to cause offsite health effects) occurs because the
leak is either isolated before core uncovery or the leak is too small to
interfere with core cooling.

B-3
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LOCA-ic Identifies scenarios that produce a LOCA inside containment.
Because these sequences are enveloped by the design basis analysis of
the plant, they are not fully developed on the event trees and these
scenarios are not considered to be core damage events.

REL-mit - An ISLOCA with core damage occurs but the radioactive release
is mitigated through some means, such as scrubbing through an overlying
water pool or general area fire sprays in the auxiliary building.

REL-1g An ISLOCA with core damage occurs and results in a large

unmitigated radioactive release. Note that this does not necessarily

imply that the broak size is large.

B.1 Premature Entry into Shutdown Cooling - SEQlA

A risk-significant scenario at the Babcock and Wilcox (B&W) plant
(see [B-1]) inolved premature entry into shutdown cooling, with RCS pressure
and tempera. re above the open permissive set point of the decay heat removal

(DHR) system suction isolation valves. This scenario was considered credible
at the B&W plant because the plant procedures allowed operators to bypass the
open permissive interlock for one of the two shutdown cooling isolation
valves. This allowed an error of commission to be postulated in which, once
the decision is made to enter shutdown cooling early, the operators will be
led to bypass the interlock for the other valve, also, even though the
procedure does not instruct them to do so. For the CE plant, the HRA did not

reveal any circumstances that would lead to an analogous scenario. Therefore,

this scenario was not developed further.
,

B.2 .RCS To SI System ISLOCA During Plant Startup - SEQlB

In Sequence 18 the plant is undergoing a startup from cold shutdown.
Thus, failure to close MOVs SI-401 and H0Vs SI-405 prior to raising RCS
pressure above 396 psig is the initiating event. The-event tree for this
sequence is contained-in Figure B.2, while the corresponding flow diagram is
displayed in figure B.l. Since startup is a " low-pressure" procedure compared

B-4
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i

to normal full RCS pressure, it is assumed that any overpressurization that
causes the relief valve to open will not cause an ISLOCA. The event tree

models one flow line (out of two) on a mission time of one year.

PSUM. The initiating event for this sequence is a startup from cold
shutdown. Such a startup is estimated to occur once every 18 months (cold

'

shutdown does not necessarily occur at every shut down), the frequency of
evant PSUM is assumed to be 0.67/ year.

MOVLO. Once the plant is in a startup mode, MOV SI-401 (A/0) and HOV SI-
405 (A/B) must both be left open after the RCS pressure exceeds 396 psig for
an ISLOCA to occur. Thus, event MOVLO represents the probability that both
51-401 and SI-405 are left open. The screening probability assumed for MOVLO

was 1.0x10''.

ACIF. If both valves SI-401 and S1-405 are left open, the automatic
closure. interlock (ACl) is designed to shut both valves automatically when the
RCS pressure exceeds 700 psig. Event AClf models the probability that the ACI
fails. Compounding the evaluation of this event is the fact that the analyzed
plant is petitioning the NRC for permission to remove the ACI (this is being
done because of concerns about losing SDC inadvertently due to valve closure).

.

Thus, two separate probabilities for this event were used. With the ACI in
place, the screening probability was assumed to'be 1.0x10'3. 'For the case of
removal of the ACl, ths._ probability of failure for this event would obviously
be 1.0. Tha Sequence IB event tree shows the sequence with the ACI in place.

|
'

,
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RVF1. This event models failure of relief valve SI-406 to open on
demand. The failure probability was taken to be 1.0 x 10'3

OFDP. This event models failure of the operators to detect the
overpressure condition in time to prevent damage. A screening probability of
0.5 was used for this and all other human error probabilities in this
sequence.

OFIP.- This event models operator failure to isolate the SDL system from
the RCS prior to damage. A screening failure probability of 1.0 was used.

ISR3. Event ISR3 .nodels a break in the low pressure portion of the SDC
system outside containment. The conditional probability of a break is taken
to be 1.0 for the screening analysis.

,

FTD. Event FTD models failure of the operators to detect the loss of
coolant and enter the correct emergency procedure. A screening failure

|
probability of 1.0 was used.

FTDGN. This event models failure of the operators to diagnose that the
break is outside containment. A screening failure probability of 1.0 was
used.

FTI. This event models operator failure to isolate the break given that
it has been dete.:ted and diagnosed, A screening failure probability of-1.0
was used.

RNM. Based on the walkdowns performed during the plant visit, the
probability that the release would not be mitigated by flooding or auxiliary
building fire sprays was judged to be 1.0.

B.3 RCS To LPSI Cold Discharge - SEQ 2

| Through the normal reactor operating year, MOVs SI-138 (A/B) and SI-139
! (A/B) are stroke-tested quarterly. Thus, the accident sequence path for the

B-8
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low pressure safety injection (LPSI) pump discharge is based upon the fact ,

that the MOVs will be opened once each quarter. Figure B.3 illustrates the
simplified flow diagram for the LPSI pumping path. The corresponding event

tree for this sequence is contained in figure B.4. The event tree evaluate? |

one flow path (out of four possible) for a mission time of one quarter. Thus,

to get the failure frequency estimate for the complete system based on a one-
year mission time, the sequence end state frequencies must be multiplied by
16.

!

Obviously, if the two isolation check valves (SI 335/336 (A/B) and SI- |

142/143 (A/B)) protecting the MOVs had failed, it would not he desirable to
npen the MOVs. But, for analyzing this sequence, it is assumed that no prior :

information (for example, a high pressure reading between the two isolation 3

check valves) is known for the system. This assumption is made because the

stroke-testing procedure does not direct the operators to check pressure
,

between the Ply check valves before performing the stroke test. Therefore,

for the model, it is postulated that internal failure of the two isolation
_

check valves will automatically lead to an overpressurization of the
interfacing system when the M3V is stroke tested,

t

5
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CHVF1. The failure of the two isolation check valves (S1335/336 (A/0)
and SI-143/144 (A/0)) is modeled as the initiating event. Since it is assumed
that both valves are closed ah in a non-tailed state at the beginning of the g

mission time, only a time depensnt failure mode is presumed.

Even though the two check va.1ves are not the same size (SI-335/336 are
12-inch valves, while SI-143/144 are 8-inch valves) and the environmental
conditions are not identical for the two check valves, an assumption is made
that the failure rate A is constant and the same for the two valves. This is
a conservative assumption that reflects the lack of detail available in the -

valve failure rate database. The failure rate is assumed to be lognormally
distributed, with a mean value of 8.7x10 a/h and error factor of 10. The

probability that one of the check valves fails in a time T is defined as

Ae4 *deP(Tst) =

4'-1-e

=At (for A t <1)

Since the model for CHVF1 assumes both check valves failure rates are
,

identical, the underlying probability failure distributions for the two valves
must be interchangeable, which leads to the assumption that the valves need to
be treated as if the failures were correlated. Thus, for the two check valves
in series, the probability that they both fail _in the mission time is given by
the probability of the first check valve failing intersected with the
probability of the second check valve failing, or

E(CHVF1) = E((CRVF) t O (CHVF)2)

= t*E(A2)
a= t ([E( A) P + var ( A))

1
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L Given that the mission time is 2190 hours, the probability of failure for the

two check valves is calculated to be 2.58x10''. This probability is
multiplied by 16 (four quarters per year times four injection lines) in
calculating the end state frequencies for this sequence. ,

p0. This event models the opening of HOVs SI-138 (A/B) and SI-139

(A/B). Since the MOVs are opened once each quarter for stroke testing, the ,

probability of event P0 in the mission time is assumed to be 1.0.

!$R3. Event ISR3 models a break in the low pressure portion of the LPSI

system outside containment. This probability is calculated in Appendix f,
The conditional probability of a break is found to be 1.0.

FTD. Event FTD models failure of the operators to detect the loss of
,

coolant and enter the correct emergency procedure. Thc quantification of this
event can be found in Appendix C. The mean failure probability is estimated

to be 1.8 x 10'8 .

r

FTDGN. This event models failure of the operators to diagnose that the

break is outside containment. The quantification of this event is presented
in Appendix C. The mean failure probability is estimated to be 2.0 x 10''.

FTI. This event models operator failure to isolate tl.e break given thas
it has been detected and diagnosed. In quantifying this event (see Appr,ndix C

for details), the flow of the plant's existing emeroency procedures was
strictly modeled. Because the emergency procedures e.o not-contain steps that

would direct the operators to isolate the break (by terminating LPSI flow),
and because the operators have received post THI training that cautians
against overriding a valid safety injection signal, the failure probability of
this event is 1.0. It is possible that the operators could take knowledge-
based actions outside of the emergency procedures, but such actions were not
modeled in the base case analysis.

,
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RNN. Based on the walkdowns performed during the plant visit, the
probability that the release would not be mitigated by flooding or auxiliary
building fire sprays was judged to be 1.0.

B.4 RCS Cold legs to High Pressure Safety Injection (Header A) - SEQ 3A

This scenario is similar to Sequence 2. Once each quarter, MOVs S1 225

through SI-228 (A/B) are stroke-tested while the plant is operating. Thus,

the accident sequence path for the high pressure safety injection (HPSI) pump
discharge is based upon the fact that the MOVs will be opened once each

,

quarter. Figure 8.5 depicts the simplified flow diagram for the HPSI pumping
path. The matchir,g event tree for this sequence is in Figure 8.6. The event

tree models one flow path (out of four) on a mission time of one quarter. !

i

|

Once again, if the isolation check valves in the sequence protecting the '

~ t, for thisH0Vs had failed, it would not be desirable to open the MOVs. u

analysis, it is assumed that there is no prior knowledge for the system.
Thus, for the model, it is assumed that random failure of the two isolation
check valves will automatically lead to a demand on check valve SI-216.

CHVF2. The initiating event for this sequence is the failure of the two
isolation check valves (SI-335/336 (A/B) and SI-241 through $1-244 (A/B)).

'

The event is modeled as a single event, similar to event CHVFl. It is assumed
that both valves are closed and in a non-failed state at the beginning of the
mission time, leading to only a time-dependent failure mode for the check
valves.

L

Although the twp check valves are not the same size (SI-335/336 are 12-
inch valves, while SI-241 through S1-244 are 8-inch valves) and the

|
t

:
..

5
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!
,

I

t

environmental conditions are not identical for the two check valves, it is ,

assumed that the failure rate A is t;nstant and the same for the two valv' ;

The failure rate is assumed to be lognormally distributed, with a men, m :

of 8.7x10'8/h and an error factor of 10. Using the analysis from Sequence 2,
the quarterly failure probability of event CHVF2 is found to be 2.58x10'7

P0. Event P0 is similar to that for Sequence 2, except the MOVs that
are opened during stroke-testing are SI 225 through SI 228 (A/B). Since the i

HOVs are opened once each quarter, the event probability for one mission time
is assumed to be 1.0.

.

CHVF3. Once the two isolation check valves fail, the interfacing system
will become pressurized, putting a demand on check valve SI 216. Thus, event

CHVF3 models the probability of the check valve SI-216 failing to close upon
'

demand. This failure probability is taken to be 1.0x10'3/ demand.

CHVF4. This event is the same as CHVf4 except that check valvt SI-207A

must close. The failure rate of CHVF5 is taken to be 1.0x10'3/ demand, also.

B.5 RCS Cold Legs to HPSI (Header B) - SEQ-38

Sequence 3B is comparable to Sequcnce 3A with the exception that
Sequence 3B-has one'less check valve to protect the interfacing system.
Whereas-header A has check valve SI-216, header B does not have the

corresponding check valve in the piping design.
!
.

The piping diagram for this sequence-is shown in Figure B.5, the event
,.

tree in Figure B 7. The only difference between the event tree for Sequence
3A and that for Sequence 3B is that event CHVF3 has been deleted in sequence
38. As in Sequence 3A, the event tree analyzes one flow path (out of four

-possible)f on a mission time of one quarter.

After the deletion of event CHVF3, the remaining events in the event
tree are identical for the two sequences.

-
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B.6 RCS Hot Legs to liPSI (Header A) - SEQ-4A j

Once every quarter MOVs SI-502A and SI-506A pre stroke-tested. 4

'

Therefore, Sequence 4A is based on the opening of MOV SI-502A. Since valve
SI-502A is opened and closed before valve SI 506A is opened, the opening of
SI-502A is defined as the initiating event for the sequence. Once again, the
assumption of no prior knowledge of the condition of the system is used. The

system flow diagram in shown in Figure B.8. The event tree for Sequence 4A is
shown in Figure B.9. The event tree analyzes one flow path (out of four) on a
mission time of one quarter. )

|

CHVFS. The initiating event is similar to event CHVF1 from Sequence 2,
except the two check. valves that are modeled are SI 512A and SI 510A. The

modeling of the two check valves results in a quarterly failure probability of
2.58x10''.

P0. Event P0 models the plant operating at normal power and the MOV
SI-502A being opened for stroke-testing. Since valve SI-502A is stroke-tested
once a quarter, the probability of event P0 is assumed to be 1.0.

NOVF2. Event MOVF2 models the internal random failure of MOV SI-506A.
The failure rate is assumed to be 1.0x10'#/hr, Thus, fer a mission time of

2190 hours, the probability of failure for the closed M0V is 2.19x10''.

The remaining events are the same as for Sequences 1A and 38.

B.7 RCS Hot Legs to HPSI (Header B) - SEQ-4B

| Sequence 4B is similar to ' ' nce 4A except that check valve SI-216 is
absent from piping header B. ...,w diagram is contained in Figure B.8,
while the event tree is conta sed in Figure B.10. As in Sequence 4A, the

event tree models one flow path (out of four) on a mission time of one
quarter.

B-19
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The initiating event for Sequence 4B is the opening of MOV SI-5028. The

initiating event probability is identical to that of Sequence 4A, and is
assumed to be 1.0.

CHVF6. Thit event is similar to event CHVFS, except the two check valves
that are modeled are SI-512B and 51-F10B. ihe quarterly failure probability
is found to be 2.58x10'7 .

P0. Event P0 models the plant operating and valve SI-503B cpening.
Since SI-502B is-tested every-quarter, the probability of this event is
assumed to be 1.0.

MOVF3. Event MOVF3 is like event MOVF2, except that the valve _that is
modeled is SI-506B. The probability of failure for this event is 2.19x10''.

The remaining sequence events and event probabilities have previously
been defined.
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B.8 RCS Hot legs to the LPSI System During Shutdown - SEQ-5

When the analyzed plant enters shutdown cooling, the operators rely on
check valves SI-108 and SI-1071 closing when the RCS pressure exceeds the
interfacing system design pressure. Thus, Sequence 5 is based upon failure of
the two check valves. The simplified flow diagram for this sequence is
contained in figure B.11. The ISLOCA event tree is contained in Figure B.12.

PSM. The plant is assumed to enter shutdown cooling using the LPSI
system once a year on average. During the shutdown, MOVs SI-401, S1-405, and
SI-407 (A/B) are opened. Therefore, the probability of one initiating event
in the mission time is assumed to be 1.0.

CHVF10. This event models the failure of check valve SI-108. Due to the
as-found degraded condition of valve SI-108, no credit is taken for this
valve. Thus, the demand failure probability of event CHVF10 is assumed to be
1.0.

CHVF11. Event CHVFil models the failure of check valve SI-1071 to close on
demand. The demand probability is assumed to be lx10'3 .

The remaining events have already been defined. The human errer
probabilities were calculated in Appendix C. Tne probability of a break in

the interfacing system was calculated in Appendix F.

|
|
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;

i

!

|
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CE ISLOCA Human Reliability Analysis

This appendix describes in detail the methodology and results of the
human reliability analysis (HRA) for the third ISLOCA probabilistic risk

assessment (PRA). HRA was used to model the predominant human errors for each

significant scenario in the PRA. HRA is a methodological tool for analyzing,
- predicting, and evaluating work-oriented human performance in quantitative,

'

that is, probabilistic terms. As a diagnostic tool, HRA can be used to
identify those factors in the system which lead to less than optimal human
performance and can estimate the error rate anticipated for individual tasks.
In a given system, or sub-system, HRA can also be utilized to determine where
human errors are likely to be most frequent. Traditionally, HRA analysts

model human performance through the use of event trees like those found later
-in this appendix.

The general methodological framework for this ISLOCA HRA was based on

guidelines (under development) from the NRC-sponsored Task Analysis-Linked
Evaluation Technique (TALENT) Program (C-1] which recommends the use of task

analyses, time line analyses, and interface analyses in a detailed HRA.
NUREG/CR-1278, .the Handbook of Human Reliability Analysis with Emphasis on
Nuclear Power Plant Applications (THERP)- (C-2], recommends similar techniques
and, in addition, provides a data base that can be used for estimating human
error probabilities (HEPs). Finally, this ISLOCA HRA integrated the steps
from the Systematic Human Action Reliability Procedure (SHARP) (C-3], and A

Guide for General Principles of Human Action Reliability Analysis for Nuclear

Power Generation Stations (draft IEEE standard P1082/07 (C-4]).
I

-From this combination of approaches, the analysts identified 11 basic
steps, summarized below, which were used as guidelines for this HRA.
Following this brief summation of the 11 steps is a detailed explanation-of
how each step was applied to the HRA process. The 11 basic steps are as

follows:

1. Select the team and train them on relevant plant functions

and systems. (IEEE P1082)

C-5
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2. Familiarize the team with the plant through the use of
system walkdowns, simulator observations, etc. (IEEE P1082)

3. Ensure that the full range of potential human actions and
interactions is considered in the analysis. (SHARP) (IEEE

P1082)

4. Construct the initial model of the relevant systems and
interactions. (IEEE P1082)

5. Identify and screen specific human actions that are
significant-contributors to the safe operatian of the plant.
This was accomplished through detailed task analyses, time
line analyses, observations of operator perfonmce N the
plant and in the simulator, and evaluations of the hunn-
machine interface. (SHARP and IEEE P1082)

6. Develop a detailed description of the important human
interactions and associated key factors necessary to
complete the plant model. This description shou.d include
the key failure modes, an identification of errors of
omission / commission, and a "eview of relevant performance
shaping factors. (SHARP) (IEEE-P1082)

7. Select and appi, m ropriate HRA techniques for modeling tne
-important human actions. (SHARP)

8. Evaluate the impact on ISLOCA of significant hunian actions
identified in Step 6. (SHARP)

9. Estimate error probabilities for the various' human actions
and interactions, determine sensitivities, and establish
uncertainty ranges. (SHARP) (IEEE P1082)

10. Review results (for completeness and relevance). (IEEE

P1082)

11. Document all information necessary to provide an audit trail

and to make information understandable. (SHARP)

The following paragraphs explain in detail how each of the preceding
steps was completed. Since the PRA/HRA process is iterative in nature, the
reader should note that several sections of this 11 step method were repeated

,

to refine the analysis.
|

|
C-6
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The first two steps:in this process required the selection of a PRA/HRA
team and their subsequent = training on the plant and its relevant systems. The

PRA/HRA team from the INEL was composed of three members: a' nuclear engineer

(for the PRA), a human factors engineer (for the HRA), and an electrical
engineer-(with: extensive experience in both the PRA and HRA approaches). To

familiarize, or train themselves, the team members reviewed the following:

mechanical and electrical system descriptions (e.g., the reactor-

coolant, residual heet removal, safety injection, and chemical and
volume control systems),
a sourcebook of plant systems and schematic drawings (NRC-03-87--

029, FIN D-1763 [C-5]), '

the plant's Final Safety Analysis Report (FSAR),-

- the plant's Technical Specifications [C-6],
plant procedures (operating, ' abnormal, emergency, maintenance,-

-

administrative, etc.), station directives, and operational

practices,
- piping and instrumentation diagrams (P& ids),

the types, capacities, and locations of check valves / motor--

operated valves identified a:: - being pressure isolation valves,
training materials such as flow charts, lesson plans, etc.,-

crew composition (for control room and auxiliary building-

-operators) and level of training / experience,-
-

- significant-precursor informatiori ? rom general ISLOCA-related
LERs, as well as a plant-specific ISLOCA-related LER (NRC
Inspection Report 50-412/90-10 and 50-414/90-10 [C-7]).

!

'~ 'This training / familiarization-process for the plant's systems was enhanced-by
a two-week visit to the plant.

Step #3 required that significant human actions and interactions be
-incorporated into the ISLOCA PRA analysis. This was accomplished through an
extensive data collection process during the plant visit. As part of the data
collection, the utility provided written procedures, training materials, and
P&ID drawings. This data was supplemented by interviews and detailed task

C-7
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|

analyses with both licensed and non-licensed nuclear operators in the plant.
Observations of control room personnel,- the use of the utility's simulator,
and system walkdowns with' licensed and non-licens, ! operators supplied

additional information. Further information was supplied tii., ogh intervisws
and walkthroughs with a former_ shift supervisor ( with over 10 years
experience) from this particular plant.

:

The initial ~ plant models were constructed in the fourth step. Using the

plant-specific data gathered in Step #3,_ the HRA analysts worked with the _PRA
analyst and systems engineering personnel to specify-human actions related to
the postulated ISLOCA scenarios. As a consequence of several findings from
the earlier ISLOCA pRA of the B&W plant, significant attention:was given to
latent, or precursor, human errors during normal operations which could _ lead
to inoperable equipment or misaligned valves. Examples of these precursor
actions included: 'jumpering of valves to defeat protective interlocks,
maintenance procedures,_in-service testing practices, and administrative
procedures governing the generation and completion of work packages.

F

The HRA analysts also examined active, or initiator, failures which
could lead to an ISLOCA, and post-initiating human errors during responses to ,

abnormal situations. Examples of initiator failures included violations of
Technical Specifications, procedural violations (such-as early entry into i

decay heat removal), selection of the incorrect vent path, and reconfiguring>

plant equipment. For post-initiating errors, _ the HRA team examined operator
~

responses following n significant break outside' containment. Specifically,
thellib4 analysts looked at operator actions entailing detection, diagnosis,
recovery, and- isolation.

,

t

The' fifth step required the HRA analysts to identify'those human actions
which- are significant contributors to the effective operation and ' safety of ;,

the plant. Using the data collected in Step #3, in conjunction with a review j
i of operational procedures and training materials, the HRA team screened _the |

various human actions, identifying those wnich had a significant impact on
plant : operations and/or safety with respect to ISLOCA. These significant-

,

C-8
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human actions were included in the PRA event trees, and they helped guide the

activities in the next step.

The output from the preceding step (i.e., Step J5) was a group of
important human actions, for specific ISLOCA scenarios, which were described
in generic, functional terms (e.g., operators recover system). In the sixth
step, the analysts expanded the description of each of these key human actions
from a functional description into specific operator tasks and subtasks (e g.,>

operator opens valve SI-401A, or operator closes valve S1-407B). By breaking

down the human t;tions into specific tasks and subtasks associated with
individual equipment and procedures, the analysts began to identify specific *

failure modes, root causes,.and failure effects. The description of each
t:sk/ subtask was enhanced by referencing significant performance shaping
factors (PSFs) which affected a given task. These PSFs were derived from the

task' analyses, time line analyses, evaluation of the human machine interface,
and direct observation < of operator performance. Examples of PSFs included:,

,

1- the quality of the human-machine interface,
2- written procedures (eniergency, abnormal, maintenance, etc.),

3- P& ids,

4- response tiaes for systems and personnel,

S- comraunication requirements,

6- whether the operator actions were skill, rule, or knowledge-
'

based,

!- 7- crew experience.
.

| 8- levels of operator stress in different scenarios,
9- feedback from the systems in the plant,
10 - task dependence and operator dependence,
11 - location of the task-(e.g., control . room, auxiliary

building, etc.),
12 - -training for individual operator actions, including ISLOCA

situations.

Each PSF was seen as casting either a positive or negative influence on
the basic HEP, that is, as either decreasing or increasing the probability of

C-9
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failure for a given human action. For example, some of the positive PSFs
found at the plant included the following:

1- "The team did not identify any significant deficiencies in the
man-machine interface that might significantly increase the
probability of an operator error initiating an ISLOCA." [C-7)

2- "The team found emergency operating procedures to be well written
although they lacked some human factors consideration. (see #2,
negative PSFs)." (C-7)

3- "Although training specific to ISLOCAs was not part of the
licensee's. training program, operators indicated, during
walkthroughs and simulator exercises, that they were aenerally
well prepared to cope with losses of RCS inventory."[C-7]

Examples of negative PSFs were:

1- ...the team identified weaknesses in the man-machine interface"

that could adversely affect _the ability of the operators to'

mitigate an ISLOCA because of poor equipment labeling and the
inaccessibility of some equipment." [C-7)

2- Even though E0Ps were generally well-written, the RCS Leak
Procedure, OP-902-002, does not provide relevant guidance with
respect to requisite actions for the isolation of ISLOCAs. As a
result, operators and supervisory personnel would have to rely on
knowledge-based actions, outside of normal procedures.

Within the context of the prior finding, operator training (based3-
-

-on Three Mile' Island scenarios) emphasized that operators should
not override a safety injection occurring in conjunction with an
unisolated RCS leak (see Sequence 2). This training could lead
control room personnel away from the necessary actions in Sequence
2 to isolate a break in the safety injection lines (e.g.,
operators would hava to sequentially close each HPSI and LPSI
safety injection valve On the affected SI train).t-

4- Operators' ISLOCA diagnristic abilities were focused on Attachment
1 of OP-902-002, which verifies a LOCA outside containment but
directs-operators to a procedure (0P-902-002) which does not
. provide relevant gui M ce for the isolation of an ISLOCA. I

For this HRA analysis, the majority of influences from specific PSFs
were implicitly modeled as each HEP was identified and quantified using
various THERP tables. A careful examination of these tables will show how

,

C-10
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-individual basic HEPs can only be identified after associated PSFs are

specified. Stress and dependence were explicitly modeled (using T' RP) as two

of the more significant PSFs. From a human performance perspect:.e , high

levels of stress lead to higher probabilities of human error. Generally, a

person's short-term memory (STM) can reto n from five to nine items of
information_for brief perioas. However, as stress increases, this capacity
shrinks to levels where STM can only hold three to five items. This well

documented finding interacts with a phenomenon called cognitive tunnel vision
where high levels of stress cause an operator's visual and perceptual
abilities to begin shrinking into a limited focus so that only one or two
salient aspects of his environment are featured. Also, as stress continues to
increase,.the operator begins to retreat from current conditionst relying on
previously learned (perhaps incorrect) patterns of behavior. In Sequence 2,

for operator actions-FTD-LOCA (fail to detect LOCA) and FTDGN (fail to
diagnose ISLOCA), stress levels were modeled as moderately high due to
required procedural responses during a reactor trip and/or safety injectiot.
For Sequence 5, FTD (fail to detect loss of coolant)-stress was initially
modeled as optimal until entry into OP-901-046, the Shutdown Cooling
Malfunction procedure, when it increased to moderately high. For FTDGN in

~ Sequence 2,-stress remained at moderately high levels, but was increased
slightly -(e.g., a PSF modifier of 3) in FTI-A/FTI-B. This slight increase was
modeled to reflect this ' plant's concern about a loss of shutdown cooling

(based _on a significant past LER.

In several of the ISLOCA scenarios, low (LD), moderate (MD), and high

(HD) levels of dependence-were assigned between the control room supervisor_

(CRS) or_ shift supervisor (SS) and the licensed reactor operator (RO). As

used-in THERP, dependence refers to the level of interaction between two or
more workers. Dependence is usually modeled on a scale which ranges from;

complete dependence (where a second worker fails on a given task because of

| the failure of a primary worker on the same task) to complete independence

(zero dependence or ZD).

A detailed data collecticn form (see Figures #1 and #2 in this appendix)
was developed as an aid in the HRA data collection, task analyses, and the

C-Il
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decomposition and description activity just mentioned. This data form served
as a template which guided the collection of the requisite information, in
sufficient detail, for each task or subtask in the dominant ISLOCA sequences.
Additional items of information, for each human action, were added to these
forms as new details surfaced (i.e., details from follow-up telephone
co_nversations with plant personnel, the ISLOCA inspection report for this
plant, and a comparison of procedural steps to P& ids).

The output from the preceding step (#6) is an extensive list of operator

tasks and subtasks (with their associated PSFs) for each human action in the
dominant PRA sequences. These detailed tasks are the required input for the
seventh step, where appropriate HRA techniques for modeling the significant
human actions were selected and applied. For each human action, the analysts

selected an appropriate technique for task modeling and quantification.
Because most of the human actions in this HRA involved the use of various
wr Eten procedures, THERP-type HRA event trees were used in modeling a
majority of the human actions in the detailed analysis. However, not all
ISLOCA scenarios were best represented by THERP event trees alone. In those
cases, HRA fault trees were used in conj m etion with the typical THERP event
trees. The fault trees and THERP event trees were used in a detailed analysis
to estimate the-probability of human error for each of the dominant human
actions. Quantification techniques included THERP and Human Cognitive

Reliability (HCR) [C-8]. For each human failure, basic HEPs were caiculated

using THERP or HCR and were then modified using performance shaping factors

(PSFs) to realistically describe the work processes at the utility.

I
Prior to the quantification, or estimation of human error probabilities,

the PRA and HRA specialists reviewed and evaluated the significant human
actions,-and their associated PSFs, for each of the dominant ISLOCA sequences
(Step #8). After this evaluation, the HRA analysts developed the HRA event
trees and fault trees used to model the significant human actions, and their
associated PSFs, for each of the dominant ISLOCA sequences (Step #8). After
this evaluation, the HRA analysts developed the HRA event trees and fault
trees used to model the significant human actions in each sequence. According

to the SHARP method, the development and use of these HRA f ault and event

C-12
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p 1

Seque nce ID Task 10 Subtask 10

Cr ew S1Ze & CoFDosition

Who does task / subtask?

Crew exper ience : Low _____ Optimel_____ Moderate _____ High_____

ls time limit i rgxv ta nt for thlF task / subtask? "es or No

T ire to perform task / subtask (after diagnosis / decision)
Median response t ime f or whol e task _______ Std. Dev ____ __

Plant / system' tire available

If task rot successfully completed, what is next action 9

--

c and type of a larrs compet i ng f or at tent ion

Quality of plant interface: Exc e l l ent ___ Good ___ Fa i r ___ Poor __ ver y Poor

Operators Stress: Low ___ Optimal ___ Nbderate___ High____

Type of instrument / control ___

HF - notes on controls- _ _ _ _ _ _

Consequence of i mproper per f or mance - Hi gh___ Madi um___ Low ___

Explain:

Feedback / system response to operator action

j .Operat i on rout i ne : Yes or No Operat ien/ trans ient understood: Yes or No

Proc Pead: fes or No Proc covers case: Yes or No
: Proc we l l wr i t t e n : Yes or No Proc understood ' Yes or No

Proc pract iced: Yes or No How much practice / training on task'
i

Cogn i t i ve Behav t or : Skill _____ Pule _____ Knowledge _____

Tagging: Yes or No Describe:

Recovery Actions: JCheck l i sts_____ inspections _____ 76d Person ___ _

Feedback from Annunc ia tors _____ Alarms _____ Displays _...__

Figure 1: ISLOCA Data Collection Form, page 1

C-13
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- _ __

p- 2

Local- or- Rernote operat ion? Explain;
_

t

Type of c lothing dur ing act ion:

>

Tasks or - subtasks done step-by-step _____ or Dynamic __ .

Dependence _. l s - t he order o f t he tasks cr* I t i ca l Yes or tb
~

Does the success / f el Iure of one act Ion af f ect the success / f a i i ure of the next

Yes or tb . Explain'
,

If 2 rien do the Job, does the action of elther one af Tect the success / f a l i ure

'of__the next?. Yen or Pb Explain:

is the j ob done wi th rest stops ___ or cont i nuous per f ormance__.,__?

I s t her e any r ad i at i on saf ety or c a ut i on f or t h i s j ob? Yes or f40

if yes,-what dosage ?.___,__ . _ _ rnr em

HF convients - of pl ant _ spec if Ic PSF 's :

,

Add i t l ona i = comnnnts/ ooser vat t ons :

-

.

__

W

,

Figure.2: ISLOCA Data Form, page 2
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trees "provides a disciplined approach for explicitly evaluating alternative
actions and, if properly interpreted, may provide the rationale for including
some human errors known as acts of commission in the event tr>es." This HRA

modeled errors of commission and omission, which are identified on specific
branches of the event trees seen later in this appendix.

Assigning HEP estimates to each of the subtasks was the major activity
in Step #9 -Quantification. Traditionally, HRA analysts model human

performance through the use of an event tree like Figure 3, which represents
"FTD," fail to detect LOCA for Sequence 2. Operator error was generally

placed along the descending right branches of the event tree. Successful

operator actions were sequenced on the left side of the tree. For example, on

the top left, Event "a" - Control Rcom (CR) Detects Dropping Pressurizer (PZR)

Pressure, is the success path. Failure to accomplis ~n ti.h task is modeled as

Event "A" - CR Fails to Detect Pressurizer (PZR) P.wssure Dropnirg. When a
second operator, or group of operators, is invo'end, such as in Event "B" -

Control Room Fails to Detect PZR Low Pressure llams, the action of this
second operator,.or group, may be modeled in a recovery branch, as shown in

Figure 3. Event "b" models the opportunity for the ceatrol room to detect the

pressurizer _ low pressure alarms. If the control ecom does detect the alarm,

this becomes a recovery action because i', woold bring the model back~ to the

success path (via the dotted lines in F%:re 3).

Basic HEPs for each individuel failure were calculated using THERP or
HCR. These basic HEPs-were thtn modified using PSFs to realistically describe

the work process. Each PSF either increased or reduced the likelihood of a
given human error act.on. For the event tree in Figure 3, the following PSFs
were used to modify the basic HEPs:

- The co't ol room is assumed to be in Mode 1 operations with one R0

perfei sing a quarterly stroke test on the safety injection (SI)
valves. It is assumed that two PIV check valves have failed and
that, as the R0 opens the associated SI valve, there is an
immediate overpressurization and break, which results in a reactor
trip and safety injection actuation signal.
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Stress levels were modeled as being moderately high following the j--

break.
The crew was judged to be exoerienced.--

- liigh dependency (HD) was used to model the relationship between
' the CR's ability to detect decreasing pressurizer pressure (or !

level)~and the CR's ability to detect the subsequent pressurizer
alarms. High dependence was also modeled between the CRS and SS

as they decide to enter OP-902-002, the RCS Leak neduction

Proccdure.

Individual error paths were identified and failure probabilities were
estimated using the HEPs and tables from THFRP or estimates from HCR. (The

probabilistic values in the THERP tables are to be considered as median values
from a lognormal distribution. The estimates from HCR are assumed to be point

estimates). For example, path "A" in Figure 3 leads to failure by the CR to
detect pressurizer pressure dropping (the first branch on the right side of
the tree)._ This- particular failure had a basic median HEP of 0,006 (from

Table C1) and an error factor of 3. This information came from THERP Table

20-10 #3, item #2, arj was modified by a PSF of 2, for moderately high stress.
The basic median HEP is converted to a basic mean HEP which is modified by the

'

same PSFs. This results in a-nominal mean HEP of 0.015 and an error factor of
3.

Each event tree has several unique error paths. For example, event "A"

and event "B" togeth>? constitute an error path wherein the CR fails to detect

| dropping pressurizer pressure and the same CR crew fails tn detect the
subsequent alares. _In a similar manner, failure path "A-b-C-D" models a
sequence of events in which the CR fcils to detect dropping pressurizer
pressure, then detects the subsequent low pressurizer pressure alarms, but
fails to detect decreasing pressurizer level and the subsequent low level
alarms. Probabilities for each unique error path were calculated by
multiplying each nominal mean llEP on a given error path by any other nominal
mean HEP on the same error path (see Table C2). For example, the error rate
for path "A-B" would be calculated by multiplying the HEP of failure "A"

(0.015) by the HEP for failure "B" (0.279), resulting in a nominal HEP #or

C-17
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that path equaling 0.004 (0.015 x 0.279 - 0.004). NOTE: the 6-digit accuracy
for numerical: values in the following tables is an artifact of the software
used-for quantification and does not imply 6-digit precision for the HEP
estimates. Other examples of error paths for this event tree include: "A-b-
C-D", "a-c-E-F", and "A-b-C-d-E-F.* The failure probabilities for individual
error paths were summed to give the total failure probability for that event

* - tree. The resulting error factor for the total failure probability was
calculated from an uncertainty analysis using IRRAS (the Integrated

~

Reliability and Risk Analysis System [C-9]).

Table C1 lists the basic median HEPs and nominal mean HEPs for the event
tree depicted in figure 3 (FlD-LOCA, Sequence 2). This table enumerates the
basic human _ actions / errors, the basic or unmodified HEPs (median and mean),
their sources from the table and item number in THERP, whether the action was

modeled _ as being performed in a step-by-step mode or dynsmically, PSF modifier
values and the related THERP source, level of dependency, and finally, the
nominal, or modified, mean HEP with its e ror factor (derived from THERP HEPs

or THERP Table 20-20).

||

b
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Table C2 lists the individual failure paths for figure 3, FTO-LOCA, and
.the resulting failure probabilities for each path, including how the failure
probabilities were calculated (again s Jigit numbers do not imply 6-digit

precision for HEP estimates). (As a note for subsequent tables, failure
probabilities of "*" on the tables signify negligible error rates which were
less .than 10''. ) Table C2 also lists a total-failure probability for each
event tree, which is-simply the sum of the failure probabilities from the
individual failure paths. As indicated in Table C2, the total failure
probability for the FTD-LOCA event tree in Figure 3 is estimated to be about
0.018. As a point estimate, given the PSFs discussed earlier, an R0, or group
in +he CR, can be expected not to enter the correct procedure after detecting
a loss of coolant, about 18- times out of a thousar.J.

As discussed in Section 4.2 of the main report, the estimates of human

-error probabilities obtained from THERP are generally treated as point
estimates with a given error factor. The authors of THERP indicate that there
is insufficient data, at this time, to accurately determine the true shape of
the underlying probability distribution associated with these point estimates
and that these distributions are unimportant. Quoting from THERP (pages 7-6

through 7-8):

"Although we would like to have data clearly showing the distributions
of human performance for various NPP (nuclear power plant) tasks, there
is ample evidence that the outcomes of HRAs.are relatively insensitive
to assumptions about such distributions...."

.The. authors then provide several examples to support a general conclusion:

"the-assumption of normal, lognormal, or other similar distributions
will make no material difference in the results of HRA analyses for NPP

operations. In some' cases, this insensitivity may result from a well

designed system that has so many recovery factors that the effect of any
one human error on the system is not substantial.... For computational
convenience, one might wish to assume the same distribution for

C-21
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F prob 1bilities of human fai:Jre as the one used for probabilities of
equipment failure, as was up i in WASH-1400."

:

To summarize, the Luthors of THERP "suggest" that iiRA analysts " assume"
the point estimatos from THERP are medians from a lognormal distributicle, even

l- though such an assumption is " speculative * at best.

While the THERP approach (treating the HEPs as median valt.es from a
lognormal distribution) has certain computational and interpretational
advantages, it has one distlact drawback, with respect to PRAs. In most PRAs,

hardware failure probat*11 ties are assumtd to be lognormally distributed. The
,

!HEPs are multiplied by hardware failure probabilities when calculating core
damage frequencies. This requires a median to be multiplied by a mean, a
procedura which does not result in a mean value of the core damage frequency.

'

A mean core damage frequency can be obtained by converting the mediert HEP
values (from an assumed lognormal distribution) to MHD HEP values, thereby
al' wing the necessary multiplications.

This HRA Mopted THERP's recommendation to treat each HEP as a median

value from a 1 'rmal distribution. Detailed HRA analyses were conducted for '

each of the sis 'icant scenarios identified in this ISLOCA PRA. Tables C1
,

and C2 summari7.e the results of these analyses, i.e., by converting the median ;

HEPs to mean HEPs using the following formulas:

Nean REP = exp ( p + - ) ; )
! where k = the Median HEPs

p = Ink; and, l

n , In(ErrorFactor) '

1.645

' . .|
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Converting median HEPs (from an assumed lognormal distribution) to mean HEPs

allowed uncertainties in human error to be included in calculations of the
uncertainty in , ore damage frequency. The actual conversions to mean FEPs
were accomplished by insertir.g the basic, median HEPs in each event tree inte
the equations above. The resulting mean HEPs were then modified by

appropriate PSFs and used ir the appropriate error branch on specific event
trees to calculate error path and total failure probabilities for each event
tree.

A careful review of Table Cl will show that the conversion from median j

to mean HEPs can cause problems with the resulting confidence interval. The

reader may recall that individual HEPs are considered a coint estimate with |

some uncertainty, e.g., a confidence interval, surrounding it. Generally,

this confidence interval is defined by calculating the upper bound (95th
percentile) and lower bound (5th percentile) for each IlEP. The upper bound is

found by multiplying the nominal (modified-median) HEP L,y its associated error
'

factor (EF) and the lower bound results ty dividing the nominal | modified-
median) HEP by the same n . For example, when the basic median HEP for event

,

"A" (Table Cl) is modified, it becomes a value of 0.012 (the nominal mean HEP
equals 0.015), the resulting upper bound is-0.036 (0.012 x an EF of 3).'

Likewise, the lower bound is 0.004 (0.012 divided by the EF of 3). .

However, when a basic HEP is modified by several PSFs, including

dependency, problems with the confidence interval begin to arise. For

example, examine avent "B" on Table Cl. The basic median HEP for this event
is 0.0001 with an-EF ot 10, When this HEP is converted to a mean value and
modified for stress and high dependence, the resulting nominal mean HEP is 0.5
with an EF of- 5 -(from T|iERP 'able 20-20, #5). -If. one calculates the upper
bound for this HEP by multiplying this value by the EF (or more correctly by-
multiplying the modified median value, 0.5, by the EF) the result is a value j

of 2,5; this value is an anomaly, because the maximum value for a probability
is constrained to be less than or equal to one (i.e., unity). To correct this
difficulty, the nominal mean HEP and EF were-adjusted using a constrained -

lognormal distribution (see Appendix 0 for details). The resulting revised
,

nominal mean HEP and EF are shown in Table C1 as the values with a "#", just
- -

t
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below the old values for event "B". The revised mean HEP is 0.279 with an Ef
of 2.b. Sin.ilar adjustments have been made for other events in Sequence 2, as :

well as for several human actions in Sequence 5. Table C3 lists all of the
HEP revisions for each sequence and individual actions in this HRA. This ;

table lists the sequence number and associated HRA tree, the human action from :

that tree, and the following t,;.merical values:

1 - basic median HEP with its EF,
2 - modified median HEP (using assm sated PSfs) with suggested EF,
3 - Mean HEP and its EF (from lognormal distribution),
4 - Revised mean HEP and EF (from constrained lognormal distribution),
5 - 50th percentile value (constrained lognormal distribution), and
6 - 95th percentile value (constrained lognormal distribution).

:
'This example focused on the event tree for Sequence 2, event FTD LOCA; a

similar process was followed for each of the remaining human actions in the
,

HRA. Specific details, including event trees and HEP tables are provided in
the following section. '

In the final two steps (#9 and #10) of the HRA process, the analysts
reviewed the results of the HRA and documented all of the information needed
to provHe an audit trail. As firal HRA failure probabilities were generated
for each-ISLOCA sequence, the HRA. analysts consulted with the PRA analyst and

a systems engineer regarding the validity, completeness, and relevance of the
results. Durino these reviews, several questions arose which required more

1

information. Several telephone calls were placed to operations personnel at i

the plant and detailed interviews or walkthroughs were conducted with a past
shift supervisor from the plant.

1

The last step necessitated the documentation of the data, methodology,
and results from thi? HRA to provide an audit trail. This was accomplished by
creating a data notebook containing the completed data forms, pertinent
procedures, working notes from the ISLOCA inspection, and the NRC ISLOCA
inspection report.
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Scenarios and Human Actions for the CE ISLOCA HRA

This section describes the scenarios and summarizes the human actions
analyzed in the CE ISLOCA HRA. Human actions for the sequences were initially
identified in a cooperative effort by PRA and HRA analysts based on plant-
specific information. The sequences were selected for analysis by using
screening HEPs in the PRA modeling to determine likely scenarios in terms of
ISLOCA risk (i.e., core damage frequencies greater than 10'8/yr). A screening

HEP of 0.5 was used, except in some cases where r screening HEP of 1.0 was
judged appropriate. Following are brief descriptions of the selected
scenarios from an HRA perspective and specific tables of the human actions
relevant to the scenarios.

Seouence 1A: Premature Entry Into Shutdown Coolina (SDC)

During the plant shutdown process, the operators will open HOVs 51 401
(A&B) t.nd SI-407 (A&B) and HOV SI 405 (A&B) to place both trains of SDC into
service. Sequence 1A investigates the likelihood that the operators
prematurely open these valves when RCS pressure is above SDC entry procedural
limits (396 psig and 350' F). To open the valves, operators would have to
override interlock permissives, disregard administrative barriers, and take
actions beyond those specified by operating procedures. Further human ar.tions

for this scenario were not analyzed in the HRA, as premature opening of the
SDC system suction isolation valves (the scenario initiator) was estimated by
the HRA to be not credible, having a negligible probability.

Seauence IB: Startuo with Shutdown Coolina Valves 0010 |

Sequence IB is similar to Sequence IA, except that the plant is

y undergoing a startup. In this sequence operators must fail'to close MOVs SI-
401-(A&B) and 51-407 (A&B) and-H0V_SI-405 (A&B)-leaving one, or both trains of'

SDC in service. An extensive review of administrative barriers, operating
procedures, and plant systems indicated that the-plant has well defined
procedural guidance, in conjunction with redundant systems and multiple alarms
which would warn operators about any of the MOVs or H0Vs being left-open

C-26
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during plant startup and pressurization. In addition, the auto closure
interlocks on the 51-401 and S1-405 valves (a feature which the utility wants
to remove) would automatically close both valves when RCS pressure exceeded

700 psia. Further human actions for this scenario were not analyzed in the
HRA, since startup of the plant with these valves lef t open was estimated by
the HRA to be not credible, having a negligible probability.

Saguence 2: RCS Cold Lea /LPSI Discharae Interfacing LOCA

in this scenario the reactor is operating at power and a quarterly
stroke test is being performed on the LPSI discharge motor-operated flow

*

control valves (51 138 (A&B) and S1-139 (A&B)). Two check valves protecting
'

one of the four H0Vs are assumed to have failed. When the MOV is cycled open

during the stroke test, the LPSI piping is exposed to RCS operating pressure.
This results in overpressurization of one LPSI train and a rupture of the
system in one of the reactor auxiliary building (RAB) safeguard pump rooms,
creating a large RCS leak outside of containment. A reactor trip and safety
injection automatically occur upon low pressurizar icvel before the MOV is
stroked shut. LPSI components in either the overpressurized or remaining
train may be adversely affected and fail due to their proximity to the leak.
The leak may be isolated by closing the MOV that was stroked open (which
created the overpress'!rization). Operator failure to detect, diagnose, and

~

isolate the leak may result in core damage.

Seauence 5 (A&B): LPSI/RWSP Suction Interfacina LOCA Durina Shatdown

in this scenario, the reactor is shut down and SDC is being brought into
service to remove decay heat. Low pressure piping from the refueling water

storage pool (RWSP) is protected from higher pressure in the LPSI piping (used
during SDC) by two check valves in each line. Failure of both check valves in
one line is assumed to result in overpressurization and rupture of the RWSP

suction piping, thus creating a reactor coolant leak in the RAB, outside of
containment. Version A of the scenario begins with one SDC train in service
and one in standby. Version B of the scenario begins with both 500 trains in
service. The RCS leak can be isolated by shutting one of the suction

C-27 )
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isolation valves (HOVs SI-401, 51-407, or HOV SI-405) in the affected SDC
train. Failure of the operators to detect, diagnose, and isolate the break

'

will lead to core damege.

Human Actions for this ISLOCA HRA

The following table lists the PRA identifier and a brief desci *ption of
each relevant human action identified for analysis in this HRA.

Table C4: Human Actions for the CE HRA

Seq. f IDENTIFIER DESCRIPTION

2 FTD Control room (or operators) fail to detect LOCA

2 FIDGN Control room fails to diagnose ISLOCA

2 Fil Control room / operators fail to isolate break

5 FTD Control room / operators fail to detect LOCA

5 FTDGN Control room / operators fail to diagnose ISLOCA

5 FTI-A Control room fails to isolate break with one
train of shut down cooling in servico

5 FTI-B Control room fails to isolate break with both
trains of shut down cooling in service

-

|
|

-
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Modelina Of Human Actions And Ettimated Human Error Probabilities

This section describes the HRA event trees and the HEP estimates for the ,

human actions identified as significant for this ISLOCA HRA. An HRA event

tree (with any associated fault trees), subtask HEF tables documenting HEP
estimation for each subtask branch on the tree, and tables providing failure

path calculations and total failure probability estinates are presented for
each human action. Each set of trees and tables for a human action is
preceded by a brief discussion r:ilevant to the modeling and HEP estimation for
that action.

fl01 Seauence 2

Event FTD for Sequence 2 models operator or control room failure to
detect significant indications for a loss of coolant and enter OP-902-002, the
loss of Coolant Accident Recovery Procedure. The critical subtasks, detecting

symptoms of a LOCA, i.e., decreasing pressurizer level and pressure, for FTD
are modeled according to step B.2 of this procedure. The lira modelir assumes

that the control room is in Mode 1 operation with one R0 performing a
quarterly stroke test on the safety injection (SI) valves. It also assumes
that two PlV check valves have failed and that as the R0 opens the associated
SI valve, there is an insnediate overpressurization and break, resulting in a
reactor trip and safety injection actuation signal (SIAS). Furthermor-

stress levels were modeled as being moderately high and the crew was judged to
!

( be experienced. High dependency (HD) was used to model the relation nip
between the CR's ability to detect decreasing pressurizer pressure (or level)
and the CR's ability to detect the subsequent pressurizer alarms. High

dependence was also modeled between the CRS and SS as they decide to enter OP-

-902-002. The HRA event tree, subtask quantifications, and total failure
probabilities for this event have already been presented in Figure 3 and
Tables Cl~and C2. As listed in Table C2, the total mean failure probability
for event FTD in this sequence is 0.0175 with an EF of 4.26. No credit was

given _to the CR for an alarmed pressure indicator (PI) between the two check
va'ives because the CR generally disabled this annunciator by pulling its card,

C 29
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and because the stroke test procedure does not direct operators to check the
pressure on this PI before stroking the valve open.

FTOGN: Seauence 2 (Usina Procedure Qalyl

Event FTDGN for Sequence 2 models failure of the control room to
correctly diagnose an ISLOCA using the diagnostic flow chart from OP-902-000
(and Attachment 1 of OP-902-002), the Emergency Entry Procedure. The critical
subtasks for event FIDGN are modeled according to the requisite actions for
the CRS and SS to correctly diagnose an ISLOCA. HRA modeling includes
critical procedural steps from the diagnostic flow chart and verification of
entry into OP-902 002, the loss of Coolant Accident Recovery Procedure.
Recovery paths are also modeled. Stress was assigned a PSF value of 2 i.e.,

moderately high, and high dependence was assessed between the SS and CRS

during diagnosis of the event. The HRA event tree, subtask quantifications,
and total failure probabilities are presented in Figure 4 and Tables C5 and !

C6. As listed in Table C6 the total mean failure probability for event FIDGN
(Using procedure only)'is 0.02 with an EF of 3.96.

C-30
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flli Sswence 2_LUsina Procedure)

An extensive review of OP-902-002, the loss of Coolant Accident Recovery
Procedure, and multiple interviews with a past SS from this utility indicate
that this scenario is beyond the scope of the appropriate procedure (which was
written to cover a design basis LOCA only). As a result, there are no actions
within this procedure that would guide operators to isolate the leak in this
scenario (FTl - Sequtnce 2). Therefore, HRA modeling only included one

subtask, " Control Room fails to Isolate Break," with a failure probability
of 1.0. -

Since procedure OP-902-002 does not provide guidance pertaining to the
isolation of an ISLOCA, the question becomes: "What will an average Control

Room (SS, CRS, Shift Technical Advisor, and Technical Support Center) do to
isolate this ISLOCA break?" Figures 6 and 7 and Tables C-9 - C-12, (following
Table C-8) present a sensitivity analysis for Sequence 2 actions: events

F1DGN and FTI. The sensitivity analysis is based on interviews with a past
shift supervisor from the CE plant. It attempts to model the " average" CRS,

SS, and Control Room response using the diagnostic flow chart from OP-902-002
and knowledge-based behavior, which lies outside of procedural guidance.

_

1
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fll:, Seouence 2 (Usina Knowledae-based Behavior.1

For event FT1, Sequence 2, using knowledge-based behavior, outside of

procedures, entry into this action assumes successful diagnosis of an ISLOCA
(using Attachment 1 of OP-902-002), successful diagnosis of the break's most
probable location (i.e., the safeguards pump room on the minus 35-foot level
of the RAB), All[1 an understanding that the break occurred when the R0 opened
one of the LPSI flow control valves (FCVs) on the affected safety injection
train during a quarterly stroke test. Successful isolation of the break
depends on the operators going outside of procedures, overriding their
training (to not terminate Sl without meeting Si termination criteria) and

This could be done by
closing the correct LPSI FCV (SI-138, SI 139 (A or B))
successively closing individual LPSI FCVs, then monitoring the pressurizer to
see if levG and pressure are stabilizing.

Figure 7 shows an HRA fault tree which models this sequential closing of

the four LPSI FCVs. FP#1 (failure path #1) models the probability of an RO

failing to close the correct FCV valve by sequentially opening and closing
FCV1 is the probability of an R0 failing to select the correct FCVeach one:

on the first try (1 chance in 4 of being correct); FCV2 is the probability of
an RO failing to select the correct FCV on the second try (1 chance in 3 of
being arrect); FCV3 is the probability of an R0 falling to select the correct
FCV on the third try (1 chance in 2 of being correct); and HEP, which is the
probability of selecting the correct valve on the fourth try but incorrectly
activating the controls for that valve. FP#2 models correctly selecting the
proper FCV on the first attempt (/FCV1, i.e., the complement, or probability
of success, for FCV1) and the human error probability (HEP) for incorrectly

activating the FCV controls. FP#3 models the probability of an RO failing to

select the correct FCV on the first try (FCV1), correctly selecting the valve
on the second attempt (/FCV2, the complement of FCV2), and the human error

probability (HEP). FP#4 models the probability of an R0 failing to select the
correct FCV on the first try, the failure of an R0 to select the correct valve
on the second attempt, selecting the correct valve of the third attempt (/FCV3

The total- the complement of FCV3) and the human error probability (HEP).
failure probability for this action is 0.019 with an EF of 2.97.
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Small Break FTDGN: Seouence 2 (Usina Knowleiqe based Behavior)

for a small break ISLOCA (flange failure), event FTOGN is modeled in the
same manner as before with the addition of subtask "G" - Control Room f ails to
Diagnose location of Break. This particular subtask was re-quantified using
the HCR technique assuming that the operators had 20970 seconds available and

it would take 1830 seconds to complete the task; the crew had average
(nominal) training; the situation was a potential emergency; and the quality
of the man-machine interface was fair. The knowledge-based non response
probability for this subtask was estimated to be 0.001. The resulting total
failure probability was estimated to be 0.016.

Small Break FTI: Seauence 2 (Usina Knowledos_-based Behavior)

For event FT! (small break), Sequence 2, using knowledge-based behavior,
outside of procedures, entry into this action once again assumes successful
diagnosis of an ISLOCA (using Attachment 1 of OP-902-002), successful
diagnosis of the break's raost probable location (i.e., the safeguards pump
room on the minus 35-foot level of the RAB), AND an understanding that the
break occurred when the R0 opened one of the LPSI flow control valves (FCVs)
on the affected safety injection train during a quarterly stroke test. As
before, successful isolation of the break depends on the operators going
outside of procedures, overriding their training (to not terminate SI without
meeting Si termination criteria) and closing the correct LPSI FCV [SI-138,
SI-139 (A or B)]. This could be done by successively closing individual LPSI
FCVs, then monitoring the pressurizer to see if level and pressure are
stabilizing. The HRA event trees and total failure probability (0.019) for
this action have already been presented in Figure 7 and Tables C-Il and C-12.
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flui EMuence 5

Event FTD for Sequence 5 represents operator failure to detect a reactor
; coolant leak resulting from failure of low pressure flanges in a suction line

from the RWSP. The leak results from a failure of two check valves protecting
RWSP piping from higher pressure in the LPSI lines used during shutdown

cooling. HRA modeling includes detection by the R0 of decreasing pressurizer
level and pressure, and subsequent entry into procedure OP 901-046 (Shutdown

'

Cooling Halfunction) at the direction of the control room supervisor (CRS).
,

Control room (CR) personnel are given recovery credit for detecting decreasing
pressurizer level (Hi lo and Lo Lo PZR level alarms). Recovery credit for

entering OP-901-046 is given for the shift supervisor (SS) advising the CRS to
'

. enter the procedure. The HRA event tree, subtask quantifications, and total

failure probability are presented in Figure 8. Table C13, and Table C14,
respectively.- Table C14 lists the total mean failure probability for this
event tree as 0.00758.
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FTDGN: $_qquance 5

Event FTDGN for Sequence 5 represents operator failure to diagnose that

~ the reactor coolant leak is outside of containment (in the RAB) and enter the
section of procedure OP-901-046 (Shutdown Cooling Malfunction) relevant to the
isolation of the leak. HRA modeling includes de'oction of the safeguards room
flooding alarm by control room (CR) personnel, with recovery credit for
detection of RAB radiation alarm (s) and increasing waste tank level by CR

personnel. Step 2 of SUBSEQUENT OPkRATOR ACTIONS (OP-901-046) directs

operators to Attachment 6.1, System Leakage, based on relevant CR indications.
Sequence 5 HRA nodeling for event FTDGN includes entry into Attachment 6.1 on
the direction of the conti'l room supervisor (CRS) and recovery cred;t for the
shift supervisor (SS) ad- ng the CRS to do so. The HRA event tree, subtask

quantifications, and total failure probability are pres 3nted in Figure 9 and
Tables C15 and C16, respectively. Table C16 also lists the total mean failure
probability for this event tree as 0.00756.
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FTI-A: Seouence 5 (1 Train of SDC)

Event FTI-A.for Sequence S represents operator failure to isolate the
leak (see Sequence 5 description in Sequences and Human Actions section) by
performing the relevan+ steps of Attachment 6.1 (System Leakage) of procedure
OP-901-046 (Shutdown Csoling Halfunction), when one SDC train is in service
and one is in standby. The HRA event tree for event FTI-A models the critical
steps, substeps, and actions _ represented in steps 9 and 10 of Attachment 6.1
related to isolation of the leak. Steps /substeps modeled include: closing
the SDC suction isolation valve on the train in standby, observation of RCS
level for stabilization, placing the isolated SDC train in service
(referencing OP-009-005, system operating procedure, Shutdown Cooling System),
and closing the SDC suction isolation valve on the initially operating SDC
train. The HRA modeling conservatively assumes that the leak is in the second

train isolated. Omission and commission errors are modeled for each
step /substep. Omission errors are modeled as errors by the control room
. supervisor (CRS), with recovery credit for the reactor operator (RO). A high
level of dependence was modeled between the two (CRS & R0), when the CRS was

directing R0 actions. Commission errors are modeled as errors by the R0, with

recovery credit for the CRS. For these acticns, a moderate level of

dependence was modeled between the RO performing the action and the CRS who
would be concurrently performing other dynamic-actions. The HRA-event tree,

subtask quantifications, and total failure probability are presented in Figure
10, Table C17, and Table C18, respectively. Table C18 also lists the total
mean failure probability-for this event tree as 0.0233.
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Table C17i IIEPS for Sequence 5, FTI-A; Fail to isol' ate (t SDC Train) _,,

..

o' i

s

<n
liuman Action / Error Basic . : Error Sourre/ Step-hy- Modifier J Modifier TifERP Basic Noniinal. Error j:

Median Factor T11ERP Step or. . for PSFs Source - Depend- Mean Mesa Factor 8: . .+

I{EP .- Table # Dynamic ;ency IIEP IIEP m
o

.sn
A CRS faths to come SDC leep Sec. Isa valve St. e.003 le T26-7 #3 SBS 3 T28-16 #2 ZD tee 3749 Est124e. 3.0 et

461 A(B)(Ounhaleep
' j ;

n.

e R RO fails se remind CRS se close SI4et A(B) at' Le T26-22 #1 SBS 3 T29-16 #2 IID & tot 3e3 4742075 is
^CD

# GL353999 12 *
,

<n -

'3e ?C RO fsite te cteme St46t A(B) (C- 's) G.eet le T2412 #3 SBS 3 T26-16 #2 ZD S. set 249 0.e63749 '

,

D CRS falls se revalmd RO to elene SI-det A(B) &1 is 72622#t SBS '3 T2416 #2 MD tiet3a3 E557s44' Le . --4
"1 .;

i

S# e.298645 14
3

E CRS fans to deservaise is RCS nevet mea 8.003 le T2e7 #3 585 3 T28-16 #2 ZD e se374't e.eti246 le ,

staWilming (Oh)d

F RO fans se reenind CRS se de: , ifRCS 48 is T20-22 Jt "BS 3 T2St 6 #2 5tD Elet3e3 e.742e75 is
newt met staNiidag

,

# e.353999 12
,

(

C. RO feias se cerewsty deterinene if RCS lewt met e.003 Le. T2*It #t SBS 3 T2Sl4 #2 ZD e ee3749 C.eti248 le

staWildag (C- -- ' " -) ;

H CRS feels se neft RO to deterunine If RCS lewt - R1 is 724-22 #I *BS 3 T28-16 #2 MD EI64303 e.557s44 is

not staN81 ming

# a2 sows 14
'L

|Cas t.6an no ys.c aies.ned er.am an'se vice e.ee3 18' T247 #3 Sus 3 T28-86 82 ZD S.ee37e9 e.es 24e le
.,

!
t

i

r - - , - , =
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Table C17: IIEPS for Sequence 5, FTI-A; Fail to Isolate (1 SDCTrain)
I .g ,
4

.

v.
..

| Iluman Action / Error Basic Error Source! . Step-by. Modifier M odirwr TIIERP Rasic Nominal Error
Median Factor TilERP Step or for I" ifs . Soorte Lkpend- Mean Mean F' actor

IllEP . Tabic # Dynamic ency IIEP IIEP

J RO fanns to reinind CRS le ptere senedby SDC 11 it T20-22 #t 'SBs 3 T24-16 #2 IID e.164 t9,3 4.742075 is
trata la service

| # 4353909 , 22

' O K RO fails se piece teetmeed SDC ersta nn service 4.001 10 724-12 #3 $85 ' 3 T2016 #2 2.D e. cot 249 ~ 0.003749 ler

I s

| $ L CRS tails so verity Ro ptered rerswt SDC tr-en e.t is T20-22 #1 SBS 3 T20-16 #2 MD 4.Ist3s3 eL557844 is
| ta er,sce
,

# t.2996e5 2.4
|
i M CRS tells te rleme SI A01 A(Bl ee lastially too3 le T20-7 #3 $8S 3 T20-16 #2 ZD e neM49 9.et|248 le

operating SEK arnia (

PJ RO fath to e =and CRS se rione 55-401 A(B) on &B it T24-22 #I SBS 3 T20-86 #2 IID G 16 3s3 1742075 is

| imatletty operadag SDC esala '

# E319999 12'

O RO falls se clone cornwt S1401 A(B) valve Reet it T20-12 #3 has 3 T20-t6 #2 ZD e001249 e.0037e9 le *
,
'

(C: -_)
,

!
P CRS intas te verity RO rlemed e erect SI-40t at is T20-22 #1 $BS 3 T24-.16 #2 MD e.168 383 f.557844 5.0

A(8) ==M
i
' # R2995e5 1.4 '

1>

i

l

i -

i

r
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Table C18: Failure Paths and Total Failure Probabilities I
,
o

Sequence 5: FTi-A; Fail to Isolate (1 SDC Train) 2
-
r

Failure Path CalculatNns Results - ''.o
I AB e.ei1248 s e.353909 03)0393 y

2 AbCl) Ret t244 m 4.e 3749 e.2986e5 O AtMH2 S
er

D .itOff F e.011248 s e. 03749 s 8.811248 s e.353909 e d

[4 AbCdFEll e et i243 a e.4 3749 s toi1248 a 8.01t 248 s e.298685 e

;O-9 5 AbCdFEhtJ 4.eIi 24s a e.ee3749 : e.et i24s a e.0t i248 s e.e 1248 m e.35J909 e
c

c. yC 6 AbCdFE byKl. e.el1248 m 4. e3749 s e.01I243 s 4.081248 e.811248 a e.083749 m 4.293645 e

7 A>CdfEh4KIMN tot i248 s s.803749 s &St i248 m e eli24S a 0.011240 4.e 3749 s 6.081248 m e353909 e "U
,

h8 AbCdEEhyEIMnOP 8.011248 m e.e 3749 :Est 1248 m e et 1243 s S.et 5248 m e 803749 m 0401248 Re 3749 m e

8.2986e5 m
7

9 AbCdEfCh4KlanOP 4 et i248 s 4.003789 s 8.eti148 s het t248 s 4.et i248 m S. 83749 e 9 3749 s e.2986es e

$ie AtotFEhykMN e.et t248 s 9 ec3749 s 8.04124s m tot i248 e.8Ii24s a 8.etI24s s &353909 e

'<
ti AbCdfEhykMeOP e.811248 s e.e83749 m GLet t248 m 8.811243 s e.eii248 m e et t244 a .e03749 m S 29s685 e

12 AbCdFEhykrnOP tot i145 m e.ee3749 a e.et t243 s e.eli248 s 8.8L t148 e 803749 m &290605 *
C

13 AbCdElchtKL e et i244 s e 883748 s 4.811248 s e.0ii248 m 6083749 e.2986e5 e +

*
44 AbCdEfGbtK!MN 8.eti248 s e eGJ749 : &eiI248 a e.eiI 248 s E883749 s 8.01I243 s 8.353909 e .

t5 AbCdfEhtKtMeOP 4.ei1248 s $803749 a Est 12ss s deiI248 s e 883749 s Esti248 4.803749 s &2Psee5 e 9
-=4

736 AbCdtEhlKinnOP $4iI248 s e ee3749 aeti248 m 4.0I t24s a e. 83749 m 0.003749 e.2*8685 *

3*

17 AbCdtEhikMN 0.881248 s 0.003749 s tot i248 s e 011248 m 0.011248 8.353909 e w

IS AbCdf'IChikMnOP e.ati248s0.003749 8.es I248 a e.811248 : e eti248 m 8.803749 m 0.2956 5 *

e
19 AbCdfEhikmOP O et i248 s 8.003749 s e e'I243 s e Ii248 s oml749 m 8.29sae5

-_ d
[e

ze ibCdEr u e4:i24s teen 4,a4. i124 s 8.88124s a e.3539 ,z

. - _ _ _
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Table C18: Failure Paths and Total Failure Probabilities g
! :

e+
. . .

Sequence 5: FTI-A; Fall to Isolate (1 SDC Train) r
Failure Path Calculations Results

21 AbCdEfgfJKL 6.011248 m 0.003749 s 0.011248 s 0.0i1248 m &003749 s 0.298605 e

22 AlfdMgljKtMN 0.011248 a 0.001749 s 6.el1248 a 8.011244 a 0.003749 s e.et t248 m et353909 e

23 AbC4EfgljKIMnOP ROI1248 s 0.003749 s S ol1248 s 0.011248 m 8 003749 s 8.011248 m &003749 SL298605 e

24 . At(dDgljKimOP 0.011248 a 4003749 m 8.001248 s e.cli248 m s.003749 m tou1749 s 6.298605 e

25 AbCdEfgljkMN e.011248 s 8.003749 s 40ti248 a 0.011248 s 0.0I1248 m e.353909 ' s
,

26 AbCdEigtjLMnOP E011248 s 8003749 s 0.011248 s 6 011248 s 0.01I 248 s 9.003749 s1298605 e *

O
e 27 AbCdEfgfjkmOP het i248 8.003749 s e.814248 m 8.01 t248 m 0.003749 a 0.298605 e

@
"

2. AbCdDgtKL 6.011248 s GM3749 s 9.01I248 m 6 003749 s e.29s605 e

29 AbCdUgtKIMN 9.011248 s 9.003749 m 0.011248 s 0 003749 m 8.4II248 m 5.353909 e

30 AbCdEfgiK1MnOP 4.011248 s 4.003749 s 4.811248 s 8.003749 s 8.0t 4248 s 8.003749 s 6.298605 *

31 AbCdEigiKimOF 0.011248 0 003749 s 6.018 248 s 0.003749 s 0.083749 m GL296605 *

32 AbCdEigskMN 8.08 8248 s 0.003749 s 3.81 t248 a 8.811248 s 8353909 e

j33 AbCdDgtLMnOP e.001248 s 8.815749 s 0.08 8 248 a tot i248 s e.00374* s e.29eA95 e

34 AbCdErgikmOP O.01I 248 s S.003749 s 4.041248 s 4 ed3749 s 6.298605 e

35 AbCdeGil 9 it1248 s 6.003749 s 9.981248 s 0.298603 e

36 AbCdeGhU 0.011248 m 6.003749 s 0.811248 GLes 1248 s 0 353909 e

37 AbCdeChljKL 6_St 1248 s 9.003749 a s.611248 m 6.wt 1248 s 0.003'49 m 6 298605 *

38 AlfdeGhijktM N 0.011248 m 8.003749 s 6.0t i248 a e.881248 s 0 003749 s 8 6Ii248 a &353909 e

39 AbCdeGbijkIMnOP 0.011248 s 0.003749 s 0.081248 s 0.6:1248 s 8.003749 : Ret 1248 8.003749 a e.292605 e

de AbCdeGhijKamOP 0.081248 s 0.003749 s 0.081248 s 8.011248 s SM3749 a eM3749 s 8.296605 e

4i Al(JeGbykMN e.011248 m 0 00374v s 0.0t i248 2 0.0t i748 s e.011248 m 9.353909 e

42 AbCdeGhyLMnOP net i248 s 0.003749 s aet1248 s 0.0t1248 m 0 011248 s 0.003749 a 9.2t8405 *

.
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Table C18: Failcre Paths and Total Failure Probabilities $
a
c+
.

Sequence 5: FTI-A; Fail to Isolate (1 SDC Train) T

Failure Path Calculations Results
65 AbCdegikmOP 8.011248 s 8.003749 s 0.003749 s 6.298605 e

66 AbcEF 8.811248 : Ret i248 s 8.353909 0.MM4
67 AbcFElf 6.011248 s &GB 1245 s 8.0t I148 s e.29se05 e

68 AbcEJtihU O.811248 s 0.011248 s 0 et i2 8 9 0.08 8148 9.3539u9 e

69 AbcEAlbyKL 6.01 t148 s 6.081248 s 0.011248 s 0.011248 s &003749 s 0.298605 e
.-

70 AbcFEhyKIMN 4.011248 s 9.011248 s Ett 1248 s 8.081248 s 0.001749 s 0.011248 s 0.353909 eg

b 71 AbcFK;hyKtMnOP 0.011248 s 0.011248 m 9.081248 s 0 Of1248 s S 003749 a e Of i248 s 0 003749 s S 2986A5 *
w

72 AbcFA;hyKinsOP e.011248 s 9 et t248 a e.0L t148 s 6.011248 s e.003749 s 8.0037.9 m 0.292605 *
,_

73 AbJEhybMN 0.01I248 m 8.0t 1248 a 0 081148 s 0.011148 s 6.011248 s # 153909 e

74 AbcE!GhykMnOP 8.011248 s 8.011244 s 0.981448 s 6.981248 s 4.881248 s 0.003749 s e 29see5 e

75 AbdEhykmOP 0.0t 1248 m 0.011248 s teli248 teti 248 s &003749 s 8.298605 e 1

76 AtwFEhlKL 8 081248 s 3.011248 s 0.051248 s 0.003749 a 1298e05 *

77 Abc EEhiKlMN e.011148 a 0.011248 s 0.011248 s 8.003749 m R611248 s &253919 *

78 AtwFK;htKIMnOP 0.011248 m 0.011248 m 0 et t 248 s 8.003749 s 9.011248 s &003749 :L298605 *

79 AbcFEhtKimOP e01124f 8 011248 s &#11248 s 0.003749 a 0.003749 m 0.298e05 o

80 AlwEEhtkMN ESI t248 s 9 el1248 s 0.011248 s 4.018148 s &353909 e

81 AlwIEMkMnOP 8.011248 s 8 Of I248 s 0.011248 m 6.041248 s 8.003749 s 0.298405 e

82 AlwIE MkmOs 0 eti248 s 6.011248 s 0.011248 s 0.003749 s S.298605 e

$3 AlwIJglJ 9.011148 s 0.011248 a 0.0ti248 m 9.353*w9 e

$4 AbcflgyKL 0 Of I 248 s 6.011248 s 0.051248 s 0.003749 s 0.298605 e

85 AbctJgyKIMN O.011248 s 8.081248 m 9.011248 s 0 003749 s Reti248 s 8 353909 e

56 Abc FJgtjKIMnOP 0.051248 s 0.011248 s 0 08 t 248 s 0.003749 8.08 t244 s 8.003749 a e.294605 e

.

_n
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Table CI8: Failure Paths and Total Failure Probabilities S
:s
.e+

' Sequence 5: FTI.A; Fail to Isolate (1 SDC Train) %

Failure Path Ca!culations Results

87 AbcHgyKinsOP 0.84 *.248 m S.811148 s 6.081248 m 8.803749 s St003749 s e.29s405 e
,

.. . g

88 AbcElgykMN 6.911248 a 0.Di1248 s 8.013 248 s deti248 s 4.353909 *

89 AbcEfgykMeOP 8 OR1248 s 9.et1248 7 0.08 8248 s 0.611248 SLOG 3749 s 0.298405 *

90 AbcHgykasod' O.011248 s 6.011248 s 9 811248 s 0.003749 s 6.298405 e

91 AbcEfgiKL eti2J s nol8248 s 8.003749 s &296465 o

92 AbcElstKtMN 9.eti248 s Let t248 s &003749 s e.st i248 s a353409 e

o
i 93 AbcEfstKtMnOP Ret 1248 m 0.011248 s e.003749 s 8.811248 : Ro03749 m 0.298605 *

CD
# 94 AbcElgfKhmOF 8.811248 s S.811248 s S$43749 s 0.803749 s e.298605 *

SS AbcEfgikMN &811248 s e.911248 : e et i248 s &353909 e

96 AbcEfgikMnOP 4.08 8248 s &#11248 : Let1249 &803749 a SL299605 *

97 AbcElgtkanOP t.St1248 s att1248 m te03749 a e.296605 e

98 amGti ut1248 e.eii248 m e.2986e5 0.000037

99 AbceChU 8.011248 s LOR 1248 a &#11148 s R353909 e

100 AbceChyEL S.081248 s e.0ti248 e.St t 248 s e.863749 a 8.29m605 e

iof oceChyKLMN S.981248sStati248s8.81I248 R.003749a8.911241sP 23909 e

le2 AbceChyKLMnOP e.011148 m 6 St 1248 s 6.Sti148 s 8.003749 s e.8t1248 m &803 '49 s e.298605 e

103 AbceChyKisnOP 8.081248 s 8.011248 s C fti248 s 4.003749 s 8.003749 s e.298605 e

ie4 AbceChyttMN 9.98 t248 m e.011248 s 8.981248 s S.811248 s 6.353909 e

195 AbceGbUkMnOP 0.811248 m S.8112 4 s 8.881248 s 8.011248 a IL903749 s e.298605 e

106 AbceChykmOP 8.081248 s 0.011248 si.eti248 s e.903749 s 0.298605 e

e
t87 AbreGhiKL 6.011243 s 4 011248 s 9.003744 s 6.298605 ,

t98 AbceChlKIMN 0.011248 s e.081248 s 9.003749 m e.6t i248 m 8.353909 |*
.

m
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Table C18: Failure Paths and Total Failure Probabilities 8
:s
W
.

Sequence 5: ETI-A; Fail to Isolate (1 SDC Train) r
Failure Path Calculatloas 'tesults

399 AberChlAIMnOP 6.081248 m t 014 243 m e 003749 m 8.612248 m 6 903749 m e.29s*05 o

Ile AberGidKisum;. G_Gt 1243 m 9.6t 4 24 s 8.603749 a 8.003749 s C.298665 e I

Ii1 AIMhtkMN ^ 8.eiI248s9.0;I24# 0.011248s(L353909 i5
.

II2 AnweChthM sdW 9.et I248 m 8 21I2a4 a 6.611243 s 60037M z L298Mr5 e
---

g

tI3 AkeChibad)P ' O.481244 s 4.011243 s 4.003N9 s eMfi605 e
_ . . _ <

ti4 AbcealJ 'I teli244 a 6.01:148 s a 3579% gygg).y

w -
keb i45 AbcegyKI. 8.0t1248 a e eti248 s 4Je*749 s 1Xm5

l !14 AtwegtjKtMN t et i148 s 4.011248 s 4.003749 a.etI214 s 6.3539D9 e

iII7 AbergijKIMnO* g iI 243 s S 93 a 248 s 4.ison45 s 4483243 3 6.99P49 s 8.29Me5 e

tI4 AbaegDKImOP 8.081348 9.08 2143 m AJiO318 s e.003749 s 9Estes e

119 AbcegykinN 9Ati248 s 208 82F s e.911248 a 8.35D99 *

i20 ;JwegljkMnor &el1241 s 0.611248 m tot i243 G 303749 s 8.29 sees e

121 AbcegykmOP S.811I45 m etEti243 &003749 a 5.2*&60s |4

, a 22 AbergtKL 6.081248 A00378 s 0.295645 GJX)()Q g g

I 123 WKIMN e!1243 s eAB3749 s 088124s s e.353909 *

IM Abus1KILiesOr - 0 et t 248 3 6.003749 s 8.911149 s 8.0037e9 s 0.2*t665 *

125 Akcegf2Lisad)F 6.8ii243 s 8.00$78 a e 403749 2 3.29e605 ' *
|

t26 WLMN & 02 s 24s :act z4s : e33was ofywwpu

127 A*,ragiMnOf e.0!!248 s 8211248 2 8.003749 s 9.295dh5 ;*

u a2a W tmOr 6.011148 8.003749 m 6.298605 OJMWM112

| 8 29 .ct3 a.w3749 0.29mes 0.(M)i119

'w erasy e 003749 s e.et t 248 8.353*09 r).tMnf W)!4

.

.
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Table C18: Faiiure. Paths and Total Failure Probabilities S q
n, : ~ .;
e.

Sequence 5: FTI-A;Fai 16Isciate O SDC Trais) r
Failure Pa:h - . Cc.iculations - Results .

fa
'

131 aCdESCAI 9.8e D M n9.El H4eza.4112*Sne.290645

132 ecd E ld! .
8.86.37# s det 8248 s e.0112d6 a 9.681244 s 43539ev ke

133 eCdEIGhyEL R207749 s 9.6t!!48 s 9 #63248 s S 451248 s tee 3749 m a.29 tee 5 . '*
'

>

t34 eCdDCbUKtMN etee3749 s del 1242 s e.985248 s 4611243 a 4003749 m 9 911244 a e.M.9899 e ,

t35 'aCdDGkUMMnOP - ' 9.00376 a tel12a4 s e.et 3248 s 4L98 82# a R.6Ml76 s 0.018244 s 4 eK37M s $34$M6$ e

(M scet%hyKin=OP 9 On37d a 6.et1240 s 8 et (248 s e.881244 s 0.803749 m 9.9w2749 5 4.29W85 e :!

g

b 137 eCdDGisyutN 948310 m 6.eti248 s e.et 1248 a e.Dt i248 s tot t 24s s &353989 e

Ct
t38 aCdEIGh0kMmO? 8.9f 3749 a e ei1248 s e.et 1245 s e.411248 s 9.411148 s tee 37# a eL294ee5 e

f 439 aCdtA;hybinOP 0.06370 s 4.8Ii248 s 8.et i248 s EL811248 m s.883749 s e 2986e5 e

i Bee aCdEIGidKL - GM37# s Est1248 s 0.901248 a 8.883749 a 1290645 e'

.
I41 - eCdHGhiXIMN a.Se37M s tel1240 m teti24s s ase3749 s teli240 m E353909 e

14I 3CdfEktKIMmOP t.ee378 s tot 1240 m 3918248 s S.se37M s ELet1248 s tee 3749 s 329ete5 e'

I43 aCdHGb6Kim OF - ESe2749 a 9.018248 s 0.05 8240 m (L903749 s 8493749 s E29860$ e

e'
144 aCdEIGhefaMN ale 03749 s 6.011248 s het1248 m kat f 24s a G.353909

I45 aCdEfGidkMeOP 0.0037# a 6.013248 s 9.811248 a 8.91124s s 4.0e3749 r 4299605 **

e
146 aC#3GIdhmeOP S e63749 m 6911248 m 4.911248 s GLeSJ749 m 8.290605

id7 aCXf=II &OG37M sS.491248a4.011248s E353909 , *

e
I48 aCdElkyKL GJBe3749 s 8 Si1244 s SGII248 s 0.903749 m E290605

e
149 eCdssyKIMN - 8.003749 s 6.081248 s tel t 248 s $ Lee 3749 s e.411248 &353999

i30 . oCdEfgyKIMnOP e.903749 m e.018248 s 0 811248 a CLee37# a 0.0t 8348 a too3749 a 9.298685
.

*

*
151 aCdEigyKimOF 0.002,49 s tel1248 s att1248 m 9.063749 s 6.083749 s 6.298605

e
I52 oCdUghkMN &co3749 s e.cl1240 m dLCt t 248 s e.081248 a eu353909

| .

- - . . _ . _ _ _ . _ . _ _ . . _ _ = _ . _ _ _ . 'n
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Table C18: Failure Paths and Total Failure Probabilities :s

.et

Sequence 5: FTI-A; Fail to Isolate (1 SDC Train)
..

ResultsCalculationsFailure Path
e

e.003749 e.011248 a e et i 248 a s.et1248 s 0.003749 s 9.29s405t53 ecd JgukM=OP
e

e.003749 s 0.011248 9.011248 a e.M3749 s &298605154 eCdfJgykmOF
e

e,003749 s e.et i148 s 8.003749 s 4.298e05
155 aCdEig4KL

e
9.003749 s 0.011248 s &003749 s S.91 L248 s e 353909154 eCdf3gfKfMN

e
S.003749 x 0.081248 s 0.083749 s 0.011248 s &003749 m 8.298h3

t57 eCdtJadKtMnOP e
e.003749 s 0.011248 s 8.00M49 a 8.003749 s e.29sae5154 eCdI7g(KtmOP

e
n &003749 m 8.911248 s tel1248 s 4.353909t59 eCdElgikMN

e
e 003749 s 4.011148 m 8.011248 s 4,003749 s eJ+seOS

t60 eCdErgekMmOP
e

9.003749 s e eti148 s 9.003749 s e.295685861 aC4fJgikm OP
Oh00012

&e0M49 s e et t 248 s eL29e685t62 aCdeGti e
e.003749 a 9.911248 s tot t 248 m &353909163 aCdeChU e
6.003749 s 0.011248 s e eiI248 a e 063749 s e.298605164 aCdeGthyKL

e
&D03749 m e.08 8 248 s 0.081148 s 9.003749 a tot 1248 s 8353909165 aCdeGhqKIMM

e
e,003749 m e.018248 s e.e 1248 a f 903749 m e.et1248 C 083749 s 4298605

166 mCdeChyKtMnOP
e

e 003749 s 4.0t t 248 s e.eIi248 s e 803749 x e 803749 s &298665
167 aCerGh6KissOP e

8.003749 s 0.9ti248 s 4.011248 s ft.ei1248 s e.333909168 aCJeChykMN
e

8.003749 a e et1248 s &et 1248 s 9.011248 s 8.003749 s e 29s605169 aC4eGhykMoor
e

9.M3749 x e.8II 248 a e e? t 248 s 6.003749 s $29960F170 aCdeChfjkenOP e
6.003749 s e et i248 8.003749 x 8.299605

t71 aCdechtKL e
e pun 49 m e et(248 s 9.003749 s tot 1248 m &3539t'9

t72 eCdeChtK1MN e
e.603749 s 0.04 8 248 s e.003749 s e eII248 m te0M49 s 9.29s605

t73 aCdeGtdKtM at >P e
eM3749 s e el tM n e.803749 o R003749 s 6.298605

474 aCdeGhfKirnOP
.

__-
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Table" C18: Failure Paths and Total Failure Probabilities 8!
:s ,,

et '
.. .

Sequence 5: ITI-A; Fail to Isolate (1 SDC Train) Y '

' Failure Path Calculations Results

175 eCerChikMN e.ee37# u stet t248 s GJDii248 a 4.3539e9 : * -]
176 aCdeChikMnOP : 4.ee37M s e.et1248 s not1248 s e.0037M s 0.29ete5 *

877 eCerGidkenOP e.se37M s e.st1240 m e.eS3749 s 0.298605 *
,

,J
t78 ~ocargu e.sen49 m aeti248 : eJ539e9 0.0000144.

179 aCdestJKL a.e83749 s e.et i240 m stoG3749 a 4.290645 *
.

î
les aCdestjKLMN te03749 s e eli248 s e.0037# n &st1248 s 0.353999 *

.-7 Iet ' aCdrgfjKIMnOP Ese37M s &sti2de a tee 37M s e.et1248 s e.ee37M s (29ene5 ' * ;

(D
CD I82 ' aCdegyK3msOF e.0837M s Eeli248s8.0037M se.se37# s4.29ene5 *

143 aCdesykMN e.e93749se.sti248s&st1240s E3539e* *

Ie4 aCdegykMnOP e.te37M s Ret 124e s e.st1248 s he#3749 m 8.290005 *

185 aCdegQtumOF G.0837M s 4.351248 s ras 37M s 0.290605 *

Ie6 eCdegIKL 4.0e3749 s tes37M s GL29ese$ 4.0011004
t

189 aCdeglEIMN S.e937M s 40837M a 0.e012de a 4353999 * ;

!
i

Ies aCdegIKtMeOP Ese37# s e.003749 s 4.st1248 s e.es37# s E29ea45 *
.

Is9 aCdestKinsOP 4.ee37M s eLes37M s e 8037# s GL290ee5 *

I
t90 aCdredILMN . 8 es3749 s 0.011248 a 8.353959 9.0000H

I
191 aCdeglitM nO P ' O.e03749 s e.e1I248 s e.se3749 s &29e645 *

92 aCdegiksmOP. e.ee3749 s e.se3749 s A290645 Oh00064

93 acIT 4.011248s &3539#9 0.00398
4

594 acFK!! e.e1I24e a e.0ti248 s &290605 OA00037
>

t95 acEfGhtj e.8II248 s 0.81124e a e.81I248 s e.3539c9 *

196 acFKhyKL Reti248 s e oaI248 s 8.811248 s 8.e03749 s 4.29e635 * i

.

, . - . .. - _ _ _ _ . -
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Table CI8: Failure Paths and Total Failure Probabilities 8
t

r*-
.

Sequence 5: FTI-A; Fail to Isolate (1 SDC Train) I

Failure Path Calculations Itesults
197 oc rfGbyKIMN teiI248 m att t248 a s.et i248 m t003749 s 0.051248 s e.353909 e .

198 acFEhyKtMnOP 0.011248 m 0.041248 s 4.C31248 s &003749 s 6.081248 a e.003749 s 0.29Me5 e

t99 asfEhyKtmOP e.011248 s R.eli248 s 0.011248 a 0.003749 s 0.803749 a 0.295685 e

200 acFEhhutN e et i248 x 0.011249 a e.011248 :e et t148 a 0.353909 e

20t er FKhykMnOP e.011248 a tot 1248 s e.sia248 e.eti248 s e.ee3749 m 8.29s605 e

202 ocFKhuhmOP not 8148 s e et 1248 s e el1248 e 003749 s &298605 e

203 acFEhtKL 3 et i248 s 0 et i248 m e.De3749 s &298605 e
m
W 264 acFEhtKtMN e.et1248 m 0.081248 s 4083749 a e eti248 s eu)$3*99 e

205 acFKhiKtMeOP 4.011248 s tet 1248 s e 003749 s EeIt 248 a e se1749 s e.298445 e
._

206 acFKhtKimOP 8.011248seel1248se.ee3749s6.Se3749se.298605 e

207 ocFKhakMN e.cfI248s0.011244se.et1248 8.353909 e

208 acEKidkMaOP 0.eII248 s &ai1248 s e.eiI248 m e ee3749 s e.299445 e

209 ocFEhikmOP e.eti248 s 0.s81248 s e.093749 a e.296605 e

2to erEJgtJ &eti248 s astI248 s 4.353999 0.0000.44

211 asiJgfj"L e eii248 a e.ei1248 s e.003749 a 1298685 e

212 ocEJg4KiMN 8.0t1248 s toti248 m 0.003749 s e.eI t248 s e.353909 e

213 oc PJgyKIMnOP e et i248 s e eIi248 m tes 3749 s e_el t 248 s 0.883749 m 8.298605 e

214 atElgfjKimOP (Lei 1248 s e.et 1248 s 0.003749 s e.e83749 s e 29s605 e

215 atFJgyLMN e el1248 a 0.011248 s e.011248 s e.353999 e

216 ocFJghkMnOP e et t 248 x 0.011248 s teti248 m e se'749 s el9sen5 e

287 setJet!kmOF e.et i248 s e.et i248 s e.803749 s E29snes e

218 acFJg1RL e.eti248 s 0.003749 a 8.298605 0.(WWW){2

.

e
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Table C18i. Failure Paths and Total Feilure Probabilities g
:::

,
.

e..

Sequence 5: FTI-A; Fail to Isolate (1 SDC Train) Y' [
:;.

! Failure Path Calculations Results

24t ? mestJ aoit 24e s o.353ee' O.00398 ,.

242; acesyKL e. eta 24ea e.ee n e ae.29e60s 0.000012
h

243 scesfjKIMN e.81124e a e.ee3749 m e.eiI248 eL353909 e

244 ocegfjKtMaCP . 8.e1I244 s e.e037# : 0.011244 s e.co3749 s a29e605 e

245 . acestjKlasor e.01124e a e.ee3749 s 0.003749 em o

!244 . wesetMN ' O.et124e a tea 824e a a353'" 9.00i1944n
- 247 acegykMnOP e.et124e s e.ati240 a 0.ee3749 a ON e

248 =<eeUkmor e.et1244me.se37 e a a29e6es 0.0tl0012 '

249 acesiKL e.een49 s a29e6es 0.001119
*

25e ares #KtM N teono a e.eti248 m e.353*e' O.099014

j251 meesiKIMaor - aeon 49 s atti24e a e.es3749 : e.29eees e

252 ocesiKimsor e.ee3749 a e.0837M s 0.N g,ggggG4

'

253 acesikMN asi 14e n(35N 0.00398,

254 masikMaor e.eti244 s toene a e.29enes OAen012 ;

aces kesor . e.ee1749s N _D 001119 |255 a

'
3 . .

0.UOTotal Failure Probability
,

Error Factor 2.77

. .

_

B

i

b

4

, . . , - - - - . . . .



_ _ _ ___ 4 _ . . .- _ ._ _._. __ _. ._ _

.

FTI-B: Seouence5_12TrainsofSOC)

:

Event FTI-B for Sequence 5 represents operator failure to isolate the
leak (see Sequence 5 description in Sequences and Human Actions section) by
performing the relevant steps of Attachment 6.1 (System Leakage) of procedure
OP-901-046 (Shutdown Cooling Malfunction), when both SDC trains are in
service. The HRA event tree for FTI-8 models the critical steps, substeps,

,

and actions represented in steps 11 and 12 of Attachment 6.1 relating to
isolation of the leak. Steps and substeps modeled include closing the SDC
suction isolation valve on one SDC train, observing RCS level for
stabilization, placing the isolated SDC train in service (referencing OP-009-
005: system operating procedure, Shutdown Cooling System), and closing the
suction isolation valve on the opposite SDC train. The HRA modeling

conservatively assumes that the leak is in the second train isolated.
Omission and commission errors are modeled for each step /substep. Omission
errors are modeled as errors by the control room supervisor (CRS), with
recovery credit for the reactor operator (RO). A high level of dependence was
modeled between the two, when the CRS was directing R0 actions. Commission

errors are modeled as errors by the R0, with recovery credit for the CRS. For

these actions, a moderate level of dependence was modeled between the R0

performing the action and the CRS who would be concurrently performing other
dynamic actions. The HRA event trae, subtask quantifications, and total
failure probability are presented in Figure 11, Table C19, and Table C20,
respectively. Table C20 also lists the total mean failure probability for

,

this event tree as 0.0233. )
)

|

|

!
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Summary of CE ISLOCA HRA

Detailed HRA analyses were conducted for each of the significant
scenarios identified in this ISLOCA pRA. Exteasive documentation for each

analysis has been provided above (e.g., descriptions of the scenarios, human
errors, and both median and mean HEPs).

Data from each human action in ear.h sequence was then used in an

uncertainty analysis. HEPs for individual tasks / subtasks, in individual event
trees, wera entered into IRRAS, the Integrated Reliability and Risk Analysis -

System, bu ng the Latin Hypercube Sampling Methodology in IRRAS, with a
sample size of 5,000, the HRA analysts were able to propagate uncertainty
throughout each analysis and were then able to calculate a final EF (error
f actor) for each total f ailure probability. Results from the tralitional HRA

"

and uncertainty analysis are summarizec, in Table C21. Individual human

actions oiv listed in the first column (with sequence number) followed by:
.

1- the HRA point estimate (total mean failure probability) using THERP,
2- the suggested EF for that probability (from THERP Table 20-20),
3- the calculated mean value from the uncertainty analysis (IRRAS),
4- the calculated EF from the uncertainty analysis,
5- the median value (from IRRAS), and finally,
6- both the 5th and 95th percentile value from the uncertainty analysis.

$
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Table C21: Summary of ReSults for CE ISLOCA HRA E,
::o

Point Est. EF-THERP Mean EF Median 5th %ile 95th %ile 3
eg. W AcHon

(THERP) T20-20 (IRRAS) Calc. (IRRAS) (IRRAS) (IRRAS) h,
s-

[2 - FTD O.018 5 0.0167 4.26 0.0111 0.0029 0.0472 o

2 - FTDGN (Proc.) 0.02 5 0.0192 3.96 0.0136 0.0036 0.0540 g

a 2 - FTi (Proc.) 1.00 -

2 - FTDGN (Know.) 0.39 5 0.3617 2.02 0.3306 0.1656 0.6685 E
h2 - FTl (Know.) 0.019 5 0.0188 2.97 0.0151 0.0051 0.0449

g2 - FTDGN (Small Break) 0.016 5 0.016 3.73 0.011 0.0036 0.041

2 - FTI (Small Break) 0.019 5 0.0188 2.97 0.0151 00051 0.0449

i

5 - FTD O.008 5 0.0074 11.86 0.0025 0.0002 0.0293

5 FT9GN O.008 5 0.0074 12.11 0.0024 0.0002 0.0294

5 - FTl (1 Train) 0.02 5 0.0219 2.77 0.0179 0.0072 0.0497

5 -FTl (2 Trains) 0.02 5 0.0219 2.77 0.0173 0.0072 0.0497

______
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.
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A

LonclusiODI

The HRA found that operator error could contribute to ISLOCA scenarios.
Risk-significant human error initiators were found to be unlikely during
normal operations involving interfacing systems. This is due, in part, to the i

existence of vitai administrative procedures and related operator training, as
well as the presence of controlled interlocks and procedural guidance which
prevent the inadvertent operation of pressure isolation HOVs. The CE HRA

analysis also found a significantly higher probability for operator error
during detection, diagnosis, and isolation of a LOCA following a break outside
containment,.as compared to human error initiating actions. This general

finding results from an interaction of the following variables:

1- For Sequence 2, the applicable procedure (OP-902-002) does not
provide any guidance for requisite operator action to isolate the

-break. ,

2- For Sequence 2,_ operator training was focused on scenarios in
-which operators were directed not to override safety injection
actuations. Because of this, the operators' situation awareness
may be directed away from required actions to isolate the affected
LPSI train (i.e., by closing the appropriate SI flow control
valve),

i ~
| 3- There is a limited amount of time after the sequence initiator,

before a break, for the detection, diagnosis, and isolation of
ISLOCA before core damage.

4- Operators are exposed to a higher workload and elevated levels of
stress at the time when actions to detect, diagnose, and isolate '

an ISLOCA are needed.
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Appendix D

Use of Constrained Lognormal Distribution
in Human Reliability Analysis -
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Appendix D

Use of Constrained Legnormal Distribution ;

In Human Reliability Analysis

1. Motivation

As discussed in (0 1), use of a lognormal distribution can sometiN s
lead to erroneous results when it is used to represent a probability. These

problems arise because a probability, which must lie between 0 and 1, is being
modeled by a lognormal random variable, whose only constraint is that it take
on values 10; there is no upper limit. One area where this problem sometimes
arises 'is human reliability analysis, or lira. One of the frequently used I

tools in HRA is [0-2), also known as THERP. Human reliability analysts use |
tables of hume 3rror probabilities (HEPs) in THERP to obtain median estimates
and error factors (IMPS are assumed in THERP to be lognormally distributed),
which can be used in an uncertainty analysis. However, THERP will, under some
circumstances, provide. combinations of medians and error factors which are not

-meaningful. For examlO ', THERP may recommend the use of a median HEP of 0.5
with an associated error factor of 5, producing a 95'h percentile probability
greater than unity. The method documented below is one approach to solving

-this problem.

2. The Constrained Lognormal Distribution
.-

1
' An intuitive approach to solving.this problem is suggested in [0-1).

There the authors recommend the use of a constrained lognormal distribution,

whose random variate assumes values between 0 and 1. The cumulative

distribution function (cdf) of'such a random ~ vsriable is obtained as follows.
first, the probability that a lognormal random variable (unconstrained) is
less than some value x is given by

P(Xsx) = @ ( l'"E ) (1)
0-

.where g and o are the parameters of the distribution and e is the cumulative

D-3
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normal function. Constraining the random variable X to be less than 1 is
heuristically equivalent to asking for the conditional probability that X is
less than or equal to som3 value x, given that it is less than or equal to 1.
Thus, one has

I44 nx-p)
P(Xsx|Xsi) = = Osxs1,

4( 3-) (2)
0

= 1, x > 1.

This expression allows one to calculate percentiles and moments of the
distribution. For example, the expected value of X will be given by

exp [. (inx- p) 2 )1
,

202=[ M dx. (3)E(X)
4( 2)o

o

This integral, and the integrals for the higher moments, can be evaluated
numerically for specific values of g and o. This problem of truncating the
probability values can also be approached through a transformation of
variables process as described in the next section.

3. A Transformation of * 1riables Approach

Section 2-presented a somewhr.t heuristic approach to constraining the
THERP llEPs. This section presents an alternative approach. One starts by
defining a transformation of variables that will restiict the unconstrained
lognormal random variable to lie between 0 and 1. If Y is a random variable

8that is lognormally distributed with parameters y and o , denoted Y ~ A(p o'),
then the random variable X, defined by the transformation

XY* (4)0-

0-4
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L

,

-will be a truncated lognormal random variable constrained to values between r
and 0 [D 4). -In the present ca'se one wants X to take on values between 0 and

1 so the transformation becomes

(5)~
1 X-

This is a one-to one transformation from X onto Y with a Jacobian given

by
'

1J=. (6)(1_y; a *

The pdf of Y is

g(y) = /Royexp [- (Iny-p) ] ,
1

820

Therefore, the pdf of X is given by
'

#
(In ( I'X-) -p] 2 1

>

^1 exp[ _.
)_(1-x)3f(A) =-

20*/Dio ( X )1-x (8)

n( 1f)-W21 exp(- )*=

/Rox(1-x) 208

The graph of f(x) is shown in the figure below.

.

D-5

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



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

,

i

|

fM. -

i

l

.

u-

,

id

''
, , .. , , , , , , , ,

.o. ., e, ., .. .. .. .> .. .. ..

x

Truncated Lognormal pdf

.

No simple analytic expression for the mean value of this distribution

exists (see (D-3) for.the exact result). However, the expression for the
expected value of X can.be integrated numerically without difficulty, or
tables in (D-3) can be used to approximate the mean, skewness, and kurtosis.
The resulting mean value for this example (median - 0,5, error factor a 5)is
E(X) 0,36. l

The percentiles of this distribution can be found by integrating the_pdf
as follows. Let x, be the value of X such tiot P(X 1 x,) = p. One has

D-6
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*
[1n ( 1 ~#) - p) *",

1

P(Xs x,) =[/Jnox(1-x) exp(- ] dx
20:,

(9)

In ( [['' ) - p
=@[ ''

.].
o 1

The integral was evaluated by making the substitution

#z = In( ). (10)

One can compare percontiles obtained from (9) to those from (2). Using (9), I

one finds that the median value of X is 0.33, compared with 0.37 calculated

with (2). Thus, the percentiles obtained with (2) are somewhat conservative
relative to the percentiles obtained with (9).'

Some might question the use of a (truncated) lognormal distribution; a
beta distribution, in which the random variable is constrained, a priori, to
lie between 0 and 1 might seem more appropriate. In answer to this potential
objection the authors show in the following paragraphs that the truncated
lognornial distribution 11 a beta distribution, so any possible objection on
this basis is simply a question of terminology.

The " proof" utilizes a Pearson plot [0-5] of # vs. #3 where si nd #2a
3

are measures of skewness and kurtosis, respectively. They are defined by

M " E[X-E(X) ] 32 (11)
[ Var (X) ) 2

'The reason the distribution functions, and hence the percentiles, are
different is because the random variable defined in this section is different

-from the random variable defined in Section 2. The cdf of a random variable is
unique; therefore, the conditional cdf in Section 2 will difier from the cdf of
the constrained random variable defined in Section 3.

0-7
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and

p* , ElX-E(X) )' . (12)[ Var (X) j a

The third and fourth moments of X about its mean that are required for these
calculations were obtained by numerical integration (they could also be found
from tables given in [D 3]). One finds that

K = 0.50 (13)

and

p, = 2. 5 0. (14)

Plotting # and p, shows that the truncated lognormal distribution is indeed a
3

bete distribution.

Since uncertainty analysis software typically does not allow the use of
a truncated lognormal distribution, but does allow use of a beta distribution, !

the following paragraphs will show how to estimate the beta distribution
_

parameters using the mean and variance of the truncated lognormal
distribution.

First, recall that the_ pdf of a beta-distributed random variable X is
given by

gy) , x"2 (1-x) f'2
B(a,p) (15),

|

for O s x s 1

| ',

where B(a,#) is the beta function, defined as
_

L

.
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x'*2 (1-x) P 2dxB(a , p) =

I'( # ) P 'El . (16).
I'( a + p )

x* So -"dx.P(a) =

It can be shown that the mean and variance of X are related to the parameters
.of the beta distribution by

" (17)E(X) =
p

and

"Evar (x) -

(18)
(a + p +1) (a + p) 8

By integrating numerically, or using the tables in [D-3), one finds that
E(X) - 0.36 and Var (X) = 0.04. This.gives two equations in two unknowns,

which can be solved to find c - 1.88 and # - 3.36. These parameters are then

used to specify the beta distribution in the uncertainty analysis software.
'The graph on the next page compares the beta and truncated lognormal pdf..
Note that the method of moments does not produce an exact fit. However,-the

fit is judged to be. sufficient for the purposes of this analysis.'

One can. generalize these results, as Johnson has done [D-3). The

truncated 'lognormal distribution is really a special case of the bounded-

cJohnson distribution defined in [D 3). Johnson shows that the random variable
defined by

z = y + 61n( -{~ ) (19)

D-9
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|
|

I
uhere'

Y = [' ~ A ( jYo f) (20)
:-

I

hn a standard nonnal distribution, The pdf of X is given by

6A
f(x) - -expd [y461n '" 12) (21)

/Ti( A +c-x) (x-c ) 2 A+c-x

I

for a f x $ HA. In this particular case, one has <=0,1 1, 6-o", and y - f
~ /o. Johnson also shows in {D-3] that # and $, lie between the lognormal |p 3

-

line and the lino # - # - l' _0 on a Pearson plot. This is precisely the j
2 3

d

region that encompasses the beta distribution (nute that the beta distribution
is e Type- 1 Pearsor distribution), so one has are alternative de'nonstration i

that the so-called truncated lognormal-distribution is really a beta*
,

. distribution. In' addition, the distribution is skewed to the right because,

. as'is shown in [0-3),' positive values of y correspond to positive skewness.L
-

Positive skewness is- desirable as it refiects_ the lognormality of the data in

THERP.,

Another potential approach to constraining the range of the random
'

-

L variable would be to retain the unconstrained median value from THfRP but <

reduce the error factoi' so that the 95'h percedile probability is with
' linwaver, this is an 'ad hoc approach which does not give consistent,

- iustifiable results in all cases. In ,ddition, for median values greater than -

-

aboutt0.5, retaining the unconstrained median gives a very drastic reduction |

in'the coefficient of. variation (ratio of the standard deviation to the menn), - (=

implying far more knowledge of the range of values about the mean than is
fjustified (i.e., a reduction in the uncertainty, perhaps lending to an ,

underestimation of the contribution of this variable to overall sequence-
. uncertainty).- This is shown graphically _in the attached figures, which
illustrate probability density functions for three cases

0 11
.
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4. ? Approximating the Constrained Distributico

Because of limitations in the software used for the uncertainty
analysis,-the basic approach will be to obtain percentiles of the constrained
distribution using (8), then use an unconstrained distribJtion passing th'ough
.hese points to estimate the constrained mean. An exampbe of this ir shown

b>il c ., .

Assume that THERP has provided a median HEP of 0,5 with an asse::tated

error factor of 5. This value is constrained to be Iriss than 1 as follows.
First, one-needs to find the parameters, y and o, of the unconstrained
distribution. These are obtained from

p = Inx ,3 (22)o

and

1"#-o= (23)
1.645

Using the values of 0.5 and 5, one finds that p = -0.693 and o - 0.978.

th and 95'h percentiles of the constrainedNext use (8) to find the 50
distribution. Solving for x in (6), and denoting constrained values of X by-

X*, one finds that X*o,3 - G.334 a- J X*o,93 - 9.714. The constrained error

factor is then 2 14.

Ntw' find the unconstraind lognormal distribution that passes through
tLese percentiles. Using (21) and-(22), one obtains p' - -1.097 and o' =-

0.462. Thirun of this distribution is given by

F (X') = exp(p's 2)
(24)

= 0. 37 .

'To repeat, this is the mean of an unconstrained lognormal distribution passing

D lo
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}.

through the median and 95'h pcreentile of the constrained distribution.
Because the new unconstrained distribution includes values of the random
variable that are greater than 1, the mean of this distribution is somewhat
greater than the mean of the constrained distribution (0.36), so the estimate
is somewhat conservative.

As a check, one can calculate the probability that the new unconstrained
random variable is greater than 1. This is given by

P(X'>1) = 1 - P(X's 1' -

-4(~o' )
-

.: . 9 9'

= 0.01.

This provides some confidence that the unconstrained estimate of the mean isi

reasonably close to the true constrained mean.

The three d 3 tributions utilized in the analysis are shown in the
following figure,

r
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5. Conclusions 4

The use of a truncated lognormal (beta or bounded Johnson) distribution
would appear to be a reasonable way to deal with situations in which THERP
produces a credible best estimate HEP but provides an unter6ainty range that
is not ueaningful. For calculational ease, one can utilize the unconstrained i

lognormal approximation to this distributior, or, if more rigor is desired and
resources are available to do the necessary calculations, one can use the
truncated lognormal distribution directly to propagate uncertainties.

_

The method is based on the assumption that the HEPs ir. THERP are

lognormally distributed (i.e., positively skewed) over the range where data is
available for estimation. Using a truncated lognormal distribution (i.e, a
beta distribution in which both parameters are greater th..i 1) preserves the
general lognormal shape (i.e., positive skewness) and is therefore compatibic
with the assumptions in THERP regarding lognormal''.y.

N

An alternative approach would be to retain the unconstrained median
value from THERP but adjust the error factor so that the majority of the
distribution lies to the left of 1. This approach has the advantage of being

simple to 'nplement. It also leaves the original median value unchanged.
This approach does reduce the mean value, but not by quite as much as using
the bounded Johnson distribution. The principal objection to this approach is

~

that it leaves the range of the random variable unbounded. Of course, one can

make the probability that the random variable assumes values greater than one
as small as desired by suitable choice of an error factor; however, there is
an accomp6nying decrease in the coefficient of variation, which is
undesirable. The authors' preference is for a more rigorous method.

The method of transforming variables is felt to be desirable because it
retains the order-of-magnitude point estimate implied by the original median
value. In the case of human error probabilities from THERP, more than order-
of-magnitude accuracy is not ;mplied (e.g., 0,01 - 0.1, 0.1 - 1). The method
also maintains the positive skewness of the original lognormal distribution,
but employs a random variable whose range is restricted, a priori, to values

0-18
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between 0 and 1.
~

Finally, the authors feel that the constrained lognormal distribution is
a natural model for cases where the random variable being modeled represents a

probability, and the values of-the variable are skewed to the right (c.ean >

median). For actual empirically derived data, the maximum likelihood method
for estimating the distribution parameters is tractable and provides minimum
variance unbiased estimators. Therefore, fitting a constrained lognormal
distribution to probability data (e.g., observed human error rates) is no more
difficult than fitting an unconstrained lognormal distribution. However, the

constrained lognormal distribution wil! produce a reasonable uncertainty
range, even for median probabilitics well above 0.1, for which an

-unconstrained lognormal distribution is really not an appropriate model.

D-19
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Aooendix _E

Large _ Break -ISLOCA Core Uncovery calculation for a
CEPWR-

E.1 INTRODUCTION.

This appendix docume.uts - the bounding calculation used to estimate
- the time for the onset of core uncovery for a large break interfacing
system LOCA (ISLOCA) sequence. This accident sequence was

'

applied to a CE PWR rated at a core power of 3390 Mw. In
particular, the -core uncovery time estimate was made aft:r LCCS
pump _ suction was lost from the refueling water storage -pool (RWSP).
It is possible that core uncovery may occur prior to losing suction to

,

the RWSP,- but this issue _was not addressed in this document, The

uncovery time. is -defined as the time at which the collapsed vessel-

liquid level will-drop below the top of the core fuel rods. The break
.

was assumed to be outside of containment on one of the LPI injection
lines; was: approximated as an equivalent (30 % of an 8 inch break)
primary ' system break. Large break LOCA assumptions were made;-

. including _-the " assumption -that the remaining ECCS trains would
immediately reach their rated runout . values, and that RCS pressure
feed back from-decay and piping stcred energy would not

.significantly perturb the ECCS injection rates. The Mathematica
le computerf code was1used to do the numerical calculations presented-
L in the- following ~ analysis.

.
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E.2 Estimate of time to lose ECCS

This section presents a time estimate to lose suction from the RWSP.
A time correction was added to this estimate to account for the
presence of SIT injection. This time correction is believed to be very
conservative. A number of assumptions were incorporated into the
suction loss time estimate and included:

. The ECCS water supply was limited to 443,000 gal with a nominal
3density of 62 lbm/ft .

-

. The SIT's were available and the corresponding delay time
contribution to core uncovery was estimated by dividing the total
ECCS pump runout flow rate by the total volume of the SIT liquid
inventory.

. It was esiumed that the transient is initiated at 100 % power
conditions and that the reactor was immediately scramed.

. Three llPI, three charging pumps, and one LPI were available to
recover the primary system. The run-out rate for each HPI equals
910 gpm and for the LPI 5500 gpm. The charging pumps were rated
at 42 gpm.

. The RCS depressurization was large enough to cause all ECCS pumps
to immediately transition to their run-out injection rates.

The following variables were defined:

Tank = is the mass of the RWSP tank in Ib m

RUNOUTFLOW = is the total ECCS run out flow rate

TIME 1 =ls the time in hours for the RWSP to empty

Equating the ECCS runout rate to the treak flow rate, the estimated
time to empty the RWSP is calculated as follows:

ft /G Ai, * 62.0 lbm/ft33Tank = 443000. GAL * .1337

RUNOUTFLOW= (3 * 910. + 3 42. +5500.).62.0 002228 Ibm /sec.

E-4
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TIME = Tank /RUNOUTFLOW

TIM E1= TIM E/(3600. SEC/h r) (* time to empty RWSP in hr*)

time to empty RWSP = 0.883729 h r

Sources of uncertainty in this estimate are as follows:

. The ECCS injection rates will not immediately rela 3 to their rated
run out discharge rates.

.There is some uncertainty in the known ECCS pump run out mass
flow rates.

.The simultaneous use of 3 IIPI pumps is an off normg
configuration. Generally only two pumps are in operatich. It was
judged that the assumption of 3 pumps in operation is conservative.

l

. SIT injection may temporarily alter the RCS pressurization response
and reduce LPI flow.

. Primary to secondary heat transfer may also induce RCS pressure
feed back that could redu:e ECCS injection flows.

Flooding the auxiliary building may disrupt or destroy the ECCS
pumping equipment before the RWSP tank is empty.

An additional time correction to core uncovery was made for the loop
safety injection tanks (SIT's). The minimum liquid volume of each
SIT equals 1679 ft3 which is representative of some CE plants. We
will assume that one SIT empties directly out the break and will not
contribute to delaying core uncovery. Once the accumulators are
activated we will assume that they empty at an average rate equal to
the total run-out rate of all the ECCS pumps. As the accumulators

empty, it is assumed an equal amount of liquid is forced out the
break. IIence, the actual dwell time for the accumulator lig.iid in the
RCS is equated with the accumulator injection time. This assumption

is conservative since this time scale is shown to be small. In order to
make the dwell time estimate, which is equated with the time
correction, we define the following variables: !

E-5
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SITVOL = the total liquid volume of the SIT 's

TIME = the estimated time for the SIT's to drain in hours

SITVOL= 3*1679. ft3 (* total SIT liquid volume *)

3lbm/f1 )/(3600. SEC/hr)TIME 2 ( SITVOL/RUNOUTFLOW)*(62.0=-
.

= 0.075 hradditional delay time

TIME 3 = TIMEl+ TIME 2

(frective time to lose ECCS = 0.959 h r

Therefore the time to lose ECCS is approximately one hour.

E.3 Estimate of core uncovery time

The remainder c^ this narrative will detail how the time to core
uncovery was calculated. -This time is referenced to the beginning of
the transient. In order to estimate the uncovery time the following
assumptions were made:

* No credit for cooling is given to any possible liquid reinaining in
the reactor coolant loops. This ~ assumption is conservative since after
the RWSP has drained some liquid in the primary loops will drain
back into the . vessel region. Unless a- full scale systems calculation is
done, there is no way of making a reliable estimate of how much
liquid would actually drain into the vessel and help extend the time
to- core uncovery.

* It was assumed that the vessel-upper head and upper plenum
region above the loops are completely voided by the time-the RWSP
has emptied. This assumption is reasonable since most PWR large
break LOCA scenarios leau to voidiag in these regions.

* At the instant ECCS is lost it was assumed that the partially filled
vessel is at bulk subcooled conditions of 100 F- and 20 psia. The
assumed vessel liquid temperature is not based on rigorous

- quantitative arguments. Unless a full scale simulation is performed
to model the' ECCS/ vessel liquid mixing dynamics it is not clear thatm.

an exact p essure and bulk temperature can be easily defined.

E-6
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. Assumed vessel volume- distributions are based on a Westinghouse
3411 MW 4-loop plant. Volume data for a 3390 MW CE plant were
not available. However, since the power levels of these two system
are close, it is expected that the volume scaling will also be very
similar.

Using steam table data the following variables are defined:

hl20 = the - enthalpy of the subcooled vessel IIquid at 20 psia,
100F,

the saturation enthalpy of the vessel liquid at 20his20 =

psia, 100 F.

rho = the bulk density of the liquid at 100 F.

= the volume of the reactor vessel minus theVOLREMAIN
regions above the hot and cold legs. This volume was

3estimated to be 3300 ft .

TOTALEN1 = the total sensible he4 needed to heat the
reactor vessel coolant from subcooled to liquid saturated
conditions.

The above variable definitions were used to estimate the time to
reach bulk saturation conditions. Some uncertainty er.ists here, since
temperature gradients may result in non-uniform heating, leaning to
significant heat up of the core liquid, with the liquid in the lower
plenum remaining relatively cool.

|
68.04 btullbm

'

-hl20 =

196.3 blu/lbmhis20 =

rho =62. (I b m/I't3)

VOLREMAIN= 3300. ft3

TOTALEN1= rho *(his20 hl20)*VOLREM AIN*1055. J/ btu

2.769 1010 jsensible heat need to reach saturation =

Additional energy added to the vessel liquid is assumed to result in
liquid vaporization. In order to initiate core voiding, all the liquid
above the core is assumed to be vaporized. From an actual physics

standpoint, bulk boiling in the vessel will cause core voiding before

E-7
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the liquid in the upper plenum is boiled off. This will not be of
concern because the core mixture level will still be above the fuel
rod region. The total energy needed to vaporize the liquid region
above the fuel rods is equated to the energy needed to vaporize the
saturated liquid in the upper plenum. To complete this energy
balance calculation the following variables are defined.

= the remaining upper plenum volume of saturatedvolvap
liquid to be vaporized,

deltah =the latent heat change -

thosat = the liquid saturation density

TOTALEN2 the total energy needed for upper plenum.=

vaporization.

With the appropriate substitutions and units changes we have:

volvap= 857. ft3

deltah =. (1156.3 396.3) btu /lbm

59.4 lbm/ft3rhosat =

TOT ALEN2= volv a p * d elt a h * r h os a t * 1055. J/ btu

5.tS6 1010 Jenergy to bolloff liquid in upper plenum =

Therefore, the total energy needed to initiate core uncovery becomes:

TOTE = (TOTALEN! + TOTALEN2) = 7.921010 y

This analysis used a core decay response which approximates an ANS
decay power response for a reactor with an infinite operation period.
The normalized decay rates are given as follows:

Time (s) No,malized Power

100. .0331
400. .0235
800. .0196
1000. .0185
2000. .0157

E-8
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4000. .0128
8000. .0105
10000. .00965
20000. .00795
60000. .00566
100000. .00475

Using the above data, we shall define decay (t) as the normalized
core decay power. The expression decay (t) was calculated as a
polynomial function of time using supplied Mathematica curve fit
routines. The expression for the normalized power was (

approximated as:

0.01590 8.75 10-7 t + 2.5*10 11 12decay (t) = -

Note that decay (t) is a good approximation in the range 4000-

10000 sec, and becomes progressively less accurate outside of this
time interval.

,

To do the energy balance formulation the total integrated core decay
power between the time TIME 3 and some unknown time t was
equated to the total energy TOTE needed for core uncovery. Recall

that the core scram was coincident with beginning of the transient
and that TIME 3 is the time at which ECCS cooling has ended. To
calculate the core decay powe the normalized power function

decay (t) is multiplied by the initial core pcwer. The nominal 100 %

power for the CE plant in this analysis is 3390 Mw. The energy

balance formulation was written as follows:

t

TOTE = P f decay;t:dt
TIME 3

Where P is the initial core power. Using the appropriate numerical
ant' symbolic algorithms supplied with Mathematica and making the
coirect imits changes, the uncovery time solution is t= 1.476 hr.

I
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Appendix F

Calculation of System Rupture Probability

Interfacing system rupture probability is calculated from system
pressure and component fragility data. The component fragility data are
obtained from structural analyses performed by the ABB Impell Corporation (see
Appenaix H). The following sections describe the component fragility data,
and the methods used to calculate rupture probabilities. T W first section
describes the system pressure data. This is-followed by a description of the
component pressure fragility data and limiting assumptions. Then the
individual component failure probability calculations are described, followed
by the method used to obtain the system rupture probability from the
individual- failure probabilities.

SYSTEM PRESSURE

Interfacing system rupture probabilities are required for the everJ
trees in Appendix 8. Two significant sequences survived the screening
process. These are Sequences 2-and 5. Sequence 2 involves pressurization of
the low pressure safety injection (LPSI) system to normal operating reactor
coolant system (RCS) pressure as a reult of failure of the isolation check
valves and opening of the isolation MOV during quarterly stroke-testing.
Pressure' relief valves in the LPSI pump discharge lines have very small
capacities _(5 gpm each). Therefore, the discharge piping will rapidly -

pressurize to the cold leg pressure of 2306 psig. Table F.1 provides a lisi, '

of the low-pressure rated components that will be subjected to RCS pressures.

In Sequence 5 the operators enter shutdown cooling as per procedure, and
valves SI-401, SI-405, and SI-407 are opened while the plant is at -400 psig
and 350* F. Note that this is a conservative assumption; the entry into
shutdown cooling may be made at lower pressures and temperatures, but these
are the maximum allowable by procedure. If check valves SI-108 ano SI-1071
fail to seat, 150 psig-rated piping and components will be subjected to
higher-than-design pressure. The components that may fail as a result are
listed in Table F.1.

F-3
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COMPONENT PRESSURE FRAGILITY DATA ]

;

The pressure capacities for each type of component in the interfacing
systems have been evaluated by the ABB Impell Corporation (see Appendix H).
The pressure capacities for these component types have. been developed under
the assumption of quasi-steady state pressure conditions. While a variety of
analytical techniques have been used to obtain pressure fragility data for the
above components, they all are expressed as follows:

P=P*M*S (1)
where

P- the component median pressure capacity
M= a lognormally distributed random variable hating unit med4 r .4 ?

logarithmic standard deviation, p,,, representing modelir
uncertainties

S- a lognormally distributed random variable having unit median and a
-logarithmic standard deviation, #,, representing material property
uncertainties

The random variable P is lognormally distributed with logarithmic
standard deviatior. p,. In the tabulations provided in Appendix H, the
separate uncertainty parameters, #, and #,, are not routinely provided.
Instead one composite value, #,, is used to represent both kinds of

-uncertainty, where #c is given by

De = /Di + 05

The component pressure capacities and uncertainty parameters from Appendix H
are summarized in Table F.1. Application of the above data for determining
system failure probabilities requires some understahding of the-failure modes
represented. The following discussions provide a summarv of the important
failure modes and data limitations.

Elpina

Piping failure is assumed to result when pressure-induced hoop stress in
the unflawed pipe causes failure strain to be reached. Variability in the

F-4
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Table F-1. LPSI system component pressure capacity data

Med. Fall. Mean Fait Ln Ln Error A

Coni m it Pressure Pressure Mean Std. Dev. Factor P(A)*.001

Seg nnce 2- et 600' F.

flange - 10 inch, 300 psi 1888 2150 7.543 0.41 1.06 529.7
Piping 6 inch sched. 40s 3790 4044 8.240 0.36 1.81 1241.6
Piping - 8 inch sched. 40s 3345 3569 8.115 0.36 1.81 1095.8
Piping - 10 inch sched. 40s 3044 3248 8.021 0.36 1.81 997.2

Srbi e 5 at 400* F.

Flange - 10 inch 150 psi flange 941 949 6.855 0.13 1.24 428.9
Flange 24 inch 150 psi flange 640 646 6.471 0.13 1.24 427.7 .

Piping 10 inch sched. 40s piping 3271 3490 8.093 0.36 1.81 1071.5
Piping 14 inch sched. 30 piping 2545 2715 7.842 0.36 1.81 833.7
Piping - 20 inch sched. 20 piping 1752 1869 7.469 0.36 1.81 5 73.9
Pipitig. 24 inch sched. 20 piping 1450 1547 7.279 0.36 1.81 475.0

presst e stress results from many factors, such as variability in material
strength and_ wall thickness. Most important among these factors is the
existence, size, and orientation of preexisting flaws or cracks in the piping

_

system. Data on _these factors are not currently available, so Impell has
developed variability data for the lognormal pressure capacity distribution by
assuming that there is a failure probability of 0.001 at the yield stress of
the piping. This implies that the probability of existence of a large flaw is
0.001. The authors of the Impell report believe this may be an overly
-conservative assumption and recommand that this assumption _should be
reevaluated if it is found that a significant contribution to risk occurs from
pipe rupture at pressures well below the median burst pressure.

L

|
The data provided in Table F.1 include no allowance for the number _of

feet of piping _in the system. The data are also dependent on both the degreel-

to which piping has been corroded and on the temperature to which the piping
is exposed. _In this analysis, a corrosion allowance of 0.020 in, is used.

. System temperature is, however, time-dependent, with the lowest temperatures-
occurring before peak pressure is reached. Since failure pressures generally
decrease with increasing temperature, it is conservative to assume a higher
temperature than~is expected at peak pressure. In this analysis, a system

temperature of 600 F. is used in Sequence 2, 400 F in Sequence 5.
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F1 anon

The flanges subject to overpressurization in Sequences 2 and 5 are 300
psi-rated 10-inch, and 150 psi-rated 24-inch flanges. The data provided in
Appendix H are tabulated according to the initial bolt stress, percent joint
relaxation, and bolt yield stress. The initial bolt stress is calculated from

data in Table 3-1 of Appendix H, and from the plant's general torquing
l. i procedure. Appendix H uses a median initial bolt stress of 25,000 psi, and
r 4

25% median joint relaxation. From Table 3-7 in Appendix H, the gross leak
(

- pressure (GLP) is found to be 1888 psi. This GLP is a median value for a -

lognormal distribution with a composite logarithmic standard deviation of'

0.12, representing both uncertainty in modeling and data variability...
,

\

Similarly, for 24-inch,150-psi flanges, Appendix H gives a median GLP
of 640 psi. For 10-inch,150-psi flanges, the median GLP is 941 psi.

Leakage from flanged connections can occur at pressures below the GLP.
Leak rates for 10-inch, 300-psi flanges are on the order of 1 mg/sec at GLP.
For 24-inch flanges, the leak rate at the GLP is approximately 37 mg/sec.
Above GLP the flange gasket can separate from the flange surface and
significant leak areas can develop. For 10-inch, 300-psi flanges, these leak
rates range from 0.03 in.2 at 1.25*GLP to 7.39 in.2 at 2.0*GLP. The

corresponding leak rates for 24-inch flanges are 0.05 and 2.79 in.2
-

,

In Sequence 5, flange failures made a negligible contribution to the
system rupture probability; therefore, no distinction was made between small
and 1arge leaks. In Sequence 2, however, failure of the 10-inch, 300-psi
flange at the LPSI discharge flow indicator vas a significant contributor to
the rupture probability of the interfacing system. In this case, flange

faiiures were grouped into two classes, based on the expected leak area. From

Appendix H, at twice the GLP, the leak area is 7.39 in. This is equivalent to
a break diameter of slightly more than three inches. Therefore, two times the

GLP was used as the criterion for defining a large flange failure. Failures
at less than twice the GLP were classified as small leaks, which were judged
to be recoverable $y the operators in time to prevent core damage (see
Appendix C).

F-6
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In developing the above pressure capacity and leak area data impell _ had
~

to make assumptions about the maximum value of the ratio of incremental gasket
. load to total pressure load. The authors of the Impell report caution that
because high strength flange bolts are used at the study plant, some flange
inclastic behavior can be expected at higher pressures. This may affect the

calculated leak rates. Therefore, they caution that additional study of
_ flange behavior may be required if leakage through flanged connections is
found to be a significant contributor to risk.

Valves

Impell postulated three failure modes for valves within the LPSI system.
They include failure of. the valve body, failure of the stem packing, and
failure of the bolted bonnet seal. Impell judged that failure of the valve
body would not be likely because the wall thickness of the valve body is

' greater than the surrounding piping. Packing failure was dismissed because

overpressurization.would tend to improve the packing seal, and failure, if it
were to occur, would result in a negligible leak rate. Failure of the bolted
bonnet was considered to be the only credible failure mode for valves but

could not be evaluated because the detailed information needed on the bonnet
seals was not available. However, it is expected that the fragility of the
bonnet seals at the CE plant will be similar to those at the Westinghouse and
B&W plants, where all valves affected by overpressurization have large enough
leak capacities to justify not. including them in the component failure
calculations.

One check valve was of particular interest at the CE plant. This was

SI-107 (A and B) which prevents reverse flow in the LPSI suction line to the
RWSP. -This valve is rated to 150 psig, so it could fail in Sequence 5. The

failure mode of interest was internal failure that would allow reverse flow =
into the RWSP. Because detailed information on the dimensions of the internal
hinged plates 'was unavailable, the-pr_ essure capacity for this failure mode
could not be calculated. However, based on the limited available information,
Impell judged that-_the pressure capacity for this failure mode would be high;

-therefore, our analysis of Sequence 5 assumed that SI-107 closed on demand,

preventing reverse flow to the RWSP.
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Calculational Methods |
l
1

Determination of system rupture probability requires " summing" the
probability of component failure over the number of components in the system.
The'following discussion presents the method used to calculate single
component fa' Jre probattlities and the resulting system rupture probability.

Convolution

The pressure capacity of a system component is characterized in terms of
a random variable P,, which is assumed to be distributed lognormally with a
median and logarithmic standard deviation. The probability density function
of P, is

1 # ~f (p,) exp-[ ].

OI@cPr 2*c

where P, 2 0 and 4, is the natural logarithm of the median failure pressure.'

The system pressure is characterized in terms of a normally distributed
random variable P , with a-probability density function given by

exp-[(#""E'} }1g (p,) =

/Ziia, 2o*

where 4,_ is the mean Onedian)_ system pressure and o. is the standard,

deviation.2 j

i

A random variable represen+ing the component failure margin is then

'In the following discussion random variables will'be denoted with capital
letters and values assumed by random variables will be denoted with lowercase
letters, e.g., P, is the random variable representing failure pressure and p,
represents actual values of the failure pressure.

2
| In 5equence 5, system nressure was characterized by a single value of 400

psig (the distribution is a delta function). This represents a bounding pressure
for the calculation of system rupture probability. Because of the extremely low
probability of system rupture at this bouncing pressure, this simplification is
justified.

|
| F-8
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~ defined as

Z=P P,.-
g

.The probability density function of Z is obtained from P, and P , by
convolution, as follows

'

f,,(pg-z) f,,(pg) dpgh(z) =

_
ing,.g,,3 ag

,, , (p r- r - p ,)
1 2'i 2PI

-[2rso,pg), e e dpf.
.,

t

The probability of. system failure is obtained by -finding the probability that

-Z s 0:

h ( z) dz .P(failure) = P(Zs0) =

To simplify the above calculations, the system probability was
characterized by-a single _ pressure, rather than a distribution, thus allowing
'the rupture. probability to be calculated by hand.3 -Based on comparison-

- 'calctilations with the full Monte Carlo simulations performed for the previous
two ISLOCA analyses,'this is a valid approximation. The reason it is valid is
that system. pressure is defined fairly accurately inithe cases of interest
here; assigning a standard deviation 'of 50 ' psi. as has been done in the -
previous analyses, does not affect the results significantly.

The probability of system rupture is calculated from the Boolean union
of the individual component failure. probabilities as expressed in the
following equation

Tho system pressure distribution in this case can be described by a delta3

func ti on'.

F-9
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P(component failure) P,= g
J=1

where P is the failure probability of the i'h component in the system.g

Assuming the_ failures to be independent allows-us to simplify this equation to

'
P(component failure) P,= g

11

n

= 1 - Q (1 - P ,) .f
2*1

Results

The results from the component failure analysis are provided in Tables
F.2 and F.3, along with the calculated system rupture probability.

Table F.2 Rupture Probabilities for Sequence 2

Median Failure
Component. Pressure (psig) Rupture Prouability"

10-in., sch. 40_ pipe 3044 0.22

6-in.,-sch. 40 pipe- 3790 0.08

8-in., sch. 40. pipe 3345 0.16

10-in.,-300-psi flange 1888- 0.12*

System rupture probability 0.47

*This is the probability of a large flange failure. The probability of a
small flange failure is 0.57.

" Based on a system pressure of 2306 psig.
,

L
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Table F.3 Rupture Probabilities for Sequence 5

Median Failure *

Component Pressure (psig) Rupture Probability

10-in., sch. 40 pipe 3271 negligible

14-in., sch. 30 pipe 2545 negligible

20-in., sch. 20 pipe 1752 negligible

24-in., sch. 20 pipe 1450 negligible
_

10-in. ,150-psi flange 941 negligible

24-in., 150-r tange 640 negligible

System rupture probability negligible

* Based on a system pressure of 400 psig.

_
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ISLOCA Consequence Analysis

1.0 INTRODUCTION

This appendix analyzes the effect of decontamination factors (DFs) on
the offsite consequences of an ISLOCA accident sequence. The fission product

source terms in this anaiysis are those generated for the Event V accident
Insequences at the Sequoyah plant for the June 1989 draft of NUREG-ll50.

using these ISLOCA accident sequences, source term release information was
obtained from the SEQSOR program and partitioned into a small number of source

term groups using PARTITION. The consequences of these releases were
calculated with the MELCOR Accident Consequence Code System (MACCS), using the

Surry plant site input decks developed for the June 1989 draf t of NUREG-ll50.
For this report consequences were calculated for the base case sequences and

eight sensitivity studies in which the effect of varying the i o/er a range

of values was examined. Two additional sensitivities examineo the effect of
increasing the release elevation from the base case value of 0.0 m to 10.0 m.

2.0 ISLOCA ACCIDENT SEQUENCE DEFINITION AND SELECTION

in the NUREG-Il50 terminology, the ISLOCA sequences at Sequoyah are

defined by plant damage state (PDS) Group 4 - V. The accident sequences in
b

this PDS group are initiated by failure of the check valves between the:

reactor coolant system (RCS) and the low pressure injection system (LPIS).
The LPIS is then overpressurized and ruptures, resulting in a release path
from the RCS to the auxiliary building, bypassing the containment. For

Sequoyah, there are two types of V sequences: wet and dry. For the wet V

the fire sprays in the auxiliary building scrub the release. The
sequences

dry V sequences are not scrubbed by the fire sprays.

The starting point of the analysis in this report was the results
obtained from analyzing the Sequoyah V sequence, PDSG 4, accident progression

event tree (APET). This APET was analyzed as part of the Containment

Performance Improvement (CPI) project studying improvements for the ice
condenser containment. Therefore, reanalyzing this APET was not necessary as

G-3
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_

the results were readily available. - Using the NUREG-ll50 methodology,- this
. APET was evaluated 200 times, once for each latin hypercube sample (LHS).
Each evaluation or observation r esulted in hundreds of different accident
sequences. For each observation, the accident sequences were sorted and '

grouped into a smaller numbt* of similar at.ident progression bins (APBs).
Because the APET analyzed the wet and dry V sequences together, each ,

| observation contained both scrubbed (wet) and unscrubbed (dry) APBs.- However,

| for this analysis, the consequences of the-wet and dry sequences were

L calculated separately. Therefore, the APET analysis results were manually
edited to separate the dry APBs from the wet APBs. The total number of APBs
for all observations was 2,642.and 2,941 for the dry and wet V sequences,
respectively. The number of unique APBs over all observations was 42 and 46,o

resportively. Listings of the unique APBs for the dry and wet V sequences are
given' in Tables G.1 and G.2. For the sake of brevity, listings of the APBs
over a'.1 200 observatio:.. are not provided here, but have been stored on

' magnetic tape and can be made available upon request.

|

|
.

'

.

L
|
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' Table.G.1- Listing of the unique- APBs over all 200 LHS observations for the .-

dry-V sequences at-Sequoyah. !

AHADBCAADAAAAA
AHADBCAADAAAAB:

-AHADBCAADAABBB
AHADBCAADBAAAA.
AHADBCAADBAAAB:
AHADBCAADBABBB

'AHADBCAADCAAAA-
AHADBCAADCAAAB
AHADBCAADCAAAD

-AHADBCAADCABBA'-
AHADBCAADCABBB
AHADBCAADDAAAA-

- AHADBCAADDAAAB:-
AHADBCAADDAAAD
AHADBCAADDABBA- ,

'AHADBCAADDABBB
AHADBCABDAAAAA
AHADBCABDAAAAB

-AHADBCABDAABBB.-
JAHADBCABDBAAAA.
AHADBCABDBAAAB

:AHADBCABDBABBB
AHADBCABDCAAAA

a AHADBCABDCAAAB
AHADBCABDCAAAD

AHADBCABDCABBA
-AHADBCABDCABBB
- AHADBCABDDAAAA--:

AHADBCABDDAAAB
-AHADBCABDDAAAD
=AHADBCABDDABBA-
-AHADBCABDDABBB-
AHADDCAADBBACA'

i -; AHADDCAADBBACB
L :AHADDCAADBRACD

AHADDCAADBBBCA-
!AHADDCAADBBBCB
-AHADDCABDBBACA
'AHADDCABDBBACB.
AHADDCABDBBACD
'AHADDCABDBBBCA
AHADDCABDBBBCB

G-5
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)
Table G.2 (1 sting of the unique APBs over all 200 LHS observations for the |wet V sequences at Sequoyah. -

'

BHADBCAADAAAAA
BHADBCAADAAAAB
BHADBCAADAABBA i

BHADBCAADAABBB '

BHADBCAADBAAAA i

BHADBCAADBAAAB ;

BHADBCAADBABBA
BHADBCAADBABBB
''HADBCAADCAAAA i,

BHADBCAADCAAAB
BHADBCAADCAAAD-
BHADBCAADCABBA '

BHADBCAADCABBB
BHADBCAADDAAAA '

BHADBCAADDAAAB >

' BHADBCAADDMAD t
DHADBCAADDABBA
BHADBCAADDABBB
BHADBCABDAAAAA '

BHADBCABDAAAAB
BHADBCABDAABBA
BHADBCABDAABBB
BHADBCABDBAAAA '

BHADBCABDBAAAB
,

BHA''3CABDBABBA
BHAuBCABDBABBB

.BHADBCABDCAAAA' !

BHADBCABDCAAAB i
BHADBCABDCAAAD

'BHADBCABDCABBA
BHADBCAROCABBB
BHADBC/4DDAAAA
BHADBCABDDAAAB -

,

BHADBCABDDAAAD
BHADBCABDDABBA
BHADBCABDDABBB
BHADDCAADBBACA >

BHADDCAADBBACB
BHADDCAADBBACD i

BHADDCAADBBBCA
'BHADDCAADBBBCB

BHADDCABDBBACA
-BHADDCABDBBACB
BHADDCABDrMCD
BHADDCABDd3CA
BHADDCABDBBBCB

G6
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3.0 SOURCE TERM ANAlf*d3

,

3.1 Source Term Description

The next step in the corisequence analysis was to determine the source

term release infcemation for each AFB in each cbservation. The source term

for a given bin santains the release fractions for nine radionuclide classes
released during the early and late :hases of the accident, and additional +

information about the release tiinings, the energy of the releases, and the
height of the releases. The nine radionuclide classes are: noble gases,

iodine, cesium, tc11urium, strontium, Puthenium, lanthanum, cerium, and

barium.

The source term analysis was performed with the SEQSOR code. SEQSOR is

a parametric computer code used to ' calculate the source terms for each APB in
each observation for Sequoyah. In order to study the effect of varying the V
sequence DF, minor.modificatior.s were mede to the SEQSOR source code and its

input files. These modifications are described below.

3.2 Decontamination Factors-

For the dry V sequences, the base case OF for all release classes had a

uniform value of 1.0 and the release elevation was 0.0 m. The sensitivity ,

analysis involved calculating the source terms with uniform-valued DFs of 5,
-10, 50, and 100 for all release classes except the noble gases, for which the
DF remained at the base case value of 1.0. .ror the first two calculations,

with DFs of 5 and 10, the release elevation remained at the base case value
of 0.0 m. For the last two calculations, with Ofs of 50 and 100, the release-
elevation was specified as-10.0 m. For the dry V sequences, the DFs are

specified within the SEQSOR code. Therefore, minor code modifications were

required to model the.0fs used in the sensitivity analyses. A sample of these

codc . modifications- is listed in-Table G 3 for-the dry V sequence with a DF of
5.0. -The. release elevation parameter is also specified within the SEQSOR <

code. .The SEQSOR code modification required to spe;ify different elevations

is listed in. Table G.4.

G-7
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lable G.3 Listing of SEQSOR code modifications for the dry V sequence with
DF - 5.0.

liOJijf3DilILn_h

C DJP
C VDFel.0

VDF 5.0
C DJP

Modification 2:

C DJP
C DFE-1.0

PfE 5.0
.C DJP

Hodification 3:

C DJP
-C FOR V-SEQUENCE WITl1 WATER:
C IF(CHH.EQ.'B')THEN,

'

C DFE-VDr
C 00 22621 ISP-2.NSP

| - C DFL(ISP)=AMAXI(VDF,VPS(ISP))
t C2621 CONTINUE
L C DJP
|

C FOR DRY V SEQUENCE:
"

IF(CHH.EQ.'A')THEN
I DFE VDF

00 22621 ISP 2,NSP
'

-22621 ' CONTINUE
C DJP

|

1
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;

,

!,
'

Table G.4 Listing of SEQSOR code modifications required to specify a release
elevation of 10.0 m.

Modification 1:,

C DJP
;

C ELEV - 0.
-

ELEY - 10.0
C DJP

Table G.5 Distribution VDF for the base case analysis of the wet V sequences
as specified in the SEQSOR input file ISTDAT.DAT.

0% 1% 5% 25% -50% 75% 95% 93% 100%

5.1E+03 4.5E+03 4.1E+03 1.3E+02 6.2E+00 3.0E+00 1.8E+00 1.7E400 1.6E+00
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i

for the wet V sequences, the base case DF was specified as a )
distribution to be sampled upon. This distribution is input into SEQSOR as i

the parameter VDF in the SEQSOR input file, ISTDAT.DAT. The distribution VDF

is given in Table G.5 for the base case analysis of the wet V sequences. As

for the dry V sequences, sensitivity analyses were performed with uniform-
valued DFs of 5,10, 50, and 100 for all release classes except the noble t

gases, for which the DF remained at the base case value of 1.0. For the first
two sensitivity calculations, with DFs of 5 and 10, the release elevation

,

remained at the base case value of 0.0 m. The calculations with DFs of 50 and |

100 were performed with the release elevation specified both at the base case
value of 0.0 m and at 10.0 m. No SEQSOR code modifications were necessary for

*

these wet V sequences, instead, the distribution of parameter VDF in the
1

SEQSOR input file _ ISTDAT.DAT was replaced with a uniform-valued DF.

3.3 Partitioning Into Source Term Groups

Because source terms are calculated for each APB for each observation in
~

the sample (a total of 2,642 and 2,941 source terms for the dry and wet V
sequences, respectively), the output from the SEQSOR calculations is quite
voluminous and.will not be reproduced here However, this output has been

stored on magnetic tape and can be made available upon request. - Also, because
of the very large number of APBs, performing consequence calculations for each
APB is not practicable. Instead, APBs with similar source terms were grouped

together using the PARTITION computer program. PARTITION takes the source

term information output from SEQS0R and estimates the early and chronic, health

effects of each source term for each APB. Source terms with similar effects
are then grouped together into source term groups. PARTITION is an

,

-interactive ' program and the number of source term groups is specified by the

user. The. number of source term groups can be further reduced by repooling
,

small source term groups. For the analyses in this report, the final number

E
.of source-term groups for each sensitivity was 2 cxcept for the base case wet
V sequence for which 3 source term groups were used. Table G.6 lists the
record of the interactive coniputer session for the dry V sequence with DF =
5 0-sensitivity.

L G-10
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When the partitioning and repooling is completed, PARTITION creates a
single frequency-weighted source term for each source term group. This source
term'information is then output by PARTITION under the file name MACCS.INP.

4.0 CONSEQUENCE ANALYSIS

A PC version of the HELCOR Accident Consequence Code System Version

1.5.11 (MACCS 1.5.11) was utilized for the consequence analysis. The computer
code comprises a single FORTRAN 77 program consisting of three basic modules,
ATMOS, EARLY, and CHRONC, which are exercised in sequence. This program has

been developed for the purpose of evaluating the severe accident consequences
at commercial LWR power plants.

,

F
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Table G.6 | Listing of PARTITION interactive computer record for the dry V
sequence with DF - 5.0.

00 YOU WANT SUMMARY CONSEQUENCE RESULTS FOR EACH SAMPLE ELEMENT
(N0 PARTITIONING PERFORMED)? (Y OR N)

N

LIST OF FILES READ FROM PARTITION.INP:
MASTER BIN LIST FILE ../ dry _nbr_ mas.kep
SOURCE TERM WEIGHT FILE ../segwgt.inp
S0l'RCE TERM FILE . ./. ./ drys / release.out
AP8 COND PROD FILF ../ dry seq.frq
PDS FREQ FILE ../temac.isT

SOURCE TERM FILE CONTAINS SOURCE TERMS WITH 9 RELEASE FRACTIONS-

PERCENT OF
NUMBER OF TOTAL WEIGHTED

SOURCE TERMS FREQUENCIES
EF>0 AND CF>0 2642 100.00
EF 0 AND CF>0 0 0.00
EF=0 AND CF=0 0 0.00
TOTAL 2642 100.00

FOR EF>0 AkD-CF 0, RANGE OF X LOG 10(CF)- 3.0140 TO 4.5?20
RANGE _Of Y LOG 10(EF)- 0.8222 TO 1.7031 !

< PRESS RE1 URN 10 CONTINUE >

THE GRID SIZE FOR THE DATA IS DETERMINED BY THE RATIO:
(HAXVALUEINAGRIDCELL)/(MINVALUEINAGRIDCELL) !

GRID SIZES CORRESPONDING TO POSSIBLE RATIOS USED WITH THESE
DATA ARE AS FOLLOWS:

'

RATIO GRID SIZE
1.34 TO 1.37 7 X 12
1.38-T0- 1.40 7 X 11
1.41 TO 1.41 6 X 11
1.4? 10 1.47 6 X 10
1.46 TO 1.50 6X 9
1.51 TO 1.54 5X 9_
l.55 10 1.64 5X 8
1.65.T0 1.66 5X 7
1.67 TO 1.78- 4X 7
1.79 TO 1.96 4X 6
l.97 10 2.00 3X 6_

l' 2.01 TO 2.38 3 -X 5
'

2.39 TO 2.75- 3X 4
2.76 TO 3.18 2X 4

l- 3.19 TO 5.67 2X 3
i 5.68 TO 7.60 2X 2

7.61 T0 10.00 1X 2

i
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|
Table G.6 Continued j

l
'

52 LECT GRID SIZE BY ENTERING DESIRED RATIO
9.000000

THE SPECIFIED RATIO PRODUCES A GRID SIZE OF 1X 2 |
IS THIS GRID SIZE ACCLPTABLE7 (Y OR N)

,

CELL COUNTS WITHIN THE GRID FOR A TOTAL COUNT OF 2642:

1 2
+......+......+

1 | 681|1961|
+......+......+

< PRESS RETUPN TO CONTINUE >

PERCENTAGE OF WElGHTED FREQUENCIES CONTAINED-lN EACH CELL:

1 2
4......+......+

1 |16.12|83.88-|
+.............+

00 YOU WIStl TO POOL THE VALUES IN ANY CELLS WITH
ADJACENT CELLS 7 (Y OR N)

N

MEAN CF AND EF COORDINATES FOR EACH CELL:

1 2

CF EF CF EF

.1 3.39 0.95 4.04 1.35

FOR EF-0 AND CF>0, RANGE OF X-LOG 10(CF)=******** TO ********
ENTER THE NUMBER OF GROUPS TO BE USED TO PARTITION
BASED ONLY ON CF (0 < NUMBER OF GROUPS < 13)

1

CELL COUNTS WITHIN THE GRID FOR A TOTAL COUNT OF 0:

1,

+......+
1 i 'l

+......+

PERCENTAGE OF WEIGHTED FREQUENCIES CONTAINED IN EACH CELL:

1

+......+
1 | |

+......+

G-13
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Table G.6 Continued
___

00 YOU WISH TO POOL THE VALUES IN ANY CELLS WITH
ADJACENT CELLS? (Y OR N)

N

00 YOU WISH 10 RED 0 POOLING? (Y OR N)
N

ENTER THE EVACVATION ESCAPE TJME (SEC)
1800.000

ENTER THE EVACUATION DELAY TIME (SEC)
7200.000

00 YOU WISH TO ENTER A SUBGROUP 2 CUT 0FF TIME FOLLOWING
START OF RELEASE I? (Y OR N)

Y
~

ENTER CU10tf TIME (S)
3600.000

DO YOU WISH TO POOL THE SUBGROUP 3 SOURCE TERMS WITH SUBGROUP 4
SOURCE TERMS? (Y OR N)

Y

CNTER THE CONDITIONAL PROBABillTY BELOW WHICH
SUBCELLS Will. BE COMBINED

0.0000000E+00

00 YOU WISH TO GENERATE LINE PRINTER PLOTS FOR
INDIVIDUAL SOURCE TERM PARAMETERS FOR SOURCE TERM
CELLS AND SUBCELLS? (YORN)

N ,

DO YOU WISH TO GENERATE FILE FOR USE li. f.ALCULATION s

lDF PARTIAL CORRELATION COEFFICIENTS? (Y OR N) f
Y

~

._
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1
Table G.7 Listing of the PARTITION out aut file MACCS.INP containing the |

source term information of tie source term groups for the dry V'

sequence with DF = 5.0.

SEQSOR SOURCE TERMS FOR MACCS
9 3
1 4 2.1082160E-08 0.1612279

-4799.998 8449.999 1250.000 3649.999 1800.000
10250.00 -21599.99 0.0000000E+00 3699999. 0.9902838

2.]361155E-02 2.1777147E 02 2.3204859E 03 6.5133086E-04 1.5444255E-04 *

3.5504778E-05 1.4072780E 04 7.4236863E-04 169999.9 9.7354446E-03
2.2498136E 02 9.7113749E 04 1.0220926E-02 4.1008261E 03 4.6844118E-05 3

4.1119891E-04 4.2428159E-04 3.1941610E-03
1 0.0000000E+00 0.0000000f+00 0.0000000E+00
2 0.0000000E+00 0.0000000E+00 0.0000000E400
3 0.0000000E+00 0.0000000E+00 0.0000000E+00 ;

4 2 1082160E-08 1.000000 0.1612279 |

-4799.998- 8449.999 -1250.000 3649.999 1800.000 |
10250.00 21599.99 0.0000000E+00 3699999. 0.9902838

2.1361155E 02 2.1777147E-02 -2.3204859E-03 6.5133086E-04 1.5444255E-04
3.5504778E-05 1.4072780E-04 <7.4236863E-04 169999.9 9.7354446E-03
2.2498136E-02 9.7113749E 04 1.0220926E-02 4.1008261E-03 4.6844118E-05
4.ll19891E-04 4.2428359E-04 3.1941610E-03

2 4 1.0967797E-07 0.8387731
-4800.000 8449.995 1250.000 3650.001 1800.001

10250.01 :1600.01 0.0000000E+00 3700003. 0.9866727
7.8708678E-02-~ 7.9747535E-02 1.9105045E-02 1.9408649E-02 3.5171590E-03 '

1.9877709E-03 1.2582530E-02 -1.9511884E-02 170000.1 1.3340072E-02
7.0597276E-02- 1.1536309E-02 3.9632775E-02 1.2491394E-02 1.3667987E-04
1.0439638E-03 8.7401050E-04 1.0390015E-02

1 0.0000000E+00 0.0000000E+00 0.0000000E+00
2 0.0000000E+00 0.0000000E+00 0.0000000E400
3- 0.0000000E+00 0.0000000E+00 0.0000000E+00
4 1.0967797E 07 1.000000 0.8387731

-4800.000 8449.995 -1250.000 3650.001 1800.001 -

10250.01 21600.01 0.0000000E+00 3700003. 0.9866727
7.8708678E-02 7.9747535E-02 1.9105045E-02 1.9108649E-02 3.5171590E-03
1.9877709E-03 1.2582630E-02 1.9511884E-02 170000.1 1.3340072E-02
7.0597276E-02 1.1536309E 02 3.9632775E-02 1.2491394E-02 1.3667987E-04
1.0439638E-03 8.7401050E-04 1.0390015E-02

3 -4 0.0000000E400 0.0000000E+00
'

, .

7

I

4
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MACCS requires six input files. The EARLY and CHRONC modules each

- require their own input files, as well as two auxiliary data files: a site
data file and a dose conversion file. The June 1989 draft NUREG-ll50 EARLY
and CHRONC input files for Surry were obtained from Sandia National

Laboratories (SNL). They are not reproduced here but are available upon
request. These two input files did not require modification for this
analysis.

The dose conversion file used was "MACCS DOSE CONVERSION FILE: MOD SER

#32, 6-JUL-89, 15:59:19 SANDIA NATIONAL LABORATORIES, J. JOHNSON." This is

the most recent dosimetry file provided by SNL for MACCS 1.5. The site data
file used was also from the NUREG-ll50 MACCS 1.5.11 Surry model. These files
are not reproduced here but are available upon request.

The ATMOS module requires a meteorological file for the site and an
ATMOS input deck. The meteorological-data file used was the NUREG-1150 MACCS

1.5.11 METSUR data file for the Surry site and was obtained from SNL. The

ATHOS input deck contains the source term release information and a number of
other input parameters which are site and plcnt-specific. Because this I
analysis combines the Sequoyah plant with the Surry site, the ATMOS input deck
obtained ' rom SNL had to be modified. Also, the source term information
output from PARTITION was reformatted and.then appended to the MACCS ATMOS |

input deck. A detailed listing of the ATMOS inout file used for this analysis
follcws:

,
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ATMOS Input Description

Variable Name - FILE 25
'

Purpose - Specify EARLY User Input File.

FILE 25='C:\MACCS\lSLOCA\Vl_ EAR.INP', STATUS '0LD', ACTION ' READ'

Variable Name - FILE 26

Purpose - Specify CHRONC User Input File.

FILE 26 'C:\MACCS\lSLOCA\Vl_CHR.INP', STATUS ='0LD', ACTION 'REAU'

Variable Name - FILE 27

Purpose - Specify DOSE Factors Input Data File.
.

FILE 27 'C:\MACCS\lSLOCA\dosdat8', STATUS '0LD', ACTION ' READ'

Variable Name - FILE 28

Purpose - Specify. Meteorological Input Data File.

FILE 28 'C:\MACCS\lSLOCA\metsur',- STATUS '0LD', ACTION ' READ'

Variable Name - FILE 29
'

Purpose - Specify Site Input Data File.

FILE 29='C:\MACCS\lSLOCA\sursl10', STATUS ='0LD', ACTION ' READ'

Variable Name - FILE 06

Purpose - Specify MACCS Output File (Case Specific).
-

CASE l,-STG 1: FILE 06 'C:\MACCS\lSLOCA\ DRY \Vl_MACCS.01', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 1, STG 2: FILE 06 'C:\MACCS\lSLOCA\ DRY \Vl_MACCS.02', STATUS =' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

G-17
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ATMOS Input (cont.)

CASE 2, S1G 1: FILE 06'C:\MACCS\lSLOCA\ DRYS \V5_MACCS.01', STATUS =' UNKNOWN',

CARRIAGE CON 1ROL 'FORTRnN'

I
'

CASE 2, S1G 2: FILE 06'C:\MACCS\lSLOCA\0RYS\V5_MACCS.02', STATUS =' UNKNOWN',

CARRIAGE CONTROL =' FORTRAN' '

CASE 3, STG 1: FILE 06 'C:\MACCS\lSLOCA\0RY10\V10MACCS.01', STATbs 'UNKN0WN',

CARRIAGE CONTROL ' FORTRAN'

CASE 3, STG 2: FILE 06='C:\MACCS\lSLOCA\0RY10\V104ACCS.0;', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 4, STG 1: FILE 06='C:\MACCS\lSLOCA\ DRY 50\V50MACCS.01', STATUS =' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 4, STG 2: FILE 06 'C:\MACCS\'M :A\0RY50\V50MACCS.02', STATUS =' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 5, STG 1: FILE 06 'C:\MACCS\lSLOCA\ DRY 100\V100MACC.01', STATUS.';NKHOWN',

CARRIAGE CONTROL ' FORTRAN'

-CASE 5, STG 2: FILE 06 'C:\MACCS\lSLOCA\0RY100\V100MACC.02', STATUS =' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 6, STG 1: FILE 06 'C:\MACCS\lSLOCA\ WET \Wl_MACCS.01', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

!

CASE 6, STG 2: FILE 06 'C:\MACCS\lSlJCA\ WET \Wl_MACC9.02', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'
l

CASE 6, STG 3: FILE 06 'C:\MACCS\lSLOCf\ WET \Wl_MACCS.03', STATUS 'UNKN0llN',

CARRIAGE CONTR0o ' FORTRAN'
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l

ATH0S Input (cont.)

CASE 7, STG 1: FILE 06='C:\MACCS\lSLOCA\ WET 5\W5_MACCS.01', STATUS =' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

l

CASE 7, STG 2: FILE 06 'C:\MACCS\lSLOCA\ WET 5\W5_MACCS.02', STATUS ' UNKNOWN',
|

CARRIAGE CONTROL ' FORTRAN'

CASE 8, STG 1: FiliO6 'C:\MACCS\lSLOCA\ WET 10\W10MACCS.01', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 8, STG 2: FILE 06 'C:\MACCS\lSLOCA\ WET 10\W10MACCS.02', STATUS ' UNKNOWN',

CARRIAGE CONTROL =' FORTRAN'

CASE 9. STG 1: FILE 06 'C:\MACCS\lSLOCA\ WET 50\W50MACCS.01', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 9, STG 2: FILE 06 'C:\MACCS\lSLOCA\ WET 50\W50MACCS.02', STATUS ' UNKNOWN',

CARRIAGE CONTROL =' FORTRAN'

CASE 10, STG 1: FILE 06 'C:\MACCS\lSl0CA\ WET 50\W51HACCS.01', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 10, STG 2: FILE 06 'C:\MACCS\lSLOCA\ WET 50\W51MACCS.02', STATUS ' UNKNOWN ,

CARRIAGE CONTROL ' FORTRAN'

CASE 11, STG 1: FILE 06 'C:\MACCS\lSLOCA\ WET 100\W100HACC.01', STATUS =' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 11, STG 2: FILE 06 'C:\MACCS\lSLOCA\ WET 100\W100MACC.02', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

CASE 12, STG 1: FILE 06 'C:\MACCS\lSLOCA\ WET 100\W110MACC.01', STATUS =' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'

'
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i

ATMOS Input (cont.)

CASE 12, STG 2: FILE 06 'C:\MACCS\lSLOCA\ WET 100\W110MACC.02', STATUS ' UNKNOWN',

CARRIAGE CONTROL ' FORTRAN'
;

Variable Name - ATNAMI

Purpose - Identifier for specific ATMOS case.

RIATNAM1001 'SURRY SITE, SEQUOYAH SOURCE TERMS FOR ISLOCA'

Variable Name - ENDATI

Purpose - Flag to indicate that this is the last program in the series
to be run.

Source - hVREG-Il50 MACCS 1.5.11 Sorry Model.

OCENDAT1001 . FALSE. (SET THIS VALUE TO .TRUE. TO SKIP EARLY AND CHRONC)

Variable Name~ - HUMRAD

Purpose - Number of radial spatial elements defined in the model.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

GENUMRAD001 26

Variable Name - SPAEND

Purpose - Distance in meters to the end of the spacial intervals.
Source - NUREG-Il50 MACCS 1.5.11 Surry Model.

:

|* SURRY
* - 1

L GESPAEND001 .16 .52 1.21 1.61 2.13
l -GESPAEND002 3.22 4.02 4.83 5.63 8.05
i GESPAEND003 11.27 -16.09 20.92 25.75 32.19

GESPAEND004 40.23 48.28 64.37 80.47, 112.65

GESPAEND005 160.93 241.14 321.87 563.27 804.67y,
CESPAEND006 1609.34
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ATMOS Input (cont.)

-Variable Name - NUNISO

Purpose - Number of nuclides defined in the model.
Source - NOREG-ll50 MACCS 1.5.11 Sequoyah Model.

ISN J,4150001 60
w

Variable Name - MAXGRP

Purpose - Number of nuclide. groups deffaed in the model. >

Source - NUREGell50 MACCS 1.5.11 Sequeyah Mooei.

iSMAXGRP001 9

Variable Name - WETDEP

Purpose - Logical flag for each of the nuclide groups that indicate
. hether they are subject to wet deposition.w

Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

Variable Name - DRYDEP

Purpose - Logical flag for each of the nuclide groups that indicate#

-whether they are subject to dry deposition.
- NUREG-ll50 MAfCS 1.5.11 Surry Model. .-. Sr . .- ,

'o WETDEP DRYDEP

h- *

ISDEPFLA001 .. FALSE. . FALSE.

ISDEPFLA002; ..TRUE. .TRUE.

ISDEPFLA003 .TRUE. .TRUE.

ISDEPFLA004 .TRUE. .TRUE.

ISOEPFLA005 .TRUE. .TRUE,

-ISDEPFLA006' .TRUE. .TRUE.

-lSDEPFLA007- .TRUE. .TRUE.

=ISDEofLA008' .TRUE. .TRUE.

.TRUE.ISDEPFLA009 . . T RUE . .
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ATMOS Input (cont.)

Variable Name - NUCNAN

Purpose - Identifying name associated with each on the nuclides.
Source - NUREG ll50 MACCS 1.5.11 Surry Model.

Variable Name - PARENT

Purpose - Name of parent nuclide if any.
Source NUREG 1150 MACCS 1.5.11 Surry Model.

Variable Name - IGROUP

Purpose - Chemical group to which nuclide is assigned.
Source - NURE3-ll50 MACCS 1.5.11 Surry Model.

,

Variable Name - MAFLIF

Purpose - Half-life of the isotope in seconds.
Source - NU FG-1150 MACCS 1.5.11 Surry Model.

* NUCNAM PARENT IGROUP HAFLIF(S)
*

ISOT PGne'001 CO-58 NONE 6 6.160E+06

IS0TPGRP002 00-60 NONE 6 i 660E+08

IS0TPGRP003 KR-85 NONE 1 3.386E+08

IS0TPGRP004 KR-85M NONE 1 1.613E+04

IS0TPGRP005 KR 87 NONE 1 4.560E+03 1

IS0TfGRP006 KR-88 NONE 1 1.008E+04

ISOTPGRP007 RB-86 NONE 3 1.611E+06

! ISOTPGRP008 SR-89 NONE 5 4.493E+06

y _IS0TPGRP009 SR-90 NONE 5 8.865E+08

| IS0TPGRP010 SR 91 NONE 5 3.413E+04

L ISOTPGRP0ll SR-92 NONE 5 9.756E+03 NEW
|
| IS0TPGRP012 Y-90 SR-90 7 2.307E+05

IS0TPGRP013 Y-91 SR-91 - 7 5.080E+06

.ISOTPGRP014 Y-92 SR-92 7 1.274E404 NEW

IS0TPGRP015 -Y-93 NONE 7 -3.636E+04 NEW

.

I
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,

ATHOS Input (cont.)

IS0TPGRP016 ZR 95 NONE 7 5.659E406

IS0TPGRP017 ZR-97 NONE 7 6.048E+04

IS0TPGRP018 NB 95 ZR 95 7 3.033E+06

IS0TPGRD019 MO-9 t' NONE 6 2.377E+05 -

ISOTPGRP020 TC-99M M0 99 6 2.167E+04

ISOTPGRP021 RU 103 NONE 6 3. 421E4 06

IS0TPGRP022 RU 105 NONE 6 1.559E404

ISt RP023 RU 106 NONE 6 3.188E407'"

ISGTPGRP024 RH-105 RU-105 6 1.278E+05 ,

I
ISOTPGRP025 SB 127 NONE 4 3.283E+05

ISOTPGRP026 SB-129 NONE 4 1.562E404

ISOTPGRP027 TE-127 68-127 4 3.366E+04
*

' IS0TPGRP028 TE-127M NONE 4 9.418E+06

. lS0TPCRP029 TE-129 58-129 4 4.200E403

IS0TPGRP030 TE;129M NONE 4 2.886E+06

IS0TPGRP031 TE-131M NONE 4 1.080E405

- lS0TPGRP032 TE-132 NONE 4. 2.808E+05

IS0TPGRP033 1-131 TE-131M 2 6.947E405-

ISOTPGRP034 I-132 TE-132 2 8.226E403

ISOTPGRP035 1-133 NONE 2 7.488E+04

ISOTPGRP336 1-134 NONE 2 3.156E+03

IS0TPGRP037- 1-135 NONE 2 2.371E+04

IS0TPGRP038 XE-133 1-133 1 4.571E+05
|

IS0TPGRP039 XE-135 1-135 1 3.301E+04

ISOTPGRPO40 CS-134 NONE 3 6.501E+07 .

IS0TPGRP041 CS-136 NONE .3 1.123E+06

' IS0TPGRP042 CS-137 NONE 3 9.495E+08

. lS0TPGRPO43 BA-139 NONE 9 4.986E+03 NEW

ISOTPGRP044 BA-140 NONE 9 1.105E+06

ISOTPGRP045 LA-140 BA-140 7 1.448E+05

IS0TPGRP046 LA-141- 'NONE 7 1.418E+04 NEW

!S0TPGRPO47 LA-142 NONE 7 5.724E+03 NEW

IS0TPGRP048 CE-141 LA-141 8 2.811E+06 PARENT ADDED
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ATH0S Input (cont.)

IS0TPGRPO49 CE-143 NONE 8 1.188E405

IS0TPGRP050 CE-144 NONE 8 2.457E+07

IS0TPGRP051 PR-143 CE-143 7 1.173E406

IS0TPGRP052 ND-147 NONE 7 9.495E+05

IS0TPGRP053 NP 239 NONE 8 2.030E+05

150TPGRP054 PU-238 CM-242 8 2.809E+09 j

IS0TPGRP055 PU 239 NP-239 6 7.700E+11

IS0TPGRP056 PU 240 CM-244 8 2.133E+11

ISOTPGRP057 PU-241 NONE 8 4.608E+08

IS0TPGRP058 Ad-241 PU-241 7 1.366E+10

IS0TPGRP059 CM-242 NONE 7 1.408E407

IS0TPGRP060 CM-244 NONE 7 5.712E408

Variable Name - CWASH1

Purpose - Linear term of the washout factor.
Source - NUREG-1150 MACCS 1.5.11 Surry Model.

WDCWASH1001 9.5E-5 (J0N HELTON AFTER JONES, 1986)

Variable Name - CWASH2

Purpose - The exponential term for the washout factor.
Source - NUREG-Il50 MACCS 1.5.11 Surry Model.

WDCWASH2001 0.8 (J0N HELTON AFTER JONES, 1986)

|

Variable Name - NPSGRP

Purpose - The number of particle size groups that are used for dry
deposition.

Source - NUREG-ll50 MACCS 1.5.11 Surry Model.
:

'

DDNPSGRP001 1

1
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ATH0S Input (cont.) !

Variable Name - VDEPOS
'

Purpose - The representative dry deposition velocities associated with
each of the particle size groups.

Source - NUREG-1150 MACCS 1.5.11 Surry Model. .

'

DDi'DEP05001 0.01

Variable Name CYSIGA

Purpose - The linear term in the expression for sigma-y for G i

stability classes.
Source - NUREG-1150 MACCS 1.5.11 Surry Model.

* STABILITY CLASS: A B C D E F

0

DPCYSIGA001 0.3658 0.2751 0.2089 0.1474 0.1046 0.0722

Variable Name - CYSIGB

Purpose - The exponential term of the expression for sigma-y, 6
stability classes.

Source - NUREG-ll50 MACCS 1.5.11 Surry Model,

o STABILITY CLASS: A B C D E F

-- O

DPCYSIGB001 .9031 .9031 .9031 .9031 .9031 .9031

- Variable Name - CZSIGA

Purpose - The linear term of the expression for s1 ma-z, 6 stability9

classes.
-Source - NUREG-ll50 MACCS 1.5.11 Surry Model,

o STABILITY CLASS: A B C' D E F

o
,

i

DPCZSIGA001 2.5E-4 1.9E-3 .2 .3 .4 .2

)
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ATH35 Input (cont.)

Variable Name - CZSIGB

Purpose - The exponential term of the expression for sigma-z, 6
stability classes.

Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

*-STABILITY CLASS; A B C D E F

*

.DPCZSIGB001 2.125 1.6021 .8543 .6532 .6021 .6020

Variable Name - YSCALE

Purpose - The linear scaling factor for the sigma y function.
Source - NUREG-1150 MACCS 1.5.11 Surry Model.

DPYSCALE001 1.

Variable Name - ZSCALE

Purpose - The linear scaling factor for the sigma-z function.
Source - NUREG-1150 KACCS 1.5.11-Surry Model.

,

DPZSCALE001 1.27

Variable Name - TIMBAS

: Purpose - The time base for the expansion factor (seconds).

Source - NUREG-ll50 MACCS 1.5.11 Surry Model .'

PMTIMBAS001 600. (10 MINUTES)

Variable Name - BRKPNT

Purpose- - The break point in the formula used for calculating the
plume meander expansion factor.

Source - NUREG-1150 HACCS 1.5.11 Surry Model .

PMBRKPNT001 3600. (I HOUR)
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ATMOS Input (cont.)

Variable Name - XPFACI

Purpose - Exponential expansion factor number 1. *

Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

PMXPFAC1001 0.2

Variable Name - XPFAC2

Purpose - Exponential expansion factor number 2.

Source - NUREG-1150 MACCS 1.5.11 Surry Model.

.

PMXPFAC2001 0.25

Variable Name - SCLCRW

Purpose - Scaling factor for the critical wind speed for entrainment
of a buoyant plume.

Source NVREG-ll50 MACCS 1.5.11 Surry Model.

-PRSCLCRW001 1.

Variable Name - SCLADP

Purpose - Scaling factor for the a-d stability plume rise formula.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model .

;

1
-

PRSCLADP001 1.

Variable Nama - SCLEFP

Purpose - Scaling factor for the e-f stability plume rise 'icrmula.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

PRSCLEFP001 1.
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ATMOS Input (cont.)

Variable Name - BUILOW
*

Purpose - Width of the reactor butiding in meters.
Source - HUREG-1150 MACCS 1.5.11 Sequoyah Model.

SEQUOYAHWEBUILOW001 40. *

,

Variable Name - BUILDH

Purpose - Height of the reactor building in meters.
Sour:e - NUREG-ll50 MACCS 1.5.11 Sequoyah Model.

SEQUOYAH.WEBUILDH001 40. *

Variable Name - IDEBUG

Purpose - Debug output flag (0 - no debug). '

-Source- - NUREG ll50 MACCS 1.5.11 Surry Model.

OCIDEBUG001 0

Variable Name - NUCOUT

purpose Specifies which nuclide will appear on the dispersion -

. listing if one is produced. The dispersion listing is only
produced if IDEBUG is greater than zero.

Source --NUREG-1150 MACCS 1.5.11 Surry Model.

OCNUCOUT001 CS-137

Variable Name - METC00

Purpose - Meteorological sampling option code,
metcod = 1, user specified day and hour in the year,

2, weather category bin sampling,
3, 120 hours of weather specified on the atmos user

input file,

4, constant met,_

~

,
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|

l

|ATMOS Input (cont.)

5, stratified random samples for each day of the
year.

Source - NUREG-1150 MACCS 1.5.11 Surry Model.

MIMETCOD001 2

|

Variable Name - ISTRDY -

Purpose - Day in the year on which the weather sequence is to begin
(Not used if METCOD is specifieo as 2.)

Source - NVREG-ll50 MACCS 1.5.11 Surry Model.

M31STRDY001 1

Variable Name - ISTRDY

Purpose Hour of day on which the weather sequence is to begin (Not
used if METCOD is specified as 2.)

Source NUREG-ll50 MACCS 1.5.11 Surry Model.

M31STRHR001 1

Variable Name - LIMSPA'

Purpose - Last Spacial Interval for Measured Weather
Source - NUREG-1150 MACCS 1.5.11 Surry Model.

M2LIMSPA001 25

Variable Name - BNDMXH

Furpose - Boundary weather mixing layer height.

Source - NVREG-ll50 MACLS 1.5.11 Surry Model.

M2BNDMXH001 1000. (METERS)
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ATMOS Input (cont.)

Variable Name - IBDSTB

Purpose - Boundary weather stability class index.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

M21BDSTB001 4 (D-STABILITY)

Variable Name - BNDRAN

Purpose Boundary weather rain rate.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

M2BNDRAN001 5.0 (MM/HR)

Variable Name - BNDWND

Purpose - Boundary weather wind speed.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model specifies 4.0 M/S.

However, 5.0 was used in these calculations. Sensitivity

calculations indicate this difference in wind speed has no
effect on the consequence results.

M2BNDWND001 5.0 (M/S)

Variable Name - NSMPLS

Purpose - Number of samples per bin.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

M4NSMPLS001 4 (THIS NUMBER SHOULD BE SET TO 4 FOR RISK ASSESSMENT);

'

1

Variable Name - NRNINT

Purpose - Number of rain distance intervals for binning.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

M4NRNINT001 6
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ATMOS Input (cont.)

Variable Name RNDSTS

Purpose - Endpoints of the rain distance intervals (kilometers).
Source - NUREG-1150 MACCS 1.5.11 Surry Model.

M4RNDS15001 3.22 5.63 11.27 20.92 4 80.47

Variable Name - NRINTH

Purpose - Number of rain intensity breakpoints.
Source NUREG 1150 MACCS 1.5.11 Surry Model.

M4NRINTN001 3

Variable Name - RNRATE

Purpose - Rain intensity breakpoints for weather binning
(millime+.ers per hour).

Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

M4RNRATE001 2. 4. 6.

Variable Name - IRSEED

Purpose - Initial seed for random number generator.

Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

M41RSEED001 79

Variable Name - CORINV

Purpose - Defines the total core inventory for each nuclide, NUCNAM.

Source - 3412 MWTH PWR core inventory, end-of-cycle, supplied by D.

E. Bennett, S/14/36, NUREG-ll50 MACCS 1.5.11 Model.

* NUCNAM CORINV(Cl)
*

RDCORINV001 C0-58 3.223E+16
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ATMOS Input (cont.)

RDCORINV002 C0-60 2.465E+16

RDCORINV003 KR-85 2.475E+16

RDCORINV004 KR-85M 1.159E+18

RDCORINV005 KR 87 2.118E+18

RDCORINV006 XR-88 2.864E+18

RDCORINV007 RB 86 1.888E+15

RDCORINV008 SR-89 3.590E+18

RDC0RINV009 SR-90 1.938E+17

RDCORINV010 SR-91 4.616E+18

RDCORINV0ll SR-92 4.803E+18

RDCORINV012 Y-90 2.079E+17

RDCORINV013 Y-91 4.374E+18

RDCORINV014 Y-92 4.821E+18

RDCORINV015 Y-93 5.454E+18

RDCORINV016 ZR-95 5.526E+18

RDCORINV017 ZR-97 5.759E+18

RDCORINV018 NB-95 5.224E+18

RDCORINV019 M0-99 6.098E+18

RDCORINV020 TC-99M 5.263E+18

RDCORINV021 RU-103 4.542E+18

RDCORINV022 RU-105 2.954E+18

RDCORINV023 RU-106 1.032E+18

RDCORINV024 RH-105 2.046E+18

RDCORINV025 SB-127 2.787E+17

RDCORINV026 SB-129 9.872E+17

RDCORINV027 TE-127 2.692E+17

RDCORINV028 TE-127M 3.564E+16

RDCORINV029 TE-129 9.267E+17

RDCORINV030 TE-129M 2.443E+17

RDCORINV031 TE-131M 4.680E+17

RDCORINV032 TE-132 4,658E+18

RDCORINV033 1-131 3.206E+18

RDCORINV034 1-132 4.725E+18
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A1MOS Input (cont.)

RDCORINV035 1-133 6.779E+18

RDCORINV036 1-134 7.440E+18

RDCORINV037 1-135 6.392E+18

RDCORINV038 XE-133 6.782E+18

RDCORINV039 XE-135 1.273E+18

RDCORINV040 CS-134 4.324E+17

RDCORINV041 CS-136 1.316E+17

RDCORINV042 C5 137 2.417E+17

RDCORINV043 8A-139 6.282E+18

RDCORINV044 BA-140 6.216E+10

RDCORINV045 A 140 6.352E418

RDCORINV046 cA-141 5.826E+18

RDCORINV047 LA-142 5.616E+18

RDCORINV048 CE-141 5.651E+18

RDCORINV049 CE-143 5.494E418

RDCORINV050 CE-144 3.405E+18

RDCORINV051 PR-143 5.395E+18

RDCORINV052 ND-147 2.412E+18

RDCORINV053 NP-239 6.464E+19

RDCORINV054 PU-238 3.664E+15

RDCORINV055 PU-239 8.263E414

RDCORINV056 PU-240 1.042E+15

RDCORINV057 PU-241 1.755E+17

RDCORINV058 AM-241 1.159E+14

RDCORINV059 CH-242 4.436E+16

RDCORINV060 CM-244 2.596E+15

Variable Name - SCLCRW

Purpose - Scaling factor to adjust the core inventory.
Source - NUREG-ll50 MACCS 1.5.11 Sequoyah Model.

RDCORSCA001 1.003

:
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!ATMOS Input (cont.)

a' ale Name - PSDIST

s' Puipose - Particle size distribution for each nuclide gronp.
Source - NUREG-ll50 MACCS 1.5.11 Surry Model.

,

?nol 1,0

'
2 1.0,

dt) '3 1.0|;{
~ s]4 1.0

_

RS-"

-

'Y005 1.0
FdF c o - ~06 1.0
RUPSDididO7 1.0

,

::DPSDIST008 1.0

RDP50lST009 1.0

Variable Name - ATHAM2 g

Purpose - De <riptive text identifying the source term. This text is
used to identify specific source terms in the output (case

:! ee fic.)
<

Case 1, STG 1:

RDATNAM2001 'SEQU0fAH SOURCE TERM AS OBTAINED FROM'

RDATNAM2002 'SEQSOR, FULL APET DRY BASE CASE, DFV-1.0'

RDATNAM2003 ' SOURCE TERM-001, GROUP-003'

Case 1, STG 2:

RDATPAM2001 'SEQUOYAH SOURCE TERM AS OBTAINED FROM'

RDATNAM2002 'SEQSOR, FULL APET DRY BASE CASE, DFV-1.0'

RDATNAM2003 ' SOURCE TERM-002, GR0VP-004'

Case 2, STG 1:

RDATNAM2001 'SEQUOYAH SOURCE TERM AS OBTAINED FROM'

RDATNAM/002 'SEQSOR, FULL APET DRY CASE, DFV-5.0'

RDATNAM2002 '30VRCE TERM-001, GR00P-001'
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ATMOS' input'(cont.)

Case 2, STG 2:

RDATNAM2001-'SEQUOYAH 50VRCE-TERM AS OBTAINED FROM'

: RDATNAM2002 'SEQSOR, FULL APET DRY CASE, DFV 5.0'

RDATNAM2003 ' SOURCE-TERM-002, GROUP.022'

Case 3, STG l~:

RDATNAM2001 'SEQUOYAH SOURCE YERM AS ODTAINED FROM'

RDATNAM2002 'SEQSOR, FULL APET DRY CASE, DFV-10.0'

RDATNAM2003 ' SOURCE TERM-001, GROUP-001'
.

Case 3, STG 2:-.

RDATNAM2001 'SEQUOYAH SOURCE TERM AS OBTAINED FROM'

RDATNAM2002;'SEQSOR, FULL-APET DRY CASE,'DFV-10.0'

RDAlNAM2003 ' SOURCE-TERM 002, GR0VP-002'

i

Case'4, STG'l:

-RDATNAM2001 'SEQUOYAH SuuRCE TERM AS OBTAINED FROM''

RDATNAM2002 'SEQSOR,-FULL'APET ORY CASE, DFV-50.0'

RDATNAM2003 ' RELEASE ELEVATION = 10.0 m.'-

RDATNAM2004 'S0VRCE TERM-001, GROUP-002'

-Case'4, STG 2:

'RDATNAM2001L'SEQUOYAH: SOURCE-TERM AS OBTAINED FROM'

RDATNAM2002 'SEQS0R, FULL APET' DRY CASE, DFV-50.0'

I RDATNAM2003 ' RELEASE ELEVATION = 10.0 m.'

RDATNAM2004 ' SOURCE TERM-002, GROUP-003'
_

Case.5,_STG l':-

.RDATNAM2001 'SEQUOYAH SOURCE _ TERM AS OBTAINED FROM'

=RDATNAM2002 'SEQSOR, FULL ~AiIT DRY: CASE, DFV-100.0'

RDATNAM2003"' RELEASE ELEVATION = 10.0 m.'

RDATNAM2004'' SOURCE TERM-001,_ GROUP-002'
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ATHOS Input (cont.)

-Case 5,: ST6 2:

RDATNAM2001 'SEQUOYAH SOURCE TERM AS OBTAINED FROM'

RDATNAM2002 'SEQSOR,-FULL APET ORY CASE, DFV-100.0-

RDATNAM2003 ' RELEASE ELEVATION = 10.0 m.'

RDAThAM2004 ' SOURCE TERM-002, GROUP-003'

Case 6. SlG.1:
RDATNAM2001 'SEQUOYAH SOURCE TERM AS OBTAINED FROM'

RDATNAM2002 'SEQSOR, FULL APET WET BASE, DFV SAMPLED'

RDATNAM2003 ' SOURCE TERM-001, GROUP-006'

Case 6, STG 2:

RDATNAM2001 'SEQUOYAH SOURCE TERM AS OBTAINED FR0H'

RDATNAM2002 'SEQSOR, FULL APET WET BASE, DFV SAMPLED'

RDATNAM2003 ' SOURCE TERM-002, CROUP-007'

Case 6,- STG 3:

RDATNAM2001 'SEQUOYAH SOURCE TERM AS OBTAINED FRCit'

RDATNAM2002 'SEQSOR, FULL APET WET BASE,-DFV SAMPLED'

RDATNAM2003 ' SOURCE TERM-003, GR00P-008'

Case 7, STG 1:

RDAiNAM2001 'SEQUOYAH SOURCE TERM AS boTAINED FROM'

RDATNAM2002 'SEQSOR, FULL APET WET CASE,- DFV-5.0'
;
'

RDATNAM2003 ' SOURCE TERM-001, GROUP-001'

Case 7,-STG 2: |

-RDATNAM2001-'SEQUOYAH SOURCE TERM AS OBTAINED FROM'

ROATNAM2002 'SEQSOR, FULL APET WET CASE, DFV-10.0'

RDATHAM2003 ' SOURCE TERM-002, GROUP-002'
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ATMOS Input (cont.)

Case 8,'STG 1:

RDATNAM2001 'SEQUOYAH SOURCE TERM AS OBTAINED FROM'-

LRDATNAM2002 'SEQSOR, FULL APET WET CASE, DFV-10.0'

-_RDATNAM2003'' SOURCE TERM-001, GROUP-001'

Case'8, STG 2:

RDATNAM2001 'SEQUOYAH SOURCE--TERM AS OBTAINED FROM'

'RDATNAM2002 'SEQSOR, FULL APET WET CASE, DFV-10.0'

RDATNAM2003.' SOURCE TERM-002, GR0VP-002'

Case 9, STG 1:
_

RDATNAM2001_'SEQUOYAH SOURCE TERM AS OBTAINED FROM'

RDATNAM2002 'SEQSOR, FULL APET WET CASE, DFV-50.0'

RDATNAM2003 ' RELEASE ELEVATION IS 0.0 m '

RDATNAM2004l' SOURCE TERM-001, GR0VP-002'

Case 9, STG 2:
,

RDATNAM2001 'SEQUOYAH-SOURCE TERM AS OBTAINED FROM'

RDATNAM2002 'SEQSOR,- FULL APET WET CASE, DFV-50.0'
-

,

RDATNAM2003:' RELEASE ELEVATION IS 0.0 m.'

RDATNAM2004 ' SOURCE. TERM-002, GROUP-003'

Case 10, STG 1:
,

[' RDATNAM2001 'SEQUOYAH' SOURCE TERM AS OBTAINED FROM'

RDATNAM2002.'SEQSOR, FULL APET WET _ CASE, DFV-50.0'

RDATNAM2003 ' RELEASE ELEVATION IS 10.0 m.'

RDATNAM2004 ' SOURCE TERM-001,. GROUP-002'

Case ~10,-'STG 2:

RDATNAM2001 'SEQUOYAH SO'JRCE TERM AS OBTAINED FROM'-

RDATNAM2002 'SEQS0R, FULL'APET WET CASE, DFV-50.0'

RDATNAM2003 ' RELEASE ELEVATION IS 10.0 m.'

-RDATNAM2004 ' SOURCE TERM-002, GROUP-003'
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ATH0S Input (cont.)

Case 11, STG 1:

RDATNAM2001 'SEQUOYAM SOURCE TERM AS OBTAINED FROM'

RDATNAM2002 'SEQSOR, FULL APET WET CASE, DFV-100.0'

RDATNAM2003 ' RELEASE ELEVATION IS BASE VALUE, 0.0 m.'

RDATNAM2004 ' SOURCE TERM-001, GR00P-002'

Case 1), STG 2:

RDATNAM2001 'SEQUOYAH SOURCE TERM l.S OBTAINED FROM'

' 100.0'RDATNAM2002 'SEQSOR, FULL APET WET CASE, C -

RDATNAM2003 ' RELEASE-ELEVATION IS BASE VAldE, 0.0 m '

RDATNAM2004 ' SOURCE TERM-002, GROUP-002'

Case 12, STG 1:

RDATNAM2001 'SEQUOYAH SCURCE TERM AS OBTAINED FROM'

RDATNAM2002 'SEQSOR,-FULL APET_ WET CASE, DFV-100.0'

ROATNAM2003 ' RELEASE ELEVATION IS 10.0 m.'

RDATNAM2004 '"nHPCE TERM-001, GROUP-002'

Case 12, STG 2:

RDATNAM2001 'SEQUOYAH SOURCE TERM AS OBTAiNED FROM'

P.DATNAM2002 'SEQSOR, FULL APET WET CASE, DFV-100.0'

RDATNAM2003 ' RELEASE ELEVATION IS 10.0 m.'

"DA' NAM 2004 ' SOURCE TERM 002, GROUP-003'

I.

Variable Name - CALARM

Purpose - Time after accident initiation when the accident reaches
general emerger.cy conditions (as defined in NUREG-0654), or
when plant personnel can reliably predict that general
emergency conditions will be attained

Source - NUREG-1150 SEQS0R source term information for Sequoyah

Model.
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ATMOS Input.(cont.)

RD0 ALARM 001 1250.0

Variable Name - MAXRIS

Purpose - Selection of risk doniinant plume.
Sorr :e - NUREG-ll50 MACCS 1.5.11 Sequoyah Model (for small release

fractions, on the order of 1.0E-02 or less,- plume selection
-has little effect on consequence results.)

RDMAXRIS001 1

Variable Name - REFTIM

Purpose - Specifies the representative time point of each plume
segment (0.0 = leading edge, 0.5 - midpoint, 1.0 - trailing
edge).-The radioactive decay, dry-deposition, and dispersion
calculations are all performed as if the entire contents of
the plume segment are located at this point.

Source - A value of 0.0 is assumed for the first plume in this
analysis. This results in a conservative calculation. For.

the second plume, a value of 0.5 is used in accordance with
the NUREG-ll50 MACCS 1.5.11 Surry 'iodel .

RDREFTIM001 0.00 0.50

Variable Name - NUMREL

Purpose - Number of plume segments that are released.

Source - NUREG-1150 SEQSOR source term information for Sequoyah

Model.

RDNUMRELOO1 2

Variable Name - PLHEAT

Purpose - Heat content of plume release (w).
Source - NUREG-1150 SEQSOR source term information for Sequoyah

Model.

G-39
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ATMOS Input (cont.)

' Dry V sequences:

FDPLHEAT001 -3.70E+06 1.70E405>

Wet V' sequences:

RDPLHE."T001 1.85E+06' 1.70E+05

Variable Name PLHITE-'

' Purpose - Height of plume segments at release (m).
Source - NUREG-1150 SEQSOR source term information for Sequoyah Model

for cases 1, 2, 3, 6, 7, 8, 9, and 11. MELCOR calculations
for cases 4, 5, 10, and 12.

: Cases 1, 2, 3, ~, 7, 8, 9, and 11:

RDPLHITE0C; 0. O.

Cases 4, 5, 10, and~12:

RDPLHITE001 10.0 10.0

'

' Variable Name - PLUDUR

-Purpose - Duration of plume segments (s).
Source -- NUREG-1150 SEQSOR source term information for Sequoyah-

Model.

RDPLUDUR001 1800. 21600.

Variable Name- - PDELAY-

Purpose- - Specifies the start time of each' plume segment in seconds
from the time of accident initiation, e.g., reactor scram.

Source - NUREG-1150'SEQSOR source term information for Sequoyah

Model.

RDPDELAY001- 3650. 10250.

G-40
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'ATH0S Input (cont.)

Variable Name - RELFAC

- Purpo.te - Release fractions for isotope groups in release (Case
Dependant).

Sources - Cases 1 and 6 represent the base case analyses for the dry
and het V sequences, respectively, as obtained from the
NUREG-1150 SEQSOR source term information for Sequoyah The

remaining cases are obtained by modifying the V sequence DFs
of the NUREG-1150 SEQSOR source term code for Sequoyah. For

all cases except one, the accident progression bins have
been partitior.ed into two source term groups. The one

exception is case 6 for which three source term groups were
used.

* 2 GROUPS: XE JR I CS TE SR RU LA CE BA.- f

Case 1, Source Term Group 1:
*' Dry V sequence, DF-1.0, Release Elevation-0.0

RDRELFRC001 9.84E-01 4.56E-01-4.63E-01 1.16E-01 1.21E-01 2.19E-02 1.24E-02

7.88E-02 1.22E-01

RDRELFRC002 1.62E-02 3.32E-02 4.31E 03 1.84E-01 6.56E-02 7.73E-04 4.71E-03

-3'.46E-03 5.52E-02

| Case l', Source Term Group 2:

0 Dry V sequence, DF 1.0, Release Elevation =0.0-

RDRELFRC001 9.94E-01 1.29E-01 1.27E-01 1.25E-02 2.48E-03 6.69E-04 1.25E-04

:4.72E-04 2.92E-03

RDRELFRC002 5.73E-03 6.17E-02 2.10E-02 8.03E-02 3.56E-02 2.73E-04 4.72E-03

-5'.12E-03 2.78E-02

Case 2, source Term Group 1:

o Dry V sequence, CF-5.0, Release Elevation =0.0

G-41
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ATMOS Input (cont.)4-

RDRELFRC001 9.90E-01 2.14E-02 2.18E-02 2.32E-03 6.51E-04 1.54E-04-3.55E-05

1.41E-04 7.42E-04-

RDRELFRC002 9.74E-03 2.25E-02 9.71E-04 1.02E-02 4.10E-03 4.68E-05 4.11E-04

4.24E-04 3.19E-03

Case 2, Source Term Group 2:

* Dry V sequence, DF-5.0, Release Elevation =0.0

RDRELFRC001 9.37E-01 7.87E-02 7.97E-02 1.91E-02 1.94E-02 3.52E-03 1.99E-03

1.26E-02 1.95E-02

RDRELFRC002 1.33E-02 7.06E-02 4.15E-02 3.96E-02 1.25E-02 1.37E-04 1.04E-03

8.74E-04 1.04E-0'.

Case 3, Source Term Group 1:

* Dry V sequence, DF-10.0, Release Elevation-0,0.
.

-RDRELFRC001 9.91E-01 1.39E-02 1.43E-02 1.42E-03 2.65E-04 6.55E-05 1.39E-05

=5.40E-05 3.11E-04

RDRELFRC002'8.73E-03 2.14E-02 1.14E-03 1.12E-02 6.01E-03 1.23E-04 8.06E-04

7.03E-04 5.21E-03

Case 3, Source Term Group 2:-

* Dry V sequence, DF-10.0, Release Elevation-C.0

RDRELFRC001'.9.86E-01 4.09E-02 4.14E-02 1.02E-02 1.06E-02 1.91E-03 1.08E-03

:6.85E-03.1.06E-02

'RDRELFRC002 1.40E-02 7.84E-02 1.24E-02 2.33E-02 5.44E-03 4.27E-05 3.71E-04

3.llE-04 4.44E-03

Case 4,. Source. Term Group 1:

* Dry V' sequence, DF-50.0, Release Elevation-10.0

L
-

,
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ATHOS' Input (cont.)

RDRELFRC001 0.85E-01 7.75E-03 7.89E-03 1.92E-03 1.97E-03 3.56E-04 2.02E-04-

1.28E-03 1.98E-03

RDRElfRC002 1.50E-02 5.72E 02 3.46E-03 4.72E-03 1.14E-03 1.35E-05 8.39E-05

6.40E-05 9.52E-04

Case 4, Source Term Group 2:

* Dry V sequence, DF-50.0, Release Elevation-10.0

-RDRELFRC001 9.98E-01 3.04E-03 2.96E-03 2.86E-04 3.65E-05 1.28E-05 1.60E-06

5.35E-06 4.62E-05-

RDRELFRC002 1.79E-0311.16E-01 4.06E-02 3.01E-02 1.00E-03 6.15E-06 1.44E-04

1.58E-04 7.82E-04

Case 5, Source Term Group 1:

* Dry V sequence, DF-100.0, Release Elevation-10.0

RORELFRC001 9.85E-01 3 88E-03 3.94E-03 9.61E-04 9.86E-04 1.78E-04 1.ulE-04

'6.38E-04~9.91E-04

RDRELFRC002cl.50E-02 5.74E-02 3.43E-03 3.14E-03 5.68E-04 6.7'.E-06 4.20E-05

3.20E-05 4.76E-04

LCase 5, Source Term Group 2:

o Dry V sequence, DF-100.0, Release- Elevation-10 0

l:
RDRELFRC001 9 '4E-01 1.52E-03 1.48E-03 1.43E-04 1.82E-05 6.38E-06 7.96E-07

-2.66E-06 2 30E-05

RDRELFRC002 1.79E-03-1.16E-01 4.06E-02 2.92E-02 5.02E-04 3.07E-06 7.18E-05

E7.87E-05 3.92E-04
1
,

LCase"6, Source Term Group 1: ;
lo Wet V sequence, Base cas, campled DF, Release Elevation =0,0

-

G a3
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ATHOS Input (cont.)

= 'RDRELFRC001.9.86E-01 1.81E-02-IJ 4E-02 1.87E-03 2.06E-04 6.24E-05 9.88E-06-

3.38E-05-2.73E-04

RDRELFRC002 1.40E-02 4.18E-02 3.26E-03-1.66E-02 9.26E 03 2.09E-04 1.34E-03

1.22E-03 8.13E-03

Case _6, Source Term' Group 2:

* Wet V sequence, Base case sampled DF, Release Elevation =0.0-

RDRELFRC001'9.94E-01 1.82E-01 1.81E-01 5.77E-02 5.17E-02 9.37E-03 5.32E-03

3.38E-02.5.20E-02-

RDRELFRC002.5.91E-03 4.64E-02 1.66E-03 4.12E-02 1.34E-02 7.55E-04 5.70E-04

2.29E-03 1.21E 02

Case 6, Source Term Group 3:-

* Wet V sequence, BaseLcas6 sampled DF, Release Elevatica=0.0
,

RDRELFRC001 9.98E-01 5.06E-02 4.98E-02 4.39E-03 4.39E-04 1.65E-04 1.83E-05

'5.98E-05 5.66E-04

RDRELFRC002 1.95E-03'l.03E-01 3.80E-02 5.18E-02 1.13E-02 6.89E-05 1.62E-03
'

l.77E-03:8.87E-03

._

Case 7, Source' Term Group 1:

* Wet;V sequen;a,-DF-5.0,-Release Elevation =0.0-

_RDRELFRC001 9.90E-01 2.12E-02 2.14E-9? !.87E-03 3.64E-04 9.49E-05 2.09E-05,

8.32E-05 4.31E-04-

RDRELFRCOO? 9.56E-03 2.38E-02 1.05E-03 1.13E-02 6.23E-03 1.06E-04 7.64E-04

8.10E-04 5.00E-03

,

Case 7, Source Term Group 2:

* Wet V sequence, DF-5.0,' Release Elevation-0;0

G-44
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ATMOS Input (cont.)

RORELFRC001 9.01E-01 7.19E-02 7.25E-02 1.53E-02 1.17E-02 2.15E-03 1.18E-03

7.44E-03 1.19E-02-

RDRELFRC002 8.95E-03 6.48E-02 1.19E-02 3.73E-02 1.24E-02 2.56E-04 1.28E-03

1.42E-03 1.06E-02
;:

-Case 8, Source Term Group 1:

* Wet V sequence, SF=10.0, Release Elevation-0.0

RDRELFRC001 9.91E-01 1.41E-02 1;43E-02 1.27E 03 1.52E-04 4.12E-05 8.11E-06

-3.13E-05-1.88E-04

RDRELFRC002 8.61E-03 2.16E-02 1.08E-03 1.20E-02 7.20E-03 1.61E-04 1.02E-03

9.26E-04 6.27C-03

~

- Case 8, Source Term Group 2:

* Wet V' sequence, DF-10.0, Release Elevation-0.0

RDRELFRC001 9.912-01 3.81E-02 3.84E-02 8.48E-03 6.71E-03 1.23E-03 6.78E-04

- 4.27E-03 6.80E-03

-RDRELFRC002 9.30E-03 7.48E-02 1.35E-02 2.21E 02 4.79E-03 8.90E-05 3.82E-04

5.17E-04 3.97E-03

Case 9, Source Term Group 1:

* We?. V sequence, DF=50.0, Release Elevation =0.0 :

RDRELFRC001 9.89E-01 6.81E-03 6.90E-03 1.46C-03 1.13E-03 2.06E-04 1.14E-04

7.16E-04 1.14E-03

RDRELFRC002 1.07E-02 4.75E-02 2.56E-03 3.81E-03 1.09E-03 2.57E-05 1.04E-04

1.16E-04 9.41E-04-

. Case 3, Source Term Group 2:

* Wet V sequence, DF=50.0, Release Elevation =0.0

G-45
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ATH0S Input (cont.)

RDRELFRC001 9.98E-01 2.92E-03 2.85E-03 2.77E-04 4.07E-05 1.28E-05 1.79E-06:
,

6.12E-06 5.08E-05

RDREl.FRC002 1.70E-03 1.14E-01 4.09E-02 3.01E-02 1.20E-03 7.39E-06 1.73E-04
-1.89E-04 9.37E-04

Case 10 . Source Term Group 1:

* Wet V sequence, DF-50.0, Release Elevation-10.0

RDRELFRC00119.89E-01 6.81E-01 6.90E-03 1.46E-03 1.13E-03 2.06E-04 1.14E-04

7.16E-04 1.14E-03

RDREtFRC002 1.07E-02 4.75E-02 2.56E-03 3.81E-03 1.09E-03 2.57E-05 1.04E-04

.l.16E-04 9.41E-04

Case ~10,fSourceTermGroup2:L

* Wet-V sequence, DF-50.0, Release Elevation-10.0

RDRELFRC001 9.98E-01 2.92E-00 2.85E-03 2.77E-04 4.07E-05 1.28E-05 1.79E-06

6.12E-06 5.08E-05-

P.DRELFRC002 1.70E-03 1.14E-01 4.09E-02 3.01E-02 1.20E-03 7.39E-06 1.73E-04

1.89E-04 9.37E-041

Case 11, Rource Term Graup 1:

* Wet V sequence,-DF-100.0, Release Elevation =0.0

.RDRELFRC001 9.89E-01 3.41E-03 3.45E-03 7.28E-04 5.63E-04 ).03E-04 5.69E-05

; - 3.58E-04 5.71E-04'

L RDRELFRC002 1.07E-02 4.77E-02 2.54E-03 2.43E-03 5.45E-04 1.29E-05 5.22E-05

L 5.79E-05.4.70E-04

Case ll',' Source Term Group.2:

* Wet V sequence, DF-100.0, Release Elevation =0.0
.

L

i
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ATH0S Input (cent.)

RDRELFRC001'9.98E-01 1.46E-03 1.43E-03 1.38F-04 2.03E-05 6.40E-b; 8.93E-07

3.05E-06 2.c.:-05-

RDRELFRC002 1. ',E-03 1.14E-01 4.08E-02 2.92E-02 6.01E-O i 3.69E-06 3.61E-05

-9.44E-05 4.69E-04

Case 12, Source Term Group-1:

o Wet V sequence, DF-100.0, Release Elevation-10.0
,

R3RELFRC001 9.89E-01 3.41E-03 3.45E-03 7.28E-04 5.63E-04 1.03E-04 5.69E-05

3.58E-04 5.71E-04

RDRELFRC002 1.07E-02 4.77E-02 2.54E-03 2.43E-03 5.45E-04 1.29E 05 5.22E-05

5.79E-05 4.70E-04

Case 12, Source Term Group 2:

o Wet V sequence, DF-100.0, Release Elevation-10.0

RDRELFRC001 9.98E-01 1.46E-03 1.43E-03 1.30E-04 2.03E-05 6.40E-06 8.93E-07

3.05E-06 2.54E-05

RDRELFRC002 1.70E-03 1.14E-01 4.08E-02 2.92E-02 6.01E-04 3.69E-06 8.61E-05

'9.44E-05 4.69E-04

o
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5.0 RESULTS

'l
The consequence results for the dry and wet V sequences are summarized |

in this section. The complete output files from the 25 HACCS calculations are
stored on magnetic tape and are available upon request. For ti.e dry V
_ sequence, five cases were analyzed, one base case and four sensitivity cases.
For each case, the APBs were partitioned into two source term groups. Fo-

each source term group, a MACCS calculation was performed - a total of ten for
the ory V.sequende case:. Table G.8 reports three consequence measures for

each source term group for each dry V sequence case. Table G.8 also includes
the conditional frequency weighting for each source term group for each case

-as obtained from f'" "ITI0t ' The three consequence measures reported here are
the mean number of early fatalities and latent cancer fatalities within a
1000-mile radius, and the mean population dose, in person-rem, within a 50-
mile radius. The uncertainty distributions calculated by MACCS for each-

measure are not reported here but can be obtained from t% stored MACCS
output.

- Table G.9 reports similar results for the wet V sequence cases. For the I

wet. V. sequence, seven cases were analyzed, one base case and six sensitivity
cases. Again, the reported consequence measures are mean values.-

The mean_ consequences for each sensitivity case, conditional upon the
-

occurrence of that particular-V sequence, are obtained by__ multiplying the mean
consequence measure for each scurce term group by the conditional probability
of the-source term group and summing over all source term groups:

CONS = f CSTGPpCONS (FP,)
u n

i st

where,

mean magnitude of consequence measure kCONS -
g

CSTGP, the conditional probability of source term group i

fission product source term for cource term group iFP =
i
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mean magnitude of consecuence measure k for source''

CONSa'=<

= term group i, given fission product source term (FP )i

Table G.8. . Conditional probabilities an'd MACCS consequence results-for each
source term group for each dry V sequence sensitivity. .

_

Mean 50-MileSensitivit'y Casi .

Mean Latent DoseRelease- Source Term' Conditional Mean Early
DE- Elevatiga Group Probtbilliy Fatalities Fatalities foerson remi-

1.- 0 0.0 1 6.69E-01 1.49E+02 6.79E+03 8.05E+06
2 3 . 31 ~.~- 01 8.08E-01 2.47E+03 2.22E+06

5.0 ~0.0 1 1.61E-01 1.33E-01 6.06E+02 9.33E+05
.2- 8.39E-01 1.92E+00 2.05E403 2.38E+06 ;

: 10.0- 0. 0 . I 2.29E-01 1. ll E- 01 5.04E+02 8.59E+05
~

:? 7.71E-01 4.90E-01 1.37E+03 1.76E+06 4

'0.0- -10.0 1 8.29E-01 7.38E-02 4,34E+02 8.20E+05-5
2 1.71E-01 5.86E-02 9,14E+02 1.i9E+06

100.0' 10.0_ 1 8.28E-01- 6.20E-02 2.99E+02 6.41E+05
2- 1.72E-01 5.63E-02 8.70E+02 1.12E+06

4

i
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Table G.9 Conditional probabilitics and MACCS consequence results for each
source term group for each wet V sequence sensitivity.

Sensitivity Case Mean 50 Mile
Release Source Term Ccaditional Mean Early Mean Latent Dose

DE Ofvation Group Probability Fatalities Fatalit_igi 1 person-rem)

Base 0.0 -1 4.87E-01 2.09E-01 6.33E+02 1.04E+06
Case" 2 3.17E-01 1.llE+01 3.42E+03 3.88E+06

3 1.96E-01 3.94E-01 1.6LE+03 1.77E+06

5.0 0.0 1 2.14E-01 2.28E-01 5.94E+02 9.48E+05
2 7.86E-01 1.20E+00 1.73E+03 2.02E+06

10.0 0.0 1 3.16E-01 1.96E-01 4.98E+02 8.63E+05
2 6.84E-01 4.96E-01 1.21E+03 1.61E+06-

50.0- 0.0 1 8.17E-01 1.80E-01 3.40E+02 6.90E+05
2 1.83E-01 1.59E-01 9.01E+02 1.17E+06

50.0 10.0 1 8.17E-01 1.21E-01 3.48E+02 6.98E+05
2 1.83E-01 1.06E-01 9.13E+02 1.18E+06

100.0 0.0 1 8.17E-01 1.60E-01 2.37E+02 5.37E+05
2 1.83E-01 1.54E-01 8.60E+02 1.10E+06

100.0 10.0 1 8.17E-01 1.07E-01 2.41E+02 5.42E+05
2 1.83E-01 1.03E-01 8.70E+02 1.11E+06

_ _ .

. Wet V sequence base case DF is a sampled distribution as given in Table
G.S *

..

.
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Tables G.10 and G.ll present the mean consequence results for the dry
and wet ~V sequence sensitivity cases, respectively, These results are also
presented graphically on. Figures G.1 through G.6. Comparisons of the dry and

wet V.-sequence consequence results are also presented graphically in Figurt.s
: G.7, G.8, and G.9.

,
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Table G.10:-Mean MACCS consequence results for each dry V sequence
sensitivity.

,,

Sensitivity Case. Mean 50-Mile
Release Mean Early Mean latent Dose

QE - Elevat_ ion Fatalities Fatalities foerson-reml

1.0 0.0 9.99E+01 5.36E+03~ 6.12E+06
5.0 -- 0. 0 1.63E+00 1.82E+03 2.15E+06
10.0 0.0 4.03E-01 1.17E+03 1.55E+06
50.0 10.0 7.12E-02 5.16E+02 8.83E+05
100.0 10.0 -6.10E-02 3.97E+02 7.24E+05

Table G.ll Mean MACCS consequence results for each wet V sequence
sensitivity.

Sensitivity Case Mean 50-Mile
Release- Mean Early Mean Latent Dose

QE' Elevation Eatalities E3talities foerson-remi

Base' O.0 3.69E+00- -1.71E+03 2.08E+06
1.0 9.92E-01 1.49E+03 1.79E+065.0 0

-10.0 0.0 4.01E-01 9.85E+02 1.37E+06
50.0 0.0 1.76E-01 4.43E+02 7.78E+05
50.0 10.0 1.18E-01 4.51E+02- 7.86E+05
100.0 0.0 1.59E-01- 3.51Et02 6.40E+05
-100.0- 10.0 1.06E-01 3.56E+02 6.46E+05

- a Wet V sequence base case DF-is a sampled distribution as-given in Table
G.5.
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1, INTRODUCTION

The work presented in this report is described in Revision 4 of the Task Action Plan

for Generic issue 105, inferfacing System LOCA In LWRs, dated February 13,1990, it is
anticipated that the results documented here will facilitate the resolution of this high priortty

generic issue in a timely manner as well as the effort being undertaken by EPRl/NUMARC.

A probabilistic risk assessment of a reference Combustion Engineering plant is

being conducted by EG&G Idaho, Inc., to evaluate the probability of plant damage from
interfacing System Loss of Coolant Accidents (ISLOCA). ABB 1mpell Corporation is under
subcontract to EG&G Idaho, Inc., to establish the pressure capacities of several low pressure

systems to withstand y ssures and temperatures above the design levels. The probability

of failure as a function of internal pressure has been developed for the critical modes of f ailure

of two fluid systems subject to potential overpressurization. The two segments identrfied by
- EG&G for the reference. Combustion Engineering plant are the low pressure safet/ injection

line (LPSI) on the suction side of the safety injection pump back to the refueling water storage

pool, and the LPSI discharge lines to the reactor coolant system cold legs. Included in this
evaluation are the pumps, valves, and flanged connections for this system. No vessels or

heat exchangers were identified for evaluation. The variability in the probability of failure is
included, and the estimated leak rates or leak areas are given for the controlling modes of
failure. For this evaluation, all failures are based on quasistatic pressures since the probability

of dynamic effects resulting from such causes as water hammer have been initially judged to

- be negligible for the reference Comoustion Engineering plant.

The pressure capacities of the pipes and vessels are evaluated using limit state

analyses for the various failure modes considered. The capacities are dependent on several

factors, including the material properties, modeling assumptions, and the postulated failure
criteria. A major source of uncertaintv in the failure criteria is the expected strain resulting in

failure. All welds are full penetration and the probability of failure at membrane strains below

yield is considered to be quite low. On the other hand, biaxial strains and gage length effects
as well as strain concentrations and bendinp significantly reduces the expecteo hoop strain

atfailure when compared to elongation data developed from standard specimen ultimate tests.

Since test data from vesseliests are extremely limited, considerable vanability is introduced,

H-11
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not only in the failure criteria but in analytical modeling and other assumptions. In particular

the limited data that do exist are related to finite length cylinders with intemal pressure loading

onty, and no test results are ava!!able for such effects as thermal or bending strains in pipe,
strain concentrations at branch connections, or nonle loads on tanks. Since many of the

base parameters are random and the methods used to evaluate the capacities are subject to

some uncertainty, the pressure capacity 1or any f allure mode is also considered to bu 3 random

variable.
[

A diff erent approach must be used to evaluate the pressure capac ties for gasketed ,

flange connections, vatves, and pumps. Unlike the f ailure modes for piping, vessels, and heat

exchangers, which lend themselves to evaluation by general structur al mechanics techniques,

the failure modes for gasketed flange connections, valves, and pumps are very complex and

the eva!uation must rely primarity on the resutts from ongoing gasket researen test programs

anc availab|e vencor information and test data.

It is assumed that the pressure capacities have a iognormal distribution. This

assumption is made because a lognormal distribution has been shown to be a valid description

of the variability in material strengths. In addition, f or a random vanable that can be expressed

as the procuct and quotient of several random variables, the atstribution of the dependent

variable tenas to be lognormal regardless of the distributions of the independent base vari-

ables.
_

With the pressure cacacity assumed to be a lognormal rancom variable and
denoting it as P, the probabt!:ty of failure occurring at a pressure less than or equalto a specific

value pis expressec as:

Iln(p/PT'{' (1-1)Prob (? $ p)P c!==
f

L b, c
m

probao:iity tnat failure occurs at a pressure-P 5 pwhere: P, =

F random pressure caoac:ty=

;;: !cgamhm;; stancard deviaton at P=

H-12
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7 ^ = median pressure capacity -

cumulative distribution function for a standard normal random&(-) =

variable

In Equation 1 1, the pressure capacrty for a given failure mode is probabilistically'

described by the following expression,

; P = # f Af S (1-2)

in which P is the median pressure capacity, M is_a lognormally distributed random variable

hadng a unit median and a logarithmic standard deviam n Su representing the uncertainty
in modeling, and S is also a lognormally distributed random variable with a unit median value

and a logarithmic standard deviation 3 representing the uncertainty in the material properties.

The overall uncertainty in the median capacity is obtained by taking the square root of the sum

of the squares of Su andp3

The median pressure capacity represents the internal pressure level f or which there

is a 50% probabi!!ty of failure (leakage or burst) for a given failure mode. The median values
are evaluated from limit state analyses for the different failure modes. The uncertainties, pu

and S3, are associated with variability.due to a lack of knowledge related to differences
,

between the analytical model and the real structure. Modeling uncertainties are associated
^

|: with the assumptions used tc develop analytical models and their ability to properiy represent

the failure condition. The strength uncertainties are associated with variabilities related to the
:

material resistance. Examples of the sources of strength uncertainties include:. variability in

steel yield and ultimate strengths, stress strain relat:onships, and the influence of elevated
~

temperatures on material strength.

Uncertainties will exist in the estimated pressure capacities due to differences

between the analyticalidealization of the structure and the real conoitions. There are numerous

possible sources of modeling uncertainties. Examples of the sources of modeling uncertainties

-include: assumptions used to develop the internal force distributions, failure enteria, and the
use of emoirical formulae. Moreover;since the uncerta:nties are dependent on the par $icular

H-13
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failure mode under consideration, they must be evaluated on a case-by-case basis. However,

in many instances, the evaluation of these uncertainties would require very detailed analysis

j and/or extensive data which ma/ not be available. As a result, itwas necessary to use subjective

evaluation and engineering ,Jdgment to estimate these uncertainties.

The evaluation of the median capacities and the associated variabilities for the

postulated failure modes for piping is discussed in Section 2 while the evaluation of median
capacrties and variabilities for flanged connections and valves are discuued in Sections 3
and 4, respectively.-

c-

..

!

,

4

4
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2. PIPE

The pipng of pertinence for.lSLOCA consideration at the reference Combustion

Engineering plant is fabricated from 304 Stainless Stosi (i.e., SA 312. TP 304); The material
'

properties for 304 Stainless Steel from Reference 1 were used for the pipe materlat Ultimate

strength values at room temperature up to 800*F (References 2 and 3) availcble in the literature

were used to establisa expected median strengths for the 304 SS Table 2-1 shows the |

expected median ultimate strengths for room temperature, 400*F,600*F, and 800*F, as well

-as the corresponding values for yield strength and elongation. Also shown for comparison

are the corresponding ASME Code values. Table 2-2 shows similar expected median and

code values for 316 SS (SA 312. TP 316, and TP 316 H for pipe).

As is apparent from these tables, a significant margin of safety often exist:5when

the median material properties are compared with the corresponding code (lower bound)
values, in a few instances, however, the median values available in the literature are close to,

or even slightly lower than, the Code value; particularly for the 800*F temperature range. In

all cases, however, since the systems and components being evaluated here were designed,

for the most part, for relatively low pressures and temperature, ultimate pressure capacities

for these components, govemed by stresses near median ultimate values rather than the code

- design stress intensity, Sm, or allowable stress, S, values, are expected to be well in excess

of tho system design pressures.

2.1 Median Cylinder and Pipe Failure Pressure Criteria

Design stresses in piping system pressure vessels include provision for stiesses

resulting from deadweight, thermal expansion, nozzle loads, earthquake and other loaos as

: well as internal pressure. Stresses from other than internal pressure may constitute a major

or even the controlling portian of the design allowable stress. At overpressure conditions,

however, the percentage of available strength required to resist the nonpressure loads may

be expected to decrease (i.e., the deaoweight stress in a piping system does not increase
with an increase in pressure, and while thermal stresses may increase above the design case,

they are not expected to be the contro!!ing load). Thus, the f ailure criteria developed for pipe

and pressure vessel burst is concentrated on tne internal pressure effects, as reflected in the

H-15
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hoop stress in a cylinder, while still retaining some consideration for other loads such as

bending or branch connections in pipe, or nozzle loads in tanks. The goal was to develop

criteria which could reasonably include these additional effects Mthout requiring a detailed

evaluation in order to obtain the actual magnitudes of the bending stresses, etc., at every
location and temperature.

Failure due to hoop stress in a basically unflawed cylinder can be expected whenc

the failure strain is reached. Several factors influence the failure strain when compared to the

elongation predicted from a simple uniaxial 2-inch gage specimen, however. First, an unre-

strained cylinder is in a state of biaxiai stress and it is known that failure strains are reduced

for multiaxial stress states. Manjoine (Reference 4) suggests a triaxial reduction factor of the

form:

/2(o , + o p 03) (21)
T.F.. ,

[(o (- 02 )* + (o, - 03)* + (o - a f )* ]"'r

- where a,(i = 1,2,0) are the principal stresses.
.

For an unrestrained cylinder with no bending subjected to internal pressure, the

hoop stress is twice the axial stress and the maximum radial stress equal to the internal pressure

is small, compared to the hoop and axial stresses. For this condition,

o, - 20: and 0 -O3

and T. F. = 1.73

|

| Including provision for cending such it"
|

0 - 0: and o, - o
3

i

i

results in T.F. -2.

.

~ H-16

. .. - - .. - .-



__ ._ . ._ _ . _ . . . _. _ _ _ . . _ _ _ _ _

|

'

MV-4237-001-R004

Rev.0
..

Thus, failure ' strain in a cylinder f abricated from a material with uniaxial elongation, c, due to j

hoop stress could be expected in the range of:

'E r,r, " 1. 73
!

Another f actor which can influence the failure strain in a pipe or vessells the effec 0ve

gage length. Part of the elongation reported for a 2-inch uniaxial test specimen results from
necking. For longer specimens, the necking pvrtion of the elongation remains essentially.
constant so that the total elongation for longer length specimen is less (i.e., the elongation for

,

a uniaxial 8-inch test specimen is less tnan for a 2-inch specimen). For a segment of pipe, the

effective gage length may'be expected to be of the oroer of the pipe circumference, and a
further reduction on failure strain of the order of 1.5 to 2 is estimated. For pressuro vessels

with strain concentrations due to under or over reinforced nozzles and other discontinuities,

- failure is expected at somewhat lower average strains. Based on failure strain values which
- have been reduced to account for the triaxial and gage length effects and based on the typical

stress-strain relationships for strain hardening carbon and austenitic steels, failure stresses

can therefore be expected at about 0.9 and 0,85 of the ultimate uniaxial stress, respectively.
Based on the limited available data, these ratios are assumed independent of temperature.

Therefore, including tne increased radius at failure and using tne corrected stress, the median

pressure for failure in a thin-walled circular cylinder can be founr., trom the simple relationship: ,

5, t (2-2)

- p , - -( 1 + E j )
-

r

w"!ere: p, is the median failure pressure

6, is the meoian f ailure stress
i

t. is the wellinickness (nominal)

r is the initialinsioe radius

and. e, is the median noop strain at failure

.

H-17

. - - - . . . . .-- . ..



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

MV-4237-001-Rou4

Rev.0
'

3

This approach defines the falture pressure in terms of hoop stress which is an easy parameter
,

to quantify but includes some provision for the biaxial stress-state and strain concentration

effects. >

2.2 Cylindor and Pipe Failure Pressure Variability |

The variability associated with the calculated cylinder failure pressure results from

a number of cources including material strength, wall thickness, vensbility in the stress-strain
;

'
relationship, uncertainty related to the biaxial stress conditbn, necking and strain concentration

effects on the f ailure strain and bending or discontinuity st6sses. Mott ienportant, however, i

may be the existence, size, and orientation of partial through-wall flaws in the cyttnder wall. To -

conduct a rigorous, probabilistic fracture mechanics eva uation of all the piping and vessels
- important for ISLOCA requires a knowledge of the crack depth, crack length, crack orientation. >

and fracture toughness including biaxial load and corrosion effects, both now and at ead of

plant life. In addition to a mean or median value of the above parameters, the statistical
distribution and coefficient of variation wou'd be required. - Current evaluations are being

conducted to accumulate and evaluate this type of data, but a rigorous evaluation based on

this type of cata requires consideration of the stress-state at every pipe weld and component

over the entire range of temperatures which is beyond the scope of the current program.

Therefore, for the current investigatirsn, the vanability wcs developed for a log-
normal distribution by assuming 6 probability of failure of 0.001 corresponding to yield in the -,

~

: cylinder. This approach, in essence, assumes the possibility that a large flaw may exist which"
.

would be required to fail the cylinder at yield but eliminates the need to determine how the

flaw was developed. Since the contro!!ing f ailure condition is based on hoop stress, the above

assumption of failure at yield implies the controlling flaw is an axial crack although a larger

circumferential crack could also lead to the same failure at yield; Whether the crack was
present at fabrication or wnether it was initiated and grew due to causes such as thermal
f atigue, water hammer, or corrosion, is unknown ar.d is not requ! red with this assumption.

1

in essence then, the assumption of 0.00t probability of failure at yield implies a-
0.001 probability of the existence of a very large flaw or combination of a large flaw with high

thermal stress, etc. This is celieved to be a very conservative (probably overconservative)

assumption. If it is founoihr a sign!ficant contribution to the total risk occurs due to pipe or

- H-18
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vessel burst et pressures well below the median burst pressures, then this assumption should

be reevaluated. This would require that burst, as opposed to flange leakage, is determined

to be the dominant failure mode but couid easily be evaluated by sensrtivity studies where the .|
variability is based on probability of failure at yield is assumed to be 10-4 or 10-5, for instance,

or by truncating the tails of the distribution in the range of .02 to .04, if the overall risk is found

to be sensitive to these assumptions, further research into the probability of expected flaw size

may be necessary.
,

2.3 Cylinder and Pipe Failure Stress and Variability

'i
Using the metnods describoo in Sections 2.1 and 2.2 above, median hoop failure

stresses F.nd variabilities were develop 6d for the materials and temperature range for both

pipes and vessels.' Due to the possibility of strain concentrations due to nozzles and other
discontinuity stresses in tanks, somewhat lower median failure stresses, along with decreased

variabilities, were used for tanks and ves'Ja compared to pipe. Table 2 3 shows the failure

stresses and corresponding lognorma! standard deviations for the material used in this
investigation.

7

~

in general, the failure stresses decrease with temperature, but due primarily to
- change in the ratio of yield-to-ultimate with temperature, the lognormal standard deviation

'

tends to increase with temperature. Note, however, the tendency of the failure stress for the

(
'

low carbon steels to increase in the 400* to 600'F range. This charactenstic results from the

corresponding increase in ultimate strength in same tempera.ture range, although the yield

strength of the same material shows essentially a monotonic decrease with temperature (c.f .

Reference S) The lognormal standard deviations, shown in Table 2-3, are considered to be

representative (although probably conservative) for cylinders with median pressure deter-
mined essentially for unflawed vessels but admitting the possibility of the presence of very

large flaws. As such, a lognormal distribution is considered reasonable for failure pressure

of the order of plus one standard deviatiori and below. However, at failure pressures in the

. high end of the distribution, the use of the lognormal distribution is inappropnate and some

upper bound cutoff is required. This occurs pnysically since tne presence of flaws can sig-

nificantly reduce the failure pressure below the median unflawed cylinder, but the aosence of

flaws cannot further strengthen the cyhnder above the assumed median unflawed cylinder

capacity. This upper couno cutoft is contrc4!eo essentiahy by the ultimate strengtn of the
'

H-19
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material without including the biaxial load and strain concentration reduction effects, in
essence, the upper bound cutoff is expected to correspond more closely to the failure of a

cylinder with no bending, nozzles, branch connections, or flaws, and is representative of the

results obtained from finite length unflawed cylinder test tesults. The cutoff is also not a discrete

value but has a median with associated uncertainty governed by the material strength prop-
erties.

2.4 Pipe Capacities -

All pipe of concern for the reference Combustion Engineering plant ISLOCA
investigation is fabricated from TP 304 stainless steet. Median burst pressures for the tem-

perature range of interest are presented for various assumed levels of corrosion in Tables 2 4

through 2-6. The associated variabilitics at these temperatures are given in Table 2-3. Note

that the variabilities given in Table 2-3 are for failure stress but can also be used for failure

pressure since the contribution ci other elements to the total variability is expected to be
negligible.

_

.
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Table 2-1, 304 Stainless Steel Material Properties

Ultimate Strength Yield Strength Elongation (%)
Temperature (ksi) (ksi) (2 inch gage)

('F) Median Code * Median Code Modian Code

R.T. 86 75 37 30 60 35 (long.)
25 (trans.)

400 74 64.4 23 20.7 53
600 70 63.5 19.5 18.2 49
800 | 65.5 62.7 16.5 16.8 46

* SA 312, TP 304, and TP 304 H

Table 2-2. 316 Stainless Steel Material Properties

U!timate Strength Yield Strength Elongation (%) |

Temperature (ksi) (ksi) (2-inch gage)

(*F) Median Code * Median Code Median Code

R.T, 86.5 75 42 30 46' 35 (long.)
25 (trans.)

400 81.5 71.8 - 35 21.4 43
*

-600 77.5 71.8 31 18.8 41.5
800 73 70.9 | 28 17.6 40

* SA 312, TP 316' and TP 316 H,

.
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Table 2 3. Failure Stresses and Variability for 304 SS

U Pipe Vessel-

Temperature 6 p a, S
(' F) - (ksi)- (ksi)

R.T. 74 0.22 67 0.19
400 62,9. 0.33 57.9 - 0.30
600 59.5 0.36 54.6 0.33
800 - 55.7 0.39 51.2 0.37

where 6, denotes the median hoop f ailure stress

i

{

p.
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Table 2-4, 304 Stainless Steel Pipe Failure Pressures

CORROSION ALLOWANCE = 0.000

Pipe MEDIAN FAILURE PRESSURES
Sue Schedule' OD 10 70*F 400*F GT*F 800*F
On) Dn) On)

1 1/2 40S 1.900 1 610 9968 6556 7963 7T25
80 1.900 1$N 14757 12666 11788 11140
160 1.900 1.337 23303 20001 18615 17591

2 40S * 2.375 2.067 6246 7078 6587 6225
80 2.375 1.939 12443 10680 9940 0393
160 2.375 1.689 22476 19222 17955 16967

3 10S 3 500 3 260 4074 3497 3254 3075
40S . 3 500 3.0G8 *792 6688 6225 5882
B0 3.500 2.900 11449 9827 9148 8643
160 3.500 2 624 18474 15857 14758 13946 l

4 10S 4500 4.260 3118 2676 2490 23d3
40S 4 500 4 026 6515 5592 5205 4918
B0 4.500 3.826 9749 B367 7787 7359
160 4 500 3 438 17094 14672 13655 12904

6- 10S 6 625 6 357 2333 2002 1864 1761 i

40S 6/25 6-.065 5110 4386 4082 3857
B0 6 625 5.761 8299 7123 6630 6265
120 6 625 6501 11307 9705 9032 8536
160 6 625 6.189 15314 13145 12234 11561

8 10S 8.625 8.329 1967 1688 1571 1485

20 8 #25 8.125 3405 2923 2720 2571
40S 8.625 7.981 4465 3833 3567 3371
80 B.625 7 625 7258 6229 5798 5479
120 8 625 7.189 11054 9488 8830 8344
140 B.625 7.001 12837 11018 10254 9690
160 8 625 6 813 14718 12633 11757 11110

10 10S 10.750 10.420 1753 1504 1400 1323

20 10.750 10250 2699 2317 2156 2038
40S 10.750 10.000 4032 3460 3221 3043
80 10.753 9.564 68G2 5890 5482 5180
120 10.750 9 064 10234 BS35 8223 7770
140 10.750 6.750 12649 10857 10104 9548
160 10.750 8.500 14649 12573 11702 11058

12. 10S 12.750 12.390 1608 1380 1284 1214

20 12.750 12250 2259 1939 1804 1705
Std 12.750 12.000 3459 2969 2763 2611
40 12350 11.938 3764 3231 3007 2841
80 12,750 11 376 6684 5737 5339 5046
120 -12.750 10.750 10296 8837 8224 7772
140 12.750 10.500 11858 10178 9473 8952
ISO 12.750 10.123 14340 12306 11455 10825

14 10S 14 000 13 624 1527 1311 1220 1153

20 14 000 13.375 2596 2220 2066 1952
Std 14 000 13 250 3132 2689 2502 2365
40 14.000 13.125 3689 3167 2947 2785
80 14 000 12.500 6641 5700 5305 5013

122 14 000 11.814 102#9 8789 8180 T730

140 14 000 11.500 120; . 10326 9610 9081

160 14 000 11.188 13909 11938 11111 10'AO

2aicu+ation 3G4P7A
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Table 2-4. 304 Stainless Steel Pipe Failure Pressures (Continued)
,

CORROSlON ALLOWANCE = 0.000

Pioe MEDIAN F ALLURE PRESSURES
See Scheovie OD 0 70 7 400*F 60CPF 800T
6n) On) On)

_ _ .

16 10S 16.000 15 624 1332 1143 1064 1005
20 16 000 15.375 2250 1931 1797 1638
Std 16.000 15250 2722 2336 2174 2054
40 16 000 15.000 3689 3167 2947 2785
80 16.000 14.314 6518 5595 5207 4920
120 16 000 13 564 9939 B530 7939 7502
140 16 000 13.124 12127 10400 9687 9154
100 16 000 12.814 13759 11810 10991 10387

1B 10S 18 OCC 17K4 1181 1013 943 891
20 18.000 17.375 1991 1709 1590 1503
Std 18 000 17250 2406 20G5 19 3 1816
40 18 OCO 16 876 3686 3164 2944 2782
B3 18.000 16.126 6431 5520 5137 4855

18.003 15 250 9979 8565 7972 7533120 '

140 18 000 14 876 11621 9975 9283 8773
160 18 000 14 433 13677 11739 10925 10324

20 10S 20.000 19.564 12V 1059 985 931
20S 20.000 19 250 2156 1851 1722 1628
40 20.000 18.814 3488 2994 2787 2633
00 20.000 17 938 6361 5480 5082 4802
120 20.000 17.000 9766 8382 7801 7372
140 20 000 16.500 11739 10075 93 7 8b01
160 20.000 16.064 13559 11638 10831 1(C3d

24 10S 24 000 23.500 1177 1011 941 689
20S 24.000 23250 1785 1532 1426 1348
40 24 000 ;2.626 3361 2BB4 2684 2537
80 24 000 21.564 E251 5366 4994 4719
120 24.000 2( 176 9642 B448 7862 7430
140 24 000 1SJ76 11482 9855 9172 6668
160 24 000 19.314 13426 11524 10725 10135

Calcutation 304P000
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Table 2_5. 304 Stainless Steel Pipe Failure Pressures

CORROSION ALLOWANCE = 0.020
,

Poe MEDLAN F AILURE PRESSURES
-See Schedule 00 10 70T 400T .6007 BOOT :

On) On) On)

1-1f2 40S 1.900 1.610 8583 .7375 6864 6487
80 1.900 1.500 13081 11399 10609 10026
160 1.900 1.337 21647 18580 17292 16341

2 40S 2.375 2 067 7175 6158 5732 5416'

80 2.375 1.939 11302 9700 90;t8 8532
160 2 375 -1.689 21166 18167 16908 15978

3 10S 3.500 3 2G0 3395 2914 2712 2563 .

40S 3.500 3.068 7071 6N 5648 5338
80 3.500 . 2.900 10686 9172 8536 8067
160 3.500 2,604 17631 15133 14084 13309

4 10S 4.500 4 260 2598 2230 2075 1961
40S 4.500 4 026 5966 5120 4765 4503
80 4500 3 826 9170 7871 7325 6322
160 4 F33 3 438 16450 14119 13141 12418

6 10S S 625 6.357 1985 1704 1585 1498
40S 6 625 6.065 4745 4072 3790 3582
80 6(. 5 761 7915 6794 6323 5975
120 6. 5.501 10905 9360 8711 8232
160 6.8 5.183 14888 12778 11833 11239

8 10S 8 62b 8.329 17D1 1460 1359 1284 '

20 8 625 8.125 3133 2689 2503 2365
-40S 8 625 7 981 4188 3595 3345 3181
BC -8 625 7 625 6967 5980 5566 5259
120 8.625 7.189 10746 9223 8584 8112
140' 8.625 7.001 12521 10747 10002 9452
160 8 625 6.813 14333 12354 11496 10865

10 10S 10.753 10 420 1540 1322 1230 1163
20 10.750 10250 2484 2132 1984 1875

40S 10.750 to 020 3811 3271 3044 2877
80 10.750 9 564 6&31 5691 5297 5006
120 10.750 ' 9.C64 10049 B625 - 802d 7686
140 10.750 . 8,750 12396 10640 9902 9357
160 10.750 8.500 14388 12349 11494 10861

,

12 10S 12.750 12.330 1429 1227 1142 1079
20 12.750 12.250 2r78 1784 1660 1569
Std 12.750 12.000 3274 2810 2616 2472
40 12.750 11.938 3579 3072 2859 2701
80 12.750 11.376 6489 5570 5184 4899
120 12.750 10.750 10090 ' 8M20 8060 7617
140 12.750 10.500 11648 9997 9304 B793
160 12.750 10 126 14122 12121 11281 10660

.14 10S 14 000 13.624- 1365 1171 1090 1030
20 14 000 13.375 2420 2077 1933 1827
Std 14.000 13 250 2965 2545 2369 2238
40 14 000 13.125 3521 3002 2912 2658
80 14.000 12.500 6464 5548- 5163 4879 -

120 14 000 11B14 10052 8628 8030 7b88 ,

140 14 000 11.500 11838- 10160 9456 8336
'160 14 000 11 158 13711 11768 t0953 10350

Cateviation 304P020
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Table 2 5. 304 Stainless Steel Pipe Failure Pressures (Continued)

CORROSION ALLOWANCE = 0.020

Pios MEDIAN F ALLURE PRESSURES
Sao Schedule 00 10 70*F 400*F 600*F 800"F
On) On) hn)

16 10S 18.000 15624 1190 1021 951 898
'20 16.010 15.375 2106 1807 1682 1589

Std 16.000 15250 2576 2211 2058 .1945
40 16 000 15.000 3542 3040 2829 2674
80 16.000 14.314 6364 5462 5083 4804
120 16.000 13 E4 9775 B390 7800 7379
140 16.000 13.124 11958 10264 9553 9027
160 16.000 12.814 13586 11661 10853 10256

18 10$ 18.000 17 624 1055 906 B43 796
20 18.000 17.375 1863 1599 1488 1407
Std 18.000 17250 2278 1955 1819 1719
40 18 000 16 876 3555 3051 2839 2683
80 18.000 16.126 6294 5402 5028 47b1
120 18 000 15250 9834 8441 7856 7424
140 18 000 14.876 14473 9647 9165 8660
160 18.000 14 433 13523 11607 10803 10208

20 10$' 20.000 19.564 1120 961 895 846
M 20.000 19250 2041 1752 1630 1541
40 20.000 18.814 3371 2B93 2693 2545
80 20.000 17.938 6238 5354 4983 4709
120 20 000 17.000 9636 8270 7697 7274
140 20.000 16.500 11604 9960 9270 8780
V.C 20.000 16.064 13421 11520 10721 10132

24 105 24.000 23.500 1083 930 865 818
20S 24.000 23.250 1690 1450 1350 1276
40 24.000 Z2.626 3263 2000 2606 2463
80 24.000 21.564 6149 5278 4S12 4642
120 24 000 20.376 9734 8355 7776 7348
140 24 000 19 876 11371 9760 9083 8584
100 - 24.000 19.314 13312 11426 10634 10049

Calculation 304P020

!
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Table 2 6. 304 Stainless Steen Pipe Failure Pressures

CORROSION ALLOWANCE = 0.040

Poe MEDAN FAlLURE PRESSURES
Site Scheo W of, ID 701 4007 000T 800T
(in) On) Dn1

11/2 40S 1 5.0 1 610 7218 6195 57(4 5449
80 1 900 1.500 1:606 10133 9431 8912
100 1 900 1.337 19992 17159 15970 15091

2 40$ 2 375 2.067 6104 5239 4878 4008
B0 2.375 1 939 10100 8721 8118 7670

'

160 2.375 1.04 9 1D855 17042 15661 149e8

3 10S 3500 3.260 2716 2331 2170 2050
40S 3 500 3 068 6349 5450 5072 4793
60 3 500 2 D00 9923 8517 7927 7491
160 _3500 2.624 16787 14409 13410 **S72

'OS 4 500 4260 2078 1704 1000 15694 i

40S 4 500 4.026 5416 4648 4326 4088
60 (500 3 826 859k 7374 68G3 6486
160 4 500 3 438 15837 13567 12627 11932

-6 10S 6 625 6 357 1637 1405 1307 1235
40S 6 625 6 0C5 4380 3759 3499 3306
B0 6 625 5361 7531 6464 6016 5685<

120 6 625 5 301 10532 0014 6390 7928
160 6 625 5.189 14461 12412 11552 10917

8 10S 8 C5 8.323 1435 1232 1148 1083
20 8 C5 8125 2B61 2455 2285 2159

40S 8625 7.981 3911 3357 3124 2952
80 9 C5 7.02 5 6677 5731 5334 5040
120 8.625 7.189 10438 8959 8338 7880
140 e C5 7 001 1.*'204 10475 9749 9213
160 ( 8 625 6 813 140G8 12075 11238 10620

10 10S 10.750 10.420 1328 1140 1061 1002
20 10 750 10250 2268 1946 1011 1712

40S to 750 10 020 3590 3081 2868 2710
BA 10.750 9.564 6400 5403 5112 4831
120 10.750 9 DG4 0805 6416 7833 7402
140 to 750 8.750 12143 10422 9700 9104
160 10 750 8 500 14128 12126 11286 10665

12 10S 12 750 12.390 1251 1073 999 D44
20 12.750 12250 1897 1628 1516 1432
Std 12 750 12.000 3090- 2652 2468 2332
40 12.750 11.938 3393 2912 2711 - 254 1
B0 12 750 11.376 6295 5403 5028 4752
120 12.750 10.750 9084 B483 7895 7461
if0 12 750 - 10 500 11437 9816 9136 B633
160 12.750 10 126 13933 11933 11106 10495

14~ 10S 14 000 13 C4 1202 1032 960 908
20 14 000 13.375 2255 1935 1801 1702
Sid 14 000 13250 2798 2402 2235 2112
40 14 000 13 125 3352 2877 2678 2530
80 14 000 12,500 6287 5396 5c22 4746
120 14 000 11 814 9865 $467 7680 7447
140 -14 000 11 500 11645 9995 9'102 8791
160 14 000 11.188 13513 11599 10795 10201

_.

Calcula: ion 304PO40
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Table 2 6. 304 Stainless Steel Pipe Failure Pressures (Continued)
,

,

CORROSION ALLOWANCE = 0.040

Pipe
MEDAN FC'".E PRESSURESSee Scheav6e CD 10 70*F 4WS 600*F 800*FOn) On) On)

_

16 10S 16 000 15 824 1048 900 637 79120 16.030 15.375 19C2 1684 1567 1481Std 16.000 15.250 2431 2087 1#42 E3540 16.000 i5.000 3394 2913 271) 258280 16 000 14.314 6209 5329 4960 4667120 16.000 13 564 9612 8250 7678 7256140 16.000 13.124 11790 10119 D418 8900160 16 000 12.814 13414 11513 10715 10126

18 10S 18 000 17.624 929 796 742 70220 18 000 17.375 1736 1490 1387 1310$1d - 18 000 17260 2149 1645 1717 162340 18 003 16 876 3423 ?938 2735 258480 18 000 16.126 6156 52B4 4918 4647120 18 000 15250 9689 3316 7740 7314140 18 000 14 876 11324 9719 904u 6548
160 18 000 14 433 13370 11475 10G00 10093

23 10S 23000 19 564 1007 864 804 76020S 20.000 19250 11r26 1653 1539 145440 20.000 18.814 3253 2792 2599 245680 20.000 17 938 6115 5248 4084 4610120 20.000 17.000 950S 8158 7533 7175
1
'

140 20.000 16.5 @ 11470 9845 9163 8650
1710 20.000 16 OG4 13284 11401 10611 10026

24 TOS 24.000 23.500 989 849 790 74720S 24'e 3 23250 1595 1369 1274 120440 241A 22.626 3165 2716 2528 2389B0 24 000 21.564 6046 5189 4830 4564120 24 000 20 376 9625 8261 7689 '266
140 24 000 19 876 11259 9664 8944 B499100 24 000 19.314 13197 11327 10542 9962

Calcu anon 304PJ40

l

i
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3. GASKETED FLANGE CONNECTIONS

3.1 Introduction

Although most of the piping joints in the safety injection system are full penetration

butt welds, a number of gasketed flange connections are required for the installation and
rnaintenance of flow-restricting onficos, flow elements, and major equipment components.

The elements of the flanged joints include standard ANSI B16.5 flanges with asbestos-filled,

spiral wound gaskets.

The lines designt ior 150,300, and 400lb rated service employ raised f ace flanges

fabricated from Type _304 stainless steel and are secured by means, of SA 193 B8 botts or
studs and SA 564 Grade 630-HT 1100 studs. The minimum room temperature yield and

ultimate strengths for the SA 193 BS material are 30,000 and 75,000 psi, respectively, Similarly,
for the SA 564 Grade 630 material, tha minimum room temperature yield and ultimate strengths

are 115,000 and 140,000 psi, respectively.

3.2 Variables Affecting Flanged Joint Leakage
,

The behavior of gasketed-flanges under pressure and temperature conditions is -

quite complex. Tae propensrty for leakage, ur. der a given pressure loading, is as much or
more dependent upon the previous history of the joint than it is on its state at the time the

pressure is applied, As a result, numerous variables are introduced. These include:

* Bolt / Stud Preload

* Bott/ Stud Temperature

* Bolt / Stud Yield Strength

Bolt /Stad Stress Strain Relationship*

* Bolt Relaxation
* Flange Flexibil:ty

* Initial Gasket Stress
* Gasket Loading Stiffness

H-29
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* Gasket Unloading /Roloading S'Jfness

* Gasket Creep and Relaxation

* Pipe Bending Moments

3.2.1 Bolt / Stud Preload

Referen e 6 provides bott torquing procedures for flanged connections. The
procedure indicates that the bolt torque values are to be obtained from vendor information or

other approved site documents. However, f or cases when the torque value cannot be obtained

from vendor information or approved site documents, Reference 6 does provide recom-

mended torque values for various bott sizes and bolt materials. Using these data and noting

that there is variab!!ity in the expected bott torque values since vendors typically provide a

recommended range of bolt torques, the SA 193 B8 bolts were considered to have a median

initial prostress of 25,000 psi. In the parameter studies, a range of bolt proload stresses from

20,000 to 30,000 psi was considered and the range from 25,000 to 30,000 psi was taken to

represent a 2.33Svariation. For the SA 564 Grade 630 botts, the median bott preload stress

was taken as 60,000 psi and the range from 50,000 to 60,000 was taken as a 2.33 Dvariation.

On the pipelines and components of interest, SA-193 88 bolts are used with the 150!b flanges,

both SA 193 B8 and SA-564 Grade 630 botts are used with 300lb flanges, while the 400lb

flanges are installed with the SA 193 B8 bolts.

It should be remembered that the uncertainty variability is related to the parameter

N interest such as leak rate or leak area. Thus, the variability is calculated from the variation

in say, leak rate resulting from the variations in initial bolt stress noted above.

3.2.2 Bolt / Stud Temperature

The maximum operating temperatures for the low pressure portions of the safety

systems under consicoration range from 120 to S50Y. As a result, the bolt temperature is

likely to t>e less than 200*F during normal operation. However, during the ISLOCA event, the

reactor coolant system pressure and temperature conditions of 2250 psi and 6507 can
propagate back through the initially cold, non-operating Systems. Based on preliminary
analyses of the system, itis our understanding that the pressure oropagates much more rapidly

than the fluid temperature. Spec;fically, a relatively large leak at the flange connection or

H-30 j
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downstream (reverse flow condition) of the flange connection must occur in order f or the flange

or flange botting temperatures to rise substantially, in addtion, for higher temperature con-
citions in the pipe, flow must continue for a relatively long period of time before the bolting

temperature will rise substantially. Thus, it was judged that potential flange leakage will most

likely occur under high pressure, low-temperature conditions and that leak rates and leak
areas wil increase somewhat as the flange and bolt temperatures increase. Based on these

considerations, a bott temperature of approximately 140'F was taken to represent the median

case and the effect of higher bott temperatures was not considered. Evaluation of higher bolt ,

temperatures, should they occur, can be modeled employing lower elastic modulus, yield f
i

strength, and ultimate strength values.

! 3.2.3 Bo!UStud Yleid Strength

The SA 193 Grade B8 bolt materialis a Type 304 stainless steel. The material

properties of Type 304 stainless steel are given in Table 21 of this repon. Consistent with the
selected 140*F median value for the flange bolt / stud temperature, a value of 33,000 psi was

taken as the median bott yield strength. The ASME code minimum value of 27,500 psi was

taken to represent a - 2.33p variation.

The SA 564 Grade 630 bott/ stud materialis a precipitation hardened, high alloy

steel. At the 140*F median temperature, the median bolt / stud yield strength was taken to be

122,000 pst. The ASME code minimum yield strength of 111,000 psi was taken as a -2,33p

variation.

3.2.4 Bolt / Stud Stress Strain Relationship

- References 2 and 3 provide limited data on the stress strain curve to failure for

Type 304 stainless steel at room and elevated temperatures. These data were interpolated to
estimate the strain at f ailure for a bolt temperature of 140*F anc were scaled to meoian material

_ roperties. The resulting curve was approximated in a piecewise linear fasnion. A similarp

approach was usec for the SA 564 Grace 630bott!stuo material to arrive at a piecewise linear
'

stress strain relation.

,
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3.2.5 Bolt Relaxation

For stainless steel botts wnich are initially torqued to prestress levels exceeding
the material yield strength, some f elaxation will occur. This relaxation requlres substantial time,

particularly at the relatively low bott temperatures expellenced during normal plant operation.

Relaxation during the course of the ISLOCA event is judged to be negligible. Since the botts -

used at the ref erence Combustion Engineering plant are not initially torqued to prestress levels

exceeding the material yield strength, bolt relaxation was not included in this study,

3.2.6 Flange Flexibility

The flanged joint consists of the flange, the flange botting, and the gasket. To
study specific variables most test programs isolate one or more of the joint elements,'such as

the flexibility of the flange. However, to properly characterize the overall joint behavior, all

threo elements must function as part of an integral unit. In order to evaluate the joint behavior,

three axisymmetric elastic finite element joint models (Reference 8) were developed. The
models were for a 4*-300lb flange, a 12" 300lb flange, and a 4* 150lb flange and included the

flange and pipe structure, bott stiffness, and gasket unloading stiffness. Material properties

were taken at 200*F. As expect' d, it was found that flange flexibility affects the way that thee

pressure lot.d is carried by the gasket and botting. As the relative flange stiffness increases,

a greater portion of the pressure load goes to loading the botting and e lesser portion goes

to unloading the gasket. Thus, for larger flanges or more flexible flanges (lower pressure
rating), the portion of the pressure load going to the unloading of the gasket increases. This

can be seen in Figure 31 which plots the results of the three analyses. In this figure, the ratio

of the load removed from the gasket to the total pressure load is plotted v"rsus nominal flange

size. For the elastic case of the 4" 300lb flange, about 43% of the total pressure load goes to

unloading the gasket while the remaining 57% is camed by increased bolt load. The ratio for

the larger 12" 300lb flange is approximately 86% and the ratio for the lighter weight 4"-150lb

flange is about 59%. It is likely that the variation of the ratio with flange size is more complex
than tne linear variation shown, but project time constraints limited the si:: ope of this supporting

study. Due to the lack of specific data. the maximum value of the incremental gasket load to

total pressure load ratio was set at 1.0. However. for flanges which are flexible relative to the

gasket, experience has shown that the ratio can be greater than 1.0 such that an increase in

pre',sure results in a decrease il f!ange bo!! tension

W32
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Both SA 193 88 and SA 564 Grade 630 flange bolts are used for the gasketed-

flange connections at the reference Combustion Engineenng plant. Since the GA 193 88
materialis a relatively low strength Type 304 stainless steel, leak at eas at higher pressure are

Iprimanly govemed by the inelastic deformation of the botts with the flange f emaining essentially
elastic. On the other hand, the SA 564 Grade 630 material has a high yield strer.gth and the j

flanges are stressed to higher levels. At high pressures, some inelastic behavior in the flange
could be expected, in which case his inelastic deformation of the flange at the gasket could

be a significant contributor to the leak areas. However, further detailed studies of flange
flexibility with high strength bolts was not pursued because the flanges joined by the high

strength botts were found to have high grom leak pressure capacrties.

3.2.7 initial Gasket Stress
f

Over the past several years, the Pressure Vessel Research Comm:ttee (PVRC) of

the Welding Research Council has sponsored a major ongoing gasket tast program as part
ofits Long Range Flanged Jointimprovement Program. Most of the tests have been conducted f

wrth nitrogen or helium as the test fluid; however, a limrted data set exists for tests using water.;

Some of the results of the test program are reported in References 9 through 12. These results -

clearly indicate that the leak resistance of a gasketed-flange joint is a function of the initiallevel

to which the gasket is stressed during the proloading of the flange bottirg. The higher the

initial gasket stress, the greater the leak resistance. The gasket stress vert;us deflection curve
~

(Figure 3 2) arid the mass leak rate versus gasket stress curve (Figure 3-3) for a typical;.

~ spiral wound gasket are both charactenzed by the presence of a " knee" at a gasket stress of

appror!mately 5,000 psi. Above 5,000 psi, the leak rate drops more rapidly with increasing

stress indicating improved sealing performance. Thus, although the controlled variable in

assembling a flanged connection is bolt preload, it is the resulting gasket stress which
determines the leak resistance of the joint for the pressure loacing. )

3.2.8 Gasket Loading _ Stiffness ,

't
.

The loading stiffness parameter is of importance since it determine wnether or

not the f:ange raised face bottoms out on the 0.125' thick compression gauge nng cue to the

bolt preicad. Spiral wound gaskets used for virtually all applications are fabricated to the
requirements of Military Specification MIL-G 21032E. including Amendment 2 (Reference 13).
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This standard speerfie? the test load and corresponding deflection for each gasket size and

service rating. Caskets with an inrtial nominal thickness of 0.175' are to be compressed to a ;

thickness of 0,130 2 0.005' under the specified test load while gaskets with an initial nominal

thickness of 0.125' are to be compressed to a thickness of 0.100 2 0.005', Figure 3 2 shows

the gasket stress versus deflection ior the loading sequence of a typical spiral-wound gasket ;

and Table 31 presents the range of gasket stiffness (expressed as gasket stress per inch of

deflection) which meet the specification. The Ref erence 13 spectfied test load is shown together

with the resulting bolt stress (based on bolt stress area). Test loads greater than 557000 lbs

are not specified since this load is judged to be the practicallimit of testing f acilities. However,

since the speerfied test load corresponds to the load resulting from prostressing the flange

botts to approximately 30,000 psi (based on bolt thread root area), the stiffness for targer size

gaskets can also be computed. 300 and 600!b rated gaskets are interchangeable for sizes
3" and smaller and therefore, the stiffnesses are identical. The stiftnesses associated with th.

nominal compressed thickness (Tg =0.130) were taken to be median contered and the range

from a compressed thickness of 0.125 to 0.135" was considered to represent a *2.334
- variation, in this study, for tne sake of economy in the compuAg effort, the gasket strfinesses

for 300|b rated flanges were conservatively used for the 400lb rated gaskets, as well.
.

Based upon the definition of the gasket test load noted above, prestressing the

flange botts to less than 30,000 psi will not result in a lock-up between the flange and the

compression gauge ring. However, prestressing the bolts to 30,000 psi or greater may or may

not result in lock up depending on the gasket loading stiffness.
.

3.2.9 Gasket Unloading / Reloading Stlifness

The unloading stiffness characterizes the recovery of the gasket as the gasket
stress is reduced due to increase in pressure, bott relaxation, or other means. Figure 3 2

dep;ctstheloading and unloading /relmding behavior of atypical spiral-wound gasket. Review
of the available test data indicates that the recovery behavior for all spiral wound gaskets is

quite similar and can reasonably be expressed as an unloading / reloading stiffness of about

1,000,000 psi / inch. This appears to be a ter.sonable value for new gaskets sucn as those

useo in the test program. However, hardening due to gasket aging may substantially increase

- 11 - 3 4
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the gasket unloading / reloading stiffness, resulting in a decrease of the Gross Leak Pressure

and an increase in the joint leak rate. It is important to note that reloading of the gasket due

to removal of the pressure load, far example, follows the unloading stiffness curve.
.

3.2.10 ' Gasket Creep and Relaxation

it is understood from experience that gaskets behave nonlinearly and that they
creep, even at room temperature. Unti; recently, information available on the creep and
relaxation of commenty-used fabricated gaskets was scarce. Such information is vital for the

proper understanding of the behavior of bo?.ed flange joints. The previously mentioned
PVRC-sponsored test program provided a vehicle for gathering creep and relaxation data for

spiral wound gaskets which is reported in Reference 12. The resutts indinate that maximum

creep occurs at the lower stress levels and is particularly extensive at about 5,000 psi which

coincides with the yield plateau in the stress-deflection diagram. For constant stress, most of

the creao occurs in the first 10 to 15 minutes, while fof cyclic stress,20 to 25 stress cycles are
requ: Cyclic creep exhibits nearty the same overall behavior at constant stress creep, but

is more extensive. in contrast, gasket relaxation is greatest at a higher initial stress level but

is reasonably constant in terms of percent relaration. Most of the easket relaxation also occurs

in the first 10 to 15 minutes after initial prestressing of the botts. It is also of interest to note

that lock-up of the flange and compression gauge ring significantly limits the gasket relaxation,

in a reallife gasketed-botted flange connection, the gasket is subjected to neither

.
pure creep or pure relaxation, even under steady state operating conditions, since gasket
creep causes the bolt load and deflection to change when there is no lock-up between the

flange and the compression gauge ring. It is expected that,in many cases, the flange botting

was initially tightened and then retightened some minutes or hours later or possibly during or

after the preservice hyt stic pressure test. Retightening eliminates much of the effect of

initial short term creep ano , elaxation. Thus to account for relaxation and cyclic creep for those

cases where lock-up between the flange and compression gauge ring does not occur (150lb

flanges with low initial bott stress and 300 and 400!b f!anges with low bott stress and high

gasket loading stiffness |, a joint relaxation of 25% was taken to be median-centered while the

range from 0 to 25% was taken to represent a + 3.0B variation.
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3.2.11 Pipe Bending Moments

Bending moments in the piping at the flange connection due to deadweight or ;

thermal loads are carried by tension in the botting. Baseo on normal practice, the piping
'

supports are placed such that deadweight pipe stresses are reladvely low and thus, the
additional bolt stress is small. If the flange botting is eldstic, it was felt that the reduced gasKLI

stress on the one side is balanced by an increased gasket stress on the other such that the

joint mass leak rate will be about the same whether or not the bending moment is considerec

On the other hand, if the flange botting is inslastic, the bending moment could result in some

increase in the calculated leak area but the increase would ba limited by redistribution of the -

bending moment. Thus, pipe bending stress was not considered speerfically in the evaluation

of the flange joint, it is judged that the variabilities from other sources and conservatisms
,

introduced into the approach cover the potential effect of pipe bending moments.

3.3 Flange Joint Behavior

The behavior of gasketed flange connections, due to increasing pressuie ci the
ISLOCA event, is characterized in the manner described in the following steos.

1. The flange bolts are terqued to prestress levets satisfying the requirements'

of Reference 6 resulting in an initia! gasket stress.

2. Over the course of nonnat operati en, gaskets sustarn cyclic creep and
relaxction. If Step 1 produced lock up between the flange and compression <

gauge ring, the relaxation reduces the gasket stress with a corresponding
,

| increase in the lock up stress anc' negligible change in the bolt stress, If Step

1 did not produce lock-up, the creep and rclaxation reduces the gasket stress; ,

with a corresponding reduction in the bolt stress.

3.' At the initiation of the ISLOCA event, the increasing pressure must fitst over-

comethelock upload,if any,withnoreductionof thegasket stressorincrease

in bott stress.

-
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4 Further increase in pressure to the Gross Leak Pressure is shared by the

gasket and bolts in accordance with Figure 31 resulting in a decroase in the
;

gasket stress and an increase in the bott stress. Gross Leak Pressure is
defined as the point at which the gasket stress and the pressure are equal.

However, for cases in which joint lock-up does not occur, Gross Leak Pressure .

,

was defined as either the point at which the gasket stress and the pressure'

are equal or the point at which the flange bolts yield, whichever occurs first. ;

.

5. Further increase in pressure above the Gross Leak Pressure results in a
corresponding increase in the bolt stress accompanied by increases in bolt

length up to the bolt failure ctrain in accordance with the bolt stress strain

diaoram.:

.

.

These steps were used consistently in the evaluation of the myriad of cases covering the sizes,

pressure ratings, and ranges of the vanables affecting leakage.

| 3.4 Calculation of Leak Rate and Leak Area

| The definition of the onset of gross leakage, or the Gross Leak Pressure, as the

| point at which the gasket stress is equal to the pressure being retained, is used quite generally

throughout the gasket industry. This definition hss come about, it appears, from gasket tests

where some "O"-ring and flat face gaskets have suffered blowout. Although it is doubtful that

f spiral wound gaskets are on the verge of catastrophic f ailure when the gasket stress is reduced

to the point that it equals the pressure, the potential certainly exists. For pressures less than
the Gross Leak Pressure, the mass leak rate is calculated f rom the results of the gasket leakage

'

test with water reported in Reference 11. Leakage of this form is related to the presence of

seams and crevasses in the flange / seal joint rather than any apparent leak area. M this test,

4"-600'b rated gaskets were subjected to both standard and cyclic load pressure sequences.

The results are presented in Figure 3-4 which is a plot of Gasket Stress versus the Tightness

Parameter ( T r). 7,is defined as:
.

e mq-

h '9M
Te*7 (3-1)p L Len 3

,
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where p = Internal Fluid Gauge Pressure (psig)

p' = Reference Atmospheric Pressure (14.7 psia)
.

L *, u = Reference Mass Leak Rate (1 mg/sec)

L,u = Total Mass Leak Rate through tne Gasket (mg/sec)

and a = Tightness Parameter Exponent (1.0 for water)

Thus, the total mass leak rate for the water case is computed as:

p (32)
' '" ~ ( 14.7 T ,)

Since the leak rate data correspond to the total mass leakage from the 4"-600lb

. rated gasket and not, for example, the leakage per unit mean circumf erence, a correction must

be made to the calculated mass leak rate to account for tne various gasket sizes. Since the

probability of leakage increases with gasket perimeter, it is teasonable to assume that leakage

through a larger diameter gasket willinctease in proportion to the gasket diameter. In addition,

a correction factor must be introduced to account for variations in the gasket width. It should

be noted that the calculation of gasket wicth and gasket area should not include the outer 1/8"

which is ineffective in the sealing process. The leak rate at the Gross Leak Pressure is tnen

determined as:

(D,- D,)(p)
~

l -1 (3-3)
L R cte - m n2-6.2acumann u,r m a n u,un u n348.6 V c _e _

' . here D, = Gasket Outside Diameter (in)w

D, = Gasket inside Diameter (in)

~ H-38 {
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1/e = Gasket Width (in)

i

sG. = Initial Gasket Stress (psi) = Actual Gasket Stress /(1 - J R/100) i
:
,

SG = Current Gasket Stress (psi)

and JR = Joint Relaxation expressed in percent of SG,

Note that in Equation 3 3 the quantity,348.6, is the product of 14,7 from Equation
'

3 2 and 23.714 whicilis the value of (D, + D )/l/e for a 4* 600!b rated gasket. The quantity
in the denominator of the term within the brackets in Equation 3 3 represents the Tightness

Parameter (T ) which is obtained by curve-fitting using the curves shown in Figure 3 4p

It is difficult to determine the signrficance of a leak rate in milligrams per second.

' However, if a drop of weter is idealized as a 1/8 inch diameter solid sphere, a leak rate of 1 ,

mg/ soc would correspond to 3.5 drops per minute or about one drop every 17 seconds. By
the time the leak rate increased to 17 mg/sec, the joint leakage would be about 1 drop por ,

second which could be of concern for nuclear operation depending on the location of nearby

electrical equipment. Leak rates of 200 to 500 mg/soe would constitute a spray of water which

could possibly inhibit some operator actions in the vicinity.

'

|
For pressures above the Gross Leak Pressure, it was judged that the leakage is

rio longer due to seams and crevasses in the flange / seal joint but due to actual separation of

the flange and gasket. Thus, a leak area is calculated which is intended to be in addition to

the leak rate calculated at Gross Leak Pressure. The leak area is calculated as the mean
gasket perimeter times the separation distance at the gasket. The separation distance is
affected by bolt extension, gasket recovery, and flange flexibility. Of these, the contribution
of bolt extension is by f ar the most dominant one. Therefore, the separation distance calculated

in this study includes the effect of bolt extension only. Note that excluding the effect of gasket

recover / from the Isak area calculation is conservative and loads to slightly higher teak area

values. The leak area at pressures above tr i Gross Leak Pressure is equated as shown in

Equations 3-4 and 3-5. respectively, for the r ase where the bolt stress is less than or equal to

the bolt material yield stress and for the cast where the bolt stress exceeds the material yield.

H 39
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The term, f (p ct , J R ,5 0,, Sc ,ct , K c ) , represents the remaining recoverable gasket
deflection beyond GLP. It should be noted that some gasket recovery occurs prior to GLP.
Due to the difficulties involved in arrrving at a reasonably accurate estimate of the term,
f ( p ct , J R , SG ,, S G ,c t , K c ), and recognizing the f act that the effect of bott extension on

the leak area far exceeds that of the gasket recovery, this term was conservatively neglected.

For bolt stress < yield

|(p - pct)(A ,)t (34)
'

n ( D - D. )[ I. ,'\a,, n ( A s )( E o . . |( p ci, J R . SG ,, SG ,ci, K c)Ag= t

L )} _

,,
<-

For bott stress > yield

(3,5)
,ato.va[,,1f t s .. - s ,, , r , ,1, . p , , n ., , ( .,, , ,,

t 4, t s .t 4. 3.

where L , = Bolt / Stud Length (in)
.

pct = Gross Leak Pressure (psi)

A,, = Pressure Area (in2) . based on gasket inside diameter

N, = Number of Fiange Bolts

A,= Bo!1 Tensile Stress Area (in2) . per bolt

E , = Bolt Material Elastic Modulus (psi)
.

S C , c1 = Gasket Stress at Gross Leak Pressure (psi)

/ ( p c . J R S G e . SC rea . K ) = Recoverable Gasket Deflection On)
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Ke = Gasket Un!oauing/ Reloading Stiffness (psl/la)

S,, = Bott Material Yield Stress (psi)
i

!

S u = Actual Bolt Siross (psi) = ( 1 - JR /100)S,,for no lockup case

= S,,for lockup case

S ,, = Initial Bott Stress (psi)
,

and E', = BoltModutusforappropriateinelasticportionof thestress straindiagram(psi)

3.5 Gasketed-Flange Connection Capacities and Variabilities

Based on the gasket loading stiffness of Table 3-1 (for median case, Tg=0.130)

and geskat load to totalload ratios of Figure 3-1, the gasketod flange connection capacities
and variabilities of 150,300, and 400lb rated flanges were evaluated and are discussed in the

following sections. As mentioned in section 3.2.8, for the sake of savings in the computation

effort, the gasket stiffnesses for the 300lb fianges were conservatively used for the 400lb rated

flanges as well.

3.5.1 150lb Flanges

Tables 3-2 through 3-10 present the results of the analyses for the 150lb rated

flanges. Table 3 2 shows the dimensional data for the gaskets and flange botting which are
standard for 150!b ANSI flanges. The numerical results for the Gross Leak Pressures, leak

rates (pressure $ Gross Leak Pressure), and leak areas (pressure > Gross Leak Pressure)
are shown in Tables 3-3 through 3-10 for the various cases studied. For the particular com-

ponents of interest with 150lb rated flanges, the flanges are joined by SA 193 Grade B8 bolts,
in the tables of results, the parameter variation cases studied include variation in the initial bolt

stress (Tabies 3-3 through 3-5), variation in the amount of joint relaxation (Tables 3-6 through

- 3-0), cnd variation in the bolt yield strength (Table 3-10). In reviewing these tat s 3, recall that

the median case c arresponds to an initial bolt stress of 25,000 psi and joint relaxation of 25%,

wi.h a median bolt yield strength of 33,000 psi.
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in each table, the effective gasket stress, the actual gasket stress, and the gasket

deflection are shown. The effective gasket stress is defined here as the gasket stress due to

the bolt prestress as unaff ected by the gasket compression gauge ring, while the actual gasket

stress represents the stress limited by the compression gauge ring. That is, in cases where

the bolt preload is great enough to cause the flange to bear upon the compression gauge ring

(i.0, the condition of gasket bottom-out or joint lock-up), the gasket stress is limited by the

maximum deflection of the gasket. The gasket deflections are computed using the gasket

stiffnesses shown in Table 3-1.

In Tables 3-3 through 310, the effectrve and actual gasket stresses are equal for

most cf the flanges, which indicates that the bott initial stress is not large enough to bottom-out

the flange on the compression gauge ring and the resulting gasket deflection is less than the

maximum deflection of the nominal 0.175' gasket. Only for the cases with an initial bott stress

of 30,000 psi (Table 3 5) do some of the flanges bottom out on the gasket. As previously
desented, the Gross Leak Pressure was calculated as the point at which the gasket stress

equals the ir.ternal pressure. The exception is f or cases in which the bott preload is not sufficient

,to bottom-out the gasket, where Gross Leak Pressure was taken as the k aer between the
pressure required to yield the flange botts and the previousty mentioned definition of Gross
Leak Pressure. This enterion was based on the evaluation methods developed for Reference

1. In general, the calculated Gross Leak Pressure is greater for the smaller flanges and trends

lower as the flange size increases. The mass leak rates and leak areas are calculated as

desenbed in Section 3.4.

From Tables 3 3 through 3-9, the Gross Leak Pressures for the smaller flanges in

which joint lock-up does not occur (initial bott stress equal to 20,000 and 25,000 psi) is governed

by the yielding of the flange bolts. However, f or the larger flanges, the bolt yield stress occurs

after the gasket stress has decreasec to match the retained pressure. As a result, tay decreasing

tne initial bott stress from 25,000 to 20,000 psi (Tables 3 3 and 3-4), the Gross Leak Pressu'es

for tne smaller flanges show an incr6ase since a greater internal pressure is required to reach

the boit yield stress, while the Gross Leak Pressures for the larger flanges show a decrease

since the gasket seating stress is smaller. From Table 3-5, increasing the bolt preload to
30,000 psiincreases tne Gross Leak Prersure f or all flange sizes, since it procuces joint lock-up

for some flanges while also increasing the gasket seating stress. In Tables 3-6 through 3-9,

increases in the amount of jo;nt relaxation snows an increase in the Gross Leak Pressure for

|
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the smaller flanges, but a decrease in the Gross Leak Pressure for the larger flanges, The-

mass leak rates decrease with increasing initial bott stress and, at a given pressure, increasing

the joint relaxation tends to increase the leak rate. The leak areas increase with increasing
initial bolt stress since the increased bott stress approaches the bott yield stress. However,

the leak areas reported in Tables 3-3 through 310 are given in terms of multiples of the Gross

Leak Pressure and not at constant pressures. In Table 3-10,it can be seen that the leak areas'

are substantially increased with a reduced bolt yield stress, since the leak areas increase
rapidly with increasing pressure once the flange bolts have yielded.

The estimation of the leak rate variabilities were based on the results of the 8"-150#
'

flange cases. It was judged that the uncertainties would not vary substantia 9y with flange size

and, as a resutt, a constant uncertainty was used for all flanges. In Figure 3 5, the mass leak
. .

rates are plotted as a function of pressure for the varicm3 8* 150# flangt; cases. As shown in

Figure 3 5, the variations in the leak rate due to the initial bolt stress are greater than that due

to the variations in the amount of joint relaxation. The uncertainty in the leak rate due to the

joint relaxation was estimated based on the judgment that the range from 25% to 0% joint
relaxation reasonably represented a 3p variation. An uncertainty veriability of p j, = 0.20 was

- selected to represent the variability over the entire pressure range. In a similar manner, the

uncertainty variability due to the initial bolt preload was evaluated based on the judgment that |
the range from 25000 psito 30000 pst reasonably represented a 2.33 variation. An uncertainty

variability of p ,, = 0.59 was selected to represent the variability over the entire pressure range.

Therefore, the overall uncerteinty variability for the leak rate of the 150# rated was taken as:

( 0,20 + 0.59') * - 0.6P.2s t, -

3.5.2 300lb Flanges

The results of the analyses for the 300lb rated flanges are presented in Tables 3-11

through 3 23. Table 3-11 shows the dimensional data for the gaskets ano flange c : ting which

are standard for 300!b ANSI flanges while Tables 312 througn 3 23 present the calculated
Gross Leak Pressures. leak rates (pressure 5 Gross Leak Pressure). anc leak areas (pressure
> Gross Leak Pressure) for the various cases stuaied. For the 300lb flanges. both SA 193

BB and SA-564 Grade 630 bolts / studs are used on the pipehnes of interest. Tables 312 through

H-43
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319 provida results for the flanges joined by the SA 193 88 bolts while Tables 3 20 through >

3-23 provide results for the flanges joined by the SA-564 Grade 630 t>otts. Among the tables, !

the cases studied include variation in the inaial bott/ stud stress (Tables 312 through 314 and
,

3 20), variation in joint relax.:. tion (Tables 315 through 318 and 3-21 through 3 22), and
variation in bott yield strength (Tables 319 and 3 23). Recall ths' for the 300lb flanges with
the SA 193 BB bolts, the median case corresponds to an initial bott stress of 25,000 psi and

,

a joint relaxation of 25E For the flanges with the SA 564 Grade 630 botts, the median case
,

corresponds to an initial bolt stress of 60,000 psi and a joint relaxation of 25%

4

Each table includes the effective gasket stress, defined here as the gasket stress |

due to bolt preload unaffected by the preser.Je of the compression gauge ring, the actual' '

gasket stress, limrted by the presence of the compression gauge ring, and the resulting gasket

loading oeflection. For the flanges with the SA 193 88 botts (Tables 3-12 through 319), the

effective and actual gasket stresses for most of the flanges are equalindicating that the bolt -

preload is insufficient to bottom-out the flange on the compression gauge ring. Only for the
cases with an Ntial bott stress of 30,000 psi (Table 314) do some of the flanges bottom-out
on the compression gauge ring.

.

Reviewing Tables 312 through 3-18, the results for the 300!b flanges are similar

to those for the 150lb flanges. The Gross Lex Pressures for the smaller (!anges in wh!ch joint ;

lock-up does not occur (initial bott stress equal tc 20,000 and 25,000 psi) are governed by

yield of the fiange bolts. ' However, for the larger fhnges, bolt yield occurs after the gasket

- stress has decreased to match the pressure retained. As a result, by decreasing tne inhial ,

bolt stress from 25,000 to 20,000 psi (Tables 312 and 313), the Gross Leak Pressures for the,

,

smaller flanges show an increase since a greater internal pressure is required to reach the |

bott yield stress while the Gross Leak Pressures for the ;arger flanges show a decrease since

the gasket seating stress is smaller. Increasing the joint relaxation shows a sirnitar trend. The

- Gross Leak Pressure f or the smaller flanges increases while it decreases for the larger flanges '

with increasing joint relaxation. In n:, cases for tt e SA-193 88 bc:ts, the co-aputed leak rates

are quite low. The leak areas are dependent on the pressure required'to develop yield in the
:

;

flange botts. Once yielding occurs in the flange bolts, the leak area increases substantially

j The influence of reducing the bolt yield stress can be seen by comparing Tables 3-13 and
3-19. Decreasing tne bolt yield stress resulted in lower Gross Leak Pressures for the smaller

flanges. '!/ith the dccreased bort yield stress, the leak areas are increased

H-44
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Tables 3 20 through 3-23 show the results for the 300!b finnges with the SA 564
Grade 630 bolts. For these cases, the initial belt stress is mu;h h10her than for the SA 193 88

botts. As a result, the prestress is suffielontly high to proporly seat the gasket and bottom-out

the flange on the gasket compression gauge ring. As expected, the Gross Leak Pressures
are much higher than for the cases with the softer botts. The computed leak rates are very
low. In addition, the leak areas beyond Gross Leak Pressure are low since bott yielding does *

not occur until very high pressures.

The mass leak rates are typically low for pressures less than Gross Leak Pressure

and the Gross Leak Pressures are relatively high for the median caso shown in Table 3-10. r

Therefore, the specific value of the uncertainty variability for the leak rate is relatively unim-

portant. Based on results from Reference 1 for 300lb rated flanges, a combineo uncertainty

variability of 0.51 was used to represent the variability due to the initial bott stress and the bott

relaxation.

3.5.3 400lb Flanges
i

The results of the analyses for the 40C!b rated flanges are presented in Tables 3 24

through 3 32. Table 3-24 shows the dimensional data for the gaskets and flange botting which

are standard for 400lb ANSI flanges wt.ile Tables 3-25 through 3 32 present the calculated

leak rates (pressuro $ Gross Leak Pressure) and leak aress (pressure > Gross Leak Pressure)
'

for the various cases studied. The cases include variation in initial bolt / stud stress (Tables

| 3 25 through 3-27), vanation in joint relaxation (Tables 3-26 and 3 28 through 3 31), and .

variation in bolt yield strength (Tables 3-26 and 3-32). For the 400lb rated flanges on the lines

of interest, or9y the SA-193 88 bolts are used. The median case corresponds to an initial bolt

stress of 25,000 psi and a joint relaxation of 25%

For most of the cases in Tables 3-25 through 3-31,- the effective gasket stress

exceeds the actual gasket stress indicating that the bolt preload is sufficient to bottom-out the

fiange on the compression gauge ring. For those cases, the gasket deflection is equal to the -
maximum deflection of the nominal 0.175" gasket. The cases for which joint lock-up does not ,

occur correspono to the smallest flanges with ine median initial bolt stress and all flanges vnth
the lower bound initial bott stress. For these cases, similar trends as for the 150lb and SuJtb t

flariges with respect to the in:tial bo|t stress and joint relaxation can ce seen.

H-45
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For the flanges with joint lock-up, it can be seen that the Gross Leak Pressure

increases witn increasing initial bott stress. Joint t elaxattM has little influence on the flange,

leak resistance. This is due to the lock up between the flange and the compression gauge

ring. The effect of variation in the bolt material yielt' V,ress can be seen in Tables 3 20 tind

3 32. For the cases with joint lock-up, decreasing the bolt yield stress has no effect o') the -

,

''
Gross Leak Pressure or the mass leak rate, but does increase the leak area.

The computed leak rates for the 400!b flanges are very low and the Gross Leak -

Pressures are high for the medisn case (Table 3-29). As noted for the 300lb flanges, the
specific value of the uncertainty variabiltty for the leak rate is of little importance. Therefore,

the uncertainty vanability of 0.51 used for the 200lb flanges was also used for the 400lb flanges.

_

h
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TABLE 3 2 |

150# ANSI FLANGE AND GAGKET DATA

l
i

jBOLTSFlange GASKET * Pressure ** *-

Diameter OD ID Width Area Area Nurnber Diameter Area Length
(in) (in) (in) (in) (sq in) (sq in) (in) (sqin) (in) ,

;

'

Flanges

1-1/2 2.750 2.125 0.2500 1.865 3.547 4 1/2 0.1416 1.625
2 3.375 2.750 0.2500 2.356 5.940 4 5/8 0.2256 1.750 i

2-1/2 3.875 3.250 0.2500 2.749 8.296 4 5/8 0.2256 2.000
3 4.750 4.000 0.3125 4.234 12.566 4 5/8 0.2256 2.125
4 5.875 5.000 0.3750 6.332 19.635 8 5/8 0.2256 2.125
6 8.250 74188 0.4688 11.275 40.574 8 3/4 0.3340 2.250
8 10.375 9.188 0.5313 16.220 66.296 8 3/4 0.3340 2.500
10 12.500 11.313 0.5313 19.767 100.509 12 7/8 0.4612 2.625
12 14.750 13.375 0,6250 27.489 140.500 12 7/8 0.4612 2.750
14 16.000 14.625 ~ 0.6250 29.943 167.989 12 1 0.6051 3.000

-16 18.250 16.625 0.7500 40.939 217.077 16 1 0.6051 3.125
18 20.750 18.688 0.9688 59.822 274.279 16 1 1/8 0.7627 3.375

-20 22.750 20.688 0.9688 65.909 336.129 20 1 1/8 0.7627 3.625 -

24 |27.000 24.75L 'i.0625 86.161 481.105 20 1 1/4 0.9684 4.000
'

Bot areas conospond to tensde stress stem

i

:

,

|

|

|-

i

H-48

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



| MV-4237-001 R004
Rev.0'

ES

as."$vv.uey"DEssxAss
-~,~n-

n,$~2g
,e

58{ 28
R,~~

43
6

8UbIOYNNIIv$E,
h "!i --nnnnnnnunn e
it
6

e =J n

485 2h%25hE38388 Cm
r 10{ o--nnu--oooooo
< *y
cc
y I'

A b.- { USEEEEEEEE88EE4

] i oo*--ooooooooo
a1

g eA

EEeb$bbbbbbbbb.
W i , ~E ocooQooooooCoo
C 32D
m et-

$.M r$ an~gegy,ggggcQg
*Am

w
ftr

A Sie

$0i
'? $ $.N }* ca*Me8988$0s N o
n w 11-w
po .m-

is 8 !Q n-~2e.eeeo~:~.
m .51-

m
w e _-

h
$, $ ~y

g
EeOS RR $EUf3 UUE*H _p o n --m ee

h J "

W
y. 1i e
m O 3,7 $4N0% "0RCRgtn gammRAK .GR~RR$y j[a

e
d O

O 7
3 Y .f

2 1 AAAAAA"REAAAPAcoocoo8ccoccoo -4 e r
h jf" oooooooooooooo. j-.J

w g ,

D CJ o i afC cs a ,,

Sg s[
g" S R b O "n 4 n s , 5 0 , , :; 1e n

m ., o -wu < j <
C T |

@ $"
n 9", 3 -

>$wnger|~gggc.gp3. 8 8 ~ 2,n B,e s, ,e sspno
,t e n '

3q p,- !gqwwe n , ,, ;

9LO r;
. --c

"
-a

b 2g

$$ [ l' h do neemECd5$$2Z N f f,
- 2- r - ~ te,rO jo : eou

Z.- ~>

H-49

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



1 II I] if1|) ||!

- Lo 6CYDg., t

Das o

ssP
eL 56012586983423rGg 480213070 3200t

S0s 5 0052709205927%902820566556p
2( 44455555444444t

tot
Be

>

aP
reL) 3344n 5953172095 9860AMi 927468E263
k q 0251
et (

0112387879a2s 1121

Le

eP
eL) 3ArGb 671293079140365 69385C2456563E k7q 0011255545679 2

T a 1 (s 1

eA Let

R
aPK eL)r

A AGin 468273074M5732447131 049
13C25qE k

a1 s 00011332112234
L e1 (

La
D
N eP

eL)A rGn 2241 6102233456A 5i 23468660000000k2q 00000100000000
,

E a1 s(eR t
La

U
S eP)

talcS RGs o 275 6os325
e

E 5/ 1 01 3t t 7 2t i211k 7. gR ael mP La(

K teP)A iaLcfGe4 E 2255 67s 8 1
0/ 101626 3- L k 1 1g
5. m3 a

etS La(E SL O eP)B taLcA R RGes 5T G 5/ 000312 15224231ka2g
et m,

S Le(
S
E e I)

taPcR RL s 3 3 6 2673720e
T G/ 413

k g 38 2 6 1 c225341S ate em(T L

E k

K ae
er

S u ). 330244 5
ss 2e4?98 65 47M394t

4 21 1 4 5A ssp 337?76 29 899998se( 221 11 1 1

G or
rP
GE

G i

s t t

N p c) 222221 11111 11 1e
k e n 4441 44444 44444

A 0 a nO 00000000000000 )s
e eL 0 GD 00000000000000 B

F 0 3
5 9# 2 t t

0 % e Ads 5795580322060 S'5 = 0 sS 1

a eS 9702221 03E1 082 (

S = Gt p 55231 7100C911 6 i1 r s79857547565555 p(S(1SE N A 0
0

R O 0
I

t
e 3

T T k s 3 0

97022M90322060
1 3735S A. aes

s s0 01 0361 092 = m555231 1 00091 7 6T X Gt pr
2

L A tS( 79857S47565555 s 0 0t s 5e 5
O L E

t
0i 1

E 1 S 0 i.B R d a er
e

t+ wL pt s ? 2 MT t e )4A n m (r y/ o246804 a1 21 3468 Y
l N a r

a t 1 f 1 1 22 muia 1 2 t
l I

FiO D L. to G lo
r

iN F B DC
I J |

_
_

3 _? &O
_
_
_

_

_

l1||| ||| | l |||| I .



,
___ ..

;

o
|
|'
l
(
! TABLE 3-5
r

L - 150# FLANGE GASKET STRESS, GROSS LEAK PRESSURE, AND LEAK RATE
i
,

|

i

INITIAL BOLT STRESS = 30000 psi

! ,JOlMT RELAXATION ;= 0%'

!

Flange Ef! Gasket Ac1 Gask et 04sh et Gross lesh took Rate Leek Rete Leak Rate Leek Rate Leak Area Leak Ates Leak Aree leek Area B<A Stress
1- Diameter Stress Stren Deflect Fressure et GL P st.2SGLP et .50GLP et.75GLP at125GLP et 15GLP et t,75GLP et 2 00LP et 2 0GLP
i bn) (os4 (psi (in) (ps4 (mg/sec) (motsec) (rwa /sec) (mq/ser_) (sq in) (sq h) (sgin) (sq b) (-ng

_

{ f l.anges

1-1/2 . 9109 9000 0 0'A 497/ 2 6 1 1 0 65 1 77 3 89 6 81 77133
2 11490 15400 0 050 5120 1 O O O 107 2 94 . 6 69

7. 2 1/2 tM48 19900 00$0 3916 2 O O 1 1 69 4 54 10.58
. 11 06 80766,.

* 83922
, - m 3 6394 6350 0 OSO 2477 15 2 5 9 "1 76 4 93 11 42 19.17 80607i ~

4 e550 8500 0 OSC '3015 3 0 '1 2 1.45 4 68 10 20 19 36 76171
G 7110 7110 0 050 2020' 9. 1 2 5 2 04 5 00 1005 19 65 69882
8 4342 4942 0 050 113G 64 6 15 30 2 64 5 29 10 00 17 05 63250
10 8400 8400 0 049 150G 5 0 1 2 3 15- 6 43 10 58 17 N 60091,,

1 12 6040 0040 0 05C 988 25 2 5 to 1 95 5 67 3.39 15:4 55098
l 14 7275 7275 0 049 1101 to 1 2 4 2 39 8 87 11.35 19 u.' 554C2

1s 70 % 7095 0050 1126- 11 1 2 4 2 78 8 05 13 32 22 21 55243t

18 6120 6120 0 049 1096 22 2 4 9 3 24 9 52 15 80 25 71 54628
| 20 0943 E343 0 050 1138 12 1 2 5 397 1154 19.10 31 65 55082
j 24 6744 6744 0 049 1024 15 1 3 6 537 15 46 25 54 42 91 55443
|
1

*
BM Upirnate Strerrgth Enceeded

i : Bott Uitimate Strength = 82,500 psi (SA192 B8')
Bott held Stress = 33,000 pil(SA193 88) g

j DGr,as 4 0 050 eri <
L: caim unm t50aan

!
t.o
(J

.< y

O
i O

3Y
1 ox

<O.

*O
OA

4

1
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TABLE 3-6
150# FLANGE GASKET STRESS, GROSS LEAK PRESSURE, AND LEAK HATE

IN!TIAL BOLT STRESS = 25000 psi

JOINT RELAXATION = IS%

Ftange Ett Gasket Act Gas &et Ges6 et Gross Leon Leek Rate Leek Rete Leak Rate Leak Rete Leak Aree Leak Area Leak Area isek Area DoA Shess

Chamete. Stress Stress D-ftect Pressure e1 GLP et 25GLP et _50GLP et15GLP at 125GLP et 1.5GLP et 1.75GLP o* 2.0GLP at 2 0GLP

(C) (rsi (P54 (p4 (ps4 im ysec) (WSec) (W sa) (mg/ set) (cq b) (sq b) (sq in) r4 n) (pst)i

_

F lo up s

1 1/2 6453 0453 0 041 3412 4 1 2 3 0 32 0 65 0 97 1 49 54364'

2 8133 6137 0 041 3500 1 0 0 1 0 47 0 95 1 42 2 33 '/C39

I 2 1|2 6976 0375 0 041 2556 4 0 1 2 0 64 1 28 1 92 3 21 56500

E 3 4529 4529 0 041 1760 35 5 11 JJ 0 64 1 71 2 62 4 44 57283

N 4 6057 0057 0 041 2141 8 1 2 4 0 64 157 3 09 4 25 540 %

6 5036 5036 0 041 143f 22 2 6 11 0 06 1 51 0 36 4 40 43*/n

8 3501 3501 0 041 004 161 15 37 74 0 01 0 71 2 56 4 45 44802

10 5%0 5950 0 043 1067 12 1 2 5 0 02 0 03 2 30 4Q 42'A5

12 4279 4278 0011 703 64 3 12 25 0 02 0 04 0 99 3 62 39023

14 5153 5153 00:0 780 26 2 4 to 0 02 0 05 1 31 4 49 33285

16 5025 5025 0 04'3 797 28 2 5 11 0 03 0 06 1 46 5 13 33128

IS 4335 4335 0 040 77G 55 4 11 23 0 03 007 1 45 5 30 3 % 95

1 20 4918 4918 0 040 IOG 31 2 6 12 0 04 0 06 2 01 736 39016
i

24 4777 4777 0 040 726 3e 3 7 14 0 05 0 11 2 94 10 03 33272
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- - TABLE 3-11-

300# ANSI FLANGE AND GASKET DATA

,

' BOLTS-Flange - GASKET * Pressure **- *

Diameter OD ID Width Area Area Number Diameter Area Length
(in) - - (in) (in) (in) (sqin) (sq in) - (in) (sq in) (in)

Flanges

1-1/2 2.750 2.125 0.2500 1.865 3.547 4 3/4 0.3340 1.875
2 3.375 2.7EO 0.2500 2.356 5.940 8 5/8 0.225G 2.:.00 .

2-1/2 3.875 3.250 0.2500 2.749 8.296 8 3/4 0.3340 2.250
3 4.750, 4.000-0.3125 4.234 12.566 8 3/4 0.3340 2.500
4 5.875 5.000 0.3750 6.332 19.635 8 3/4 0.3340 2.750
6 8.250 7.188 0.4688 11.275 40.574 12 3/4 0.3340 3.125
8 10.375 9.188 0.5313 16.220 66.296 12 7/8 0.4612 3.500
10 12.500 11.313 0.5313 19.767 100.509 16 1 0.6051 4.000
12 14,750 13.375 0.6250 27.489 140.500 16 1-1/8 0.7896 4.250
14 16.000 14.625 0.6250 29.943 167.989 20 1 1/8 0.7896 4.500
16 18.250 16.625 0.7500 40.939 217.077 20 1-1/4 0.9985 4,750

18 20.750 .18.688 0.9688'59.822 -274.279 24 1-1/4 0.9985 5.000
20 22.750 20.688 0.9688 65.909 336.129 24 1-1/4 0.9985 5.250
24 27.000 24.750 1.0625 86.161 -431.105 24 1-1/2 1.4899 5.750

Bolt areas correspond to tensite stress area

H-57
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TABLE 3-14
300i/ FLANGE GASKET STRESS, GROSS LEAK PRESSURE, AND LEAK RATE

INITIAL BOLT STRESS = 30000 psi

JOINT RELAXATION = 0%
'

Flange Ef1 Gasket Act Gasket Gasket Gross led Leak Rate Leak Rate Leak Rate Leak Rate Leak Aree Lesk Area Leek Area Leek Aree Bolt Stress

Diameter Stres s Stress Deflect. Fressure et GLP at .25GLP at .50GLP et .75GLP .t125 GIP at 1.5GLP at 1.75GLP at 2.OGLP et 2 OGLP

(in) (psi) (psi) (in) (psQ (mg/sec) (mg/sec) (mg/sec) (mg/sec) (sq in) (sq In) (sq in) (,q in) (psi)

F langes
92871* *

1-1/2 21487 21887 0 050 13850 0 0 0 0 1 63 5 64
* * 99790

? 22979 22800 0050 12652 0 0 0 0 3 62 9 78' 104178* *

r 2-1/2 29161 29161 0 050 14393 0 0 0 0 5 99 1465
99174* *

3 18933 18933 0 050 9024 0 0 0 0 5 71 16 93
92591* *

$ 4 12659 12659 0 050 5425 0 0 0 0 5 67 17 56*

6 10665 9000 0 050 3454 2 0 0 1 4 07 12 0G 28 03 48 53 79881

8 10236 10236 0 049 2735 1 0 0 1 4 30 12 19 24 80 50 26 73622

10 14694 14694 0 049 3021 0 0 0 0 i 5 72 12.74 25 83 M51 68885

12 13788 13788 0 049 2531 0 0 0 0 6 45 1289 22 77 38 39 61612

14 15822 15822 0 043 2394 0 0 0 0 3 58 to 30 17.02 28 61 55462

16 14634 14634 0 049 2322 0 0 0 0 4 23 12 24 20 25 3336 55240

18 12018 11900 0 050 2152 1 0 0 0 4 80 14.11 23 41 38 09 54G28

20 1090a 10800 0 050 1788 1 0 0 0 5 75 16 71 27 67 4584 55082

24 12450 12000 0 050 1891 1 0 0 0 7.71 22.22 36 72 61.68 55443

l

* Bolt Uthmate Strength Exceeded

Bolt Unimete Strength = 82.S00 pd (SA193-88)

Bott Wid Stress = 33.000 psi (SA193 B8)
<C

hDGmaw = 0 050 in

Calculatton 3003000
21
6
O
Y

'D ^nro.g<
Ob

-

,
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TABLE 3-19
300# FLANGE GASKET STRESS, GROSS LEAK PRESSURE, AND LEAK RATE

,

INITIAL BOLT STRESS = 25000 psi

JOINT PELAXATION = 0%

Flange Ett Gasket Act Gasket Gasket Gross Leak Leak Rate Leak Re*e Leak Rate Leak Rate Leak Arna Leak Area Leek Area Leak Area | Bon Stress

Diameter Stress Stress Deffect. Pressure et GLP at .25GLP at .f0GLP at .75GLP at 125GLP at 1.5Gli et 1.75GLP at 2.0GLP , et 2 OGLP

(rn) (ps0 (psQ (6n) (psi) (mg/sec) (mg/sec) (mg/sec) (mg/sec) (sq in) (sq In) (sq In) (sq in) (ps4

Flanges

1-1/2 17906 17906 0 042 1326 0 0 0 0 0 06 0.12 0 19 0 25 3*321

2 19150 19150 0 042 1117 0 0 0 0 0 09 0 17 0 26 0.35 31176

7 2 172 24?c1 24301 0 041 1220 0 0 0 0 0 12 0 23 0 35 0 47 3I288

m 3 15778 15778 0 041 844 0 0 0 0 0.17 0 33 0.50 0 67 31468.,

* 4 10549 10549 0 042 597 1 0 0 0 0 25 0.50 0 75 1.01 31866

6 8887 8887 0 045 549 2 0 0 0 0 51 1 03 1.54 2.05 33056

8 8530 8530 0 041 632 3 0 0 0 0 99 1.99 2 98 3 97 35076

10 12245 12245 0 041 1003 1 O O O 1 90 3 80 5 70 7EO 37917

12 11490 11490 0041 1729 1 0 0 0 t 40 8 81 13 21 21.74 46731

14 131e5 13185 0 041 1995 0 0 0 0 2 98 8 58 14.18 23 86 46218

16 12195 12195 0 040 1935 1 0 0 0 3 52 10 20 16 87 28.16 46013

18 10015 10015 0 042 1793 2 0 0 1 4 00 11.76 19 5' 31.78 4S524

20 9090 9090 0 042 1490 3 0 1 1 4 79 13 93 23OG 38 24 45902

24 10375 10375 0 043 1576 2 0 0 1 6 43 18 51 30 60 5'.45 4GO:,

i

Doft Yield Stress = 27,500 psi (SA193 68)

DGmax = 0 050 in g
Calcu!amr; 3002500Y <
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TABLE 3 24
400# ANSI FLANGE AND GASKET DATA

Flange GASKET * Pressure *- BOLTS* *

Diameter OD ID Width Area Area Number Diameter Area Length
(in) (in) (in) (in) (sq in) (sq in) (in) (sq in) (in)

Flanges

1-1/2 2.750 2.125 0.2500 1.865 3.547 4 3/4 0.3340 2.125
2 3.375 2.750 0.2500 2.356 5.940 8 5/8 0.2256 2.375

2-1/2 3.875 3.250 0.2500 2.749 8.296 8 3/4 0.3340 2 625
3 4.750 4.000 0.3125 4.234 12.560 8 3/4 0.3340 2.875
4 5.875 5.000 0.3750 6.332 19.635 8 7/8 0.4612 3.125
6 8.250 7.188 0.4688 11.275- 40.574 12 7/8 0.4612 3.625
8 10.375 9.188 0.5313 16.220 66.296 12 1 0.6051 4.125
10 12.500 11.313 0.5313 19.767 100.509 16 11/8 0.7896 4.625
12 14.750 13.375 0.6250 27.489 140.500 16 1-1/4 0.9985 4.875
14 16.000 14.625 0.6250 29.943 167.989 20 1-1/4 0.9985 5.125
16 18.250 16.625 0.7500 40.939 217.077 20 1-3/8 1.2319 5.375
18 20.750 18.688 0.9688 59.822 274.279 24 1-3/8 1.2319 5.625
20 22.750 20.688 0.9688 65.909 336.129 24 1-1/2 1.4899 5.875
24 27.000 24.750 1.0625 86.161 481.105 24 1-3/4 1.8983 6.375

Bolt areas correspond to tensile stress ares

|
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TABLE 3-28
400# FLANGE GASKET STRESS, GROSS LEAK PRESSURE, AND LEAK RATE

INIT(At BOLT STRESS = 25000 psi
,

JOINT RELAXATION = 15% -

Flange Eff Gasket Act Gasket Gasket s oss Leak Leek Rate Leak Rate Leak Rate Leak Rate Leek Aree Leak Arn Leek A.ee Leak Aree Bc!t Strees
Diameter Stress Stress Deffect essure et O' * et25GLP et .50GLP et .75GLP at 125GLP et 1.5Gtf et 1.75GLP et 2.0GLP et 2.0G' '

(in) (ps0 (psi) ' (in) (ps!) (mg/sec) (mg/sec) (mg/sec) (mg/sec) (sq In) (sq in) (sq in) (sq in) - (psQ

Flanges

1 1/2 15220 15220 0 042 6234 0- 0 0 0 0.33 0 66 0 99 1.31 48549
2 -16277 16277 0 042 5251 0 0 ;O O O 48 0 96 1.44 1.93 50279

c 2-1/2 20656 20656 0 041 5734 0 0 0 0 0 64 128 1.91 2.55 50803
3 13411 13411 0 041 3966 0 0 0 0 0 9C 1.80 2.70 3 60 51651*

% 4 14567 10795 0 050 5321 0 0 0 0 1.84 3 69 7.79 13.50 65772
6 12272 8415 0 050 3537 2 0 0 1 2.76 5.58 e.78 15 04 590A 6

'

8 11192 8798 0 050 2782 1 0 0 1 3 08 -7 01 10 93 18.92 57021
to 15978 12623 0 050 3119 0 0 0 0 2 47 '7.70 12 34 21.05 54511
12 14529 11985 0 050 2607- 0 0 0 0 0.19 6 21 1224 1s26 50337

,

14 16673 13770 0 050 2522 0 0. 0 0 0 05 121 9.59 15 97 16218
16 15046 12789 0 050 2387 0 0 0 0 0 06 3 70 1125 - 18 81 46033
18 12356 10115 0 050 2212 1 0 0 0 0 06 3 93 12.67 21.39 45524
20 13563 9180 0 050 2224 1 0 0 0 0 00 4 91 15.13 25.34 - 45902
24 132i9 10200 0 050 2006 1 0 0 0 0 10 G 73 20.13 33 53- 46203-

Dolt Ym d Stress = 33.000 psi (SA193 88)8

DGmax = 0 050 in ,

Calculation 4002515 .g ,

<
k
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6
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4. val.VES

Three fallut e modes are postulatad for the various valves present in the ref erence

Combustion Engineering plant safety system under consideration. These include failure of

the stem packing, failure of the bolted bonnet seal, and failure of the valve body. The types

of valve stem packing currenUy used in most nucisar plants tend to compress under high
pressure conditions providing greater leak resistance. Although it is possible that the stem
packing for some valves could deteriorate in response to service conditions, it was judged
that any resulting leak rate or leak area would be quite smail and have a negligible effect on

both valvo and syvem operation. Failure of the bokd bonnet seat is a credible f ailure mode.
However, information on the valve bolted bonnets was not available and, therefore, estimater

of pressure capacities for this ! allure mode could not be made. Since the valve body thickness

is typically greater than that for the adjacent piping, it was judged that f ailure of the adjacent

piping will occur prior to the failure of the valve body. Table 4-1 lists the valves in the lines
under consideration identified by EG&G.

A particular valve of interest is SI-107A(B), a valve that checks rowse flow from

the suction side of the Low Pressure Safety injection pump back into the Refueling Water

Storage Pool. For this valve, the f ailure mode of interest in an internal f ailure allowing reverse

flow into the Refuoting Water Storage Pool. Adequate information on the dimensions of the

internal hinged plates was not available. As a result, an evaluation of the pressure capacity
for intemal failure could not be made. t twever, based on the limited available information, it

was judged that the pressure capacrty for this failure mode would be high.

i
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Table 41

Valves

,

SI 107A(B) SI208A

SI-201B SI216

SI-604B SI219A .

SI-602B SI135A

SI201A Sl407A ,

SI1071B SI-405A

SI108B SI133A

St109B Sl.13BA

SI-4108 SI2288
SI-122B SI244 ;

'

SI124B SI332B

SI125B SI-330B

SI203A SI336B

SI207A

|

.

1
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