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ABSTRACT

Inter-system loss-of -coolant accidents (ISLOCAs) have been identified as
importani contributors to offsite risk for some nuclear power plants. A method-
ology has been developed for identifyng and evaluating plant-specific hardware
designs, human factors issues, and accident consequence factors relevant 10 the
estimation of ISLOCA core damage frequency and risk. This report presents a
detailed description of the application of this analy sis methodology to a
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EXECUTIVE SUMMARY

Irier-system  loss-of-coolant  acciaents
(ISLOCASs) have been identified in some prob-
abilistic risk assessmer.ts (PRAs) as major contrib-
wtors to offsite risk at nuclear power plants (NPPs)
They have the potential (o fesull in core damage
and contament bypass, whivh may lead to the
carly release of large quanutics of fision products
1o the offsite environment. Recent eveats al
sevoral operating reactors hay ¢ been identified as
ISLOCA precursors. These event have raised
concerns ov:r the frequency of occurrence,
plausible initiators, and means of wdentifying and
mitigating this potential accident. In response to
these con erns, & Juns 7, 1989, memorandum,
“Request for Office of Nuclear Regulatory
Research (RES) Support for Resolution of the
1SL.OCA tssue,” was wansmitted from Dr. Thomas
E. Murley to Dr. Eric S Beckjord. The ISLOCA
research program described in this repori was
initiated in response 10 this tnemorandum.

The obiective of the ISLOCA research program
is to provide the UG, Nuclear Regulatory
C ommission with qualitative and guantitative
information on the hardware, human factors, and
acciden: consequence issues that contribute to
ISLOCA risk. To mest this objective, a method-
ology has beeu developed 1o estimate the core
darage froquency (CDF) and offsite conse-
quences associated with an ISLOCA, and this
met* o ology is being applied to individual NPPs,
This report describes the 1ISLOCA methodology
and the results of its application 10 a Combustion
Engincering (CE) NPF.

An eight-siep methodology was developed to
evaluate the ISLOCA issue qualitatively and
quantitatively. These steps and their relationships
10 one another are shown in Figure ES-1. This
methodology was applied 10 a CE plant by a leam
of PRA and human factors specialists. The
imponant results, specific io this plant, are

1. Human errors that could occur during
startup and shutdown of the plant were not
found to be significant contributors 10
ISLOCA CDF and risk.

D R B R e Bl L i B b

ISLOCA sequences initiated by hardware
failures were the dominant contributors 1o
CDF and risk

Isolation of the break would be an important
recovery action during an ISLOCA. Refuel-
ing watet storage pool makeup capacity is
insuflicient 1 mainiain an sdequate reactor
coolant inventory for breaks outside the
containment that are larger than approxi
mately 1 inch in diameter. The analysis indi-
cates that hardware would be avarlable 10
isolate these ISLOCA breaks: however,
posi-break procedures are not available 10
ensure that this hardware is used in all
SOQUENCes.

At the time of the plant visit, a general sur-
vey was mude of the interfacing system flow
paths to ualitatively estimate the impact on
equipment of ruptures in vanous locations.
This survey could not verify that fne
emergency core cooling systems ECCS)
are adequately separated such that any
postulated rupture would not affect redur-
dant ECCS trains. This issue is still under
study at the Idaho Naticnal Engincering
Laboratory,

It appears that relatively simple changes 1o
procedures and training could reduce
ISLOCA risk substantially by reducing the
initiator frequency and increasing the likeli-
hood of successfully isolating an
intersystem break.

The ISLOCA methodology has been suc
cessful in providing important insights on
the relative contribution of both hardware
faults and human acuens to ISLOCA CDF
and risk. In particular, the eatensive task
analysis performed as part of the human
rehiability analysis provided many valuable
insights that would have been missed 10 a
less detailed analysis.

NUREG/CR-5745
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While caution must be exercised when using
these resnlts .o drew general conclusions about the
ISLOCA risk a other NPPs, the perspective pro-
vided by the aforementioned important insights,

NUREG/CR-5745 %

along with suitable sensitivity studies and com-
panion PRAs, provide additional techmcal bases
upon which a regulator, ac ~ision for resolution of
ISLOCA as a generic issue ¢, be considered.
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Assessment of ISLOCA Risks—Methodology and
Application to a Combustion Engineering Plant

1. INTRODUCTION

The Redctor Safety Studv-—-An Assessme o of
Accident Risks in U S. Commercial Nucleor
Power Plants (WASH- 14003 identified a class of
accidents that can resull in overpressurization and
rupture of systems thut interface with the reactor
coalant system (RCS). These events were
postulated 1o be caused by fuilure of the vheck
valves and motor-operated valves (MOVy)
normally used for system isolation. In a subset of
these inter-systen: loss-of -coolant sccidents
(ISLOCAs), called V-sequences or event V. the
system ruptute occurred outside of «he
containment building. In cases where the rupture
led 1o severe core durage, 1ISLOCAs were found
to be significant contributors to risk because
fission products released from the RCS bypassed
the containment and were discharged directly 10
the environment. Subsequent probabilistic risk
assessments (PRAs), including the NUREG-
11507 results for Surry and Sequoyah, have identi-
fied ISLOC As as important contributors 10 nublic
health risk. Researchers at Brookhaven National
Laboratory (BNL) have evaluated the vulner-
ability of several reactor designs 10 an ISLOCA
and identified improvements that could reduce
ISLOCA frequency. '

Recent events al several operating reactors
have been identified as precursors 1o an ISLOCA.
These events have raised concerns over the fre-
guency of occurrence, patential initiators, and
means of identifying and mitigating this potential
accident, In response to these congerns, a June 7,
1989, memorandum. “Request for Office of
Nugclear Regulatory Research (RES) Support Tor
Resolution of the ISLOCA Issue,” was trans
mitted from Dr. Thomas E. Murley to Dr. Fric §
Beckjord. The ISLOCA research program
described in this report was initiated in response
to this memorandum.

The objective of the ISLOCA rescarch program
is 1o provide the U.S. Nuclear Regulatory Com-

mission (NRC) with qualitative and (o ntitaive
imformation on the hardware, human lactors. and
aocident conseguence issues that contribute to

ISLOCA risk. This information is to be used

o Developing a PRA framework for ¢v aluat
ing the ISLOCA issue and identifying
insights with respect 1o the risk ~ontribution
from both hardware und human faclors,
along with recommendations 1ot reduving
the ISLOCA nisk.

. Highlighting the effects of spec ific types
of Yuman errors and their root causes on
ISLOCA risk, along with recommendations
for nisk reduction,

¢  Evaluating the fragility of low-pres: ¢ 8ys
fems exposed to high-pressure, high-
temperafure reactor cooiant. This ¢ aluation
will include identification of likely tatlure
locations and failure probabilities

o ldewtifying and describing potential
ISLOCA sequences with respect 1o lming,
possible accident management strategies.
and effects on other plant equipment and
systems.

e Estmating the fission product source terms
and offsite conseguences for postulated
ISLOCAs. Apain, important issues will be
identified and recommendations will be
made on possible consequence reduction

actions.

To meet the above program objectives, &
methodology has been developed (o estimate the
ISLOCA core damage frequency (CDF) and
offsite risk, and this methodology is being applied
1o a limited sample of nuclear power plants ( NPPs)
of different <esign. This report describes the
1ISLOC A methodoloygy and documents the results
from its applicaiion to a Combustion Engineening

NUREG/CR-5745
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(CE) plant. These results emphastze the «fect of
hardware failures and human actions on the
ISLOCA CDF. The offsite risk measures are con-
sidered useful in comparing results from the sensi-
tivity studies. Major uncertainties in this estimate
are also wentified.

Section 2 of this report describes the
methodology developed 10 evaluate 1SLOCAS,

NUREG/CR-5745
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the approach taken for its application to a specific
olant, and a descuption of the plant systems that
were identified as potential ISLOCA flow paths.
Section 3 describes the interfac ag systems and the
possible ISLOCA scenarios. Section 4 describes
the plant-specific results and Section § contains
the conclusions and recommendations from this
assessment. Appendices A-H are used 10 docu
ment the details of the separate analyses,
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2. APPROACH

The gencral approach that 1s being used (o
evaluate ISLOCA risk and plant vulnerabilities 1o
ISLOCA is 1o perform a detatled analysis for a
small but diverse sample of plants and. 1o the
extent possible, extrupolate and gencralize these
results Tor additional plants. A detailed plant
analysis methodology was developed to meet the
program objectives discussed in the previous sec
tion. The steps in this individual plant method
alogy are illustrated in Figure 1, Subsections 2.1
through 2.7 discuss each of these steps briefly

Before beginning the individual plant evalua
tions, historical plant operating information was
reviewed to provide insights on potential
ISLOCA issues. The major emphasis of this eval-
uation was identification and evaluation of
Licensee Event Reports (LERs) that (a) involved
valve faiiures resulting from either hardware fail
ures or human errors or (b) indicated that an

ISLOCA had occurred. The results from this
search provided information on the causes and
frequencies of valve failures and provided nmpor-
tant insights on the systems involved and the
potential causes of taose ISLOCAS that have
occurred. This informaion was used during the
plant visits 1o help identify systems 1o be
reviewed, develop the event trees, and guantity
the failure rates of some interfacing system
valves. Appendin A 1o Assessment of ISLOCA
Risks—Methodology and Application to a
Bahcock and Wileox Plant summarizes the resulys
of this evaluation *

2.1 Assessment of ISLOCA
Potential

The first step in the individual plant evaluation
approach 1s a preliminary assessment of the
potential for an ISLOCA to occur. Plant-specific

.’“'.":":‘ and ’lﬁm}il‘:lil and ‘u““‘“ s
s Wy sequences eotimate (W /HRA)
reviewe s developed) / \
c«:;:nml Loesl stem
s, agilities saBUres
’"ulcuh op:leuuud
o o R B ¥ x...—/
. System rupture
probabilities time avail.
estimated A vty et
T | Tt
calculate
mmﬂ.ﬁ“ (ETs quantified) 1 risk r—;onltuvﬂy
¢aleulated analysis

3

consequUence
caleulated

Conditionasl 'J/ el

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

T R R RN RN

Results aund
insights
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Approach

information on the sysiems that could be involved
in an ISLOCA is obtained during a short data-
gathering visit 10 the plant. Detailed information
is obtained on the hardware and operation of 4
range of low- and high-pressure interfacing
systems. Examples of information collected
include plant procedures, piping and instrumenta-
tion diagrams (P&IDs), isometric drawings, and
training manuals. This information is then
reviewed by a team of PRA and human factors
specialists to familiarize them with ihe systems
and operations that have the potential to initiate,
prevent, or mitigate an ISLOCA . All systenss that
imerface with the RCS are identified during this
preliminary assessment. A determination is then
made of the maximum interfacing system break
size that would not be expected to result in core
dumage. The systems are screened 1o identify
those with interfucing pupe sices larger than this
maximum value with the potential to bypass con-
tamment. The systems that meet this screening
criterion are analyzed further to identify specific
ISLOCA imtistors and scenarios. The identified
scenanios are developed in sufficient detail to
guide the team in obtaining detailed information
during « subsaquent extended plant visit

2.2 Gathering of Detailed
Plant-Specific Information

An extended visit to the plant allowed the
unalysts (o gather the information needed to com-
plate the abo e reviews and 1c develop and
analyze the candidate 1ISLOCA scenarios. Mem-
bers of the weam that develaped the . andidate
seenarios outained informmion by interviewing
plant personnel und walking down the systems of
inturest. This task was performed in conjunction
with an ISLOCA inspection conducted by the
NRC Office of Nu-lert Reactor Regulation. The
types of information that were obtained during
this visit include detailed information ot

*  Hardware tha! would be involved in an
ISLOCA. For exumnple, data were collected
on control valves, relief valves, piping,
flanges pumps, and heat exchuagers.

NUREG/CR-5745

*  Procedures, guidelines and practices fol-
lowed by plant personnel during startup,
normal power operation, and shutdown of
the plant. as well as detailed information on
matntenance and in-service testing.

*  Factors that could influence pertormance of
plant personnel ax reluted 1o initiation,
detection, diagnosis, prevertion, or mitiga-
ton of an ISLOCA.

2.3 Development of Event
Trees

Alter the plant-specific information was col-
lected, a final list of low-pressure interfaces and
scenanos was compiled and the detatled accidemt
sequence analysis begun. This analysis was a
Jomt effort of the PRA and human factors special-
ists. The scenarios were modeled using Lpri-
marily | component level event trees combining
the hardware favlts and the human errors that
constitute cach sequence n the scenario. In
general, each event tree comprised ibree phases.

1. The initating events, which are those com-
binations of failures, both ha dware and
human-related. that result in a failure of the
RCS pressure solution boundary and
expose the low-pressure interfacing system
1o the RCS.

ra

The rupture events, which model a break in
the interfacing system, its size, and location

3. The post-rupture events, whicii modei the
performance of the control room and auxil-
1ary operators in recovering from of miitigat-
ing the consequences of an ISLOCA. The
list of possible ISLOCA sequences contaiis
hoth hardware-hased sequences (as found in
typical PRAs) and sequences initisted by
human error. The potential human errors in
both types of sequence comprised errors of
omussion, commission, and presexisting or
latent errors,



T I e S S

ragg— SN [T ey

]
]
I
I
)

2.4 Estimation of Rupture
Potential

It is important io reclistically assess the perfor
mance of those components designed tor low-
pressure conditions that are eaposed 1o the
beyond-design pressures associated with an
ISLOCA. The basic approach for performing (his
assessiment is

o  The farlure probebility of each piece of
equipment 10 (he interfacing system is
described by a ke znormai disiribution with a
specified median failure pressure and loga-
rithmic standard devsation

o Thermal-hydraulic response of the systems
is simulated, f necessary, to estimate the
pressure distribution i the system hased on
the expected mitiating event, mnitial primary
system conditions, and the #xpected perfor-
mance of reliefl valves designed o protect
the systems from overpressurization

o The fwlure presaure of each component s
compared with the calculated pressure ut
that point in the system to estimate the com-
ponent failure probability (see Appendix F
for details)

e The individual component failure probabili-
ties are combined to give an estimate of the
system rupture probability.

The component and piping failure pressures
and distribations used in the rupture calculanons
were developed from an independent structural
analysis performed by Impell Corporation (see
Appendix H). Not only were failure pressurc cal
culated, but likely leak rates and leak areas, also.
In this respect, flanges are somewhat unique in
that there are actually 1wo failure pressures ol
interest, First, there is the estimated gross leak
pressure (GLP) at which a measurable leak arca
develops. At lower pressures, leakage 1s possible
but only at very small rutes (measured in mg/s)
caused by seepage around the flange gasket. Once
the GLP is exceeded, the flange bolts begin to
stretch (elastic deformation) and the flange sur-

=S PN S CSPRCNSININON
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faces begin to separate. Al some yel higher pres:
sure (P, ), the bolts begin 1o undergo plastic
deformation. At this point, large leak areas hegin
to deydop with correspondingly large leak rutes.
These three pressure regions (helow GLP.
between GLP and Py, and greater than Py), are
associated with three leak sizes. respectively:
spray leaks, small leaks, and large leaks.

2.5 Human Reliability Analysis

The predominant human errors for cach
scenario in the ISLOCA PRA were modeled
using the technigues of human reliability analysis
(HRAJ. HRA is & methodological tool used for
prediction, evaluation, and guantitative analysis
of work-oriented human performance. As o diag-
nostic tool, HRA can estimate the errof rale wnbic-
ipated for individual tasks and can yentity where
errors are likely 1o be most frequent.

The general methodological framework for
the 1ISLOCA HRA was based on guidelines
under development) from the NRC-sponsored
Task Analysis-Linked Evalustion Techmgue
(TALENT) Program.® which recommends the use
of task analyses, time-line analyses, and interface
analyses in a detailed HRA, NUREG/CR- 1278,
Handbook of Human Reliability Analysis with
Emphasis on Nuclear Power Plant Applications
|which discusses the technigue for human erroy
rate prediction (THERP)].” recommends similar
techniques and, in addition. provides a data hase
that ~an be used for estimating human seror prob-
abilities (HEPs). Finally, the ISLOCA HRA inte-
grated the steps from the Systemaric Human
Action Reliability Procedure (SHARP® and A
Cuide for General Principles of Human Action
Reliahitity Analysis for Nuclear Fower
Generation Stations (TEEE Standard P1OX2/07 )Y

From this combination of approaches, the
analysts identified 11 basic steps 1o be followed in
performing the HRA:

i, Select the analysis team and train them
on relevant plant functions and systems
(1EEE P1082)."

NUREG/AR-5745
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2. Familiew ire the team with the plaat through
the use of system walkdowns, simulator
observaiions, etc. (IEEE P1as2) ¥

:Jl

Ensure that the full tange of potential
human sctions and interactions is con-
sidered 0 the analysis (SHARP)
(IEEE P1OK2) MY

4. Construct the tnitigl model of the relevant
systems and interactions (IEEE P1OK2) Y

S ldentily and screen specific human actions
that are significant contributors 1o safe
operation of the plant. This was accom-
plished through detailed task analyses. time-
line analyses, obseryvations of opsrator
performance i the plant and in the simula-
tor, and evaluations of the human/machine
interface (SHARP and (EFE Pros2) MY

6. Duovelop a detailed description of the impor-
tant human interactions and associaied hey
factors necessary 10 complete the plant
maodel. This description should include the
key failure modes, an identification of
errors of omission/commission, and 2
eview of relevant performance shaping
factors (SHARP) (IEEE P1OX2) 89

7. Select and apply the appropriate HRA 1ech-
nigues for mods .ing the important human
actions (SHARP) ¥

K. Evaluate the impact on ISLOCA of signifi-
cant human actions identified in Step 6
(SHARP) *

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

10, Reveew results for completeness and
relevance (IEEE P10K2,°

L. Document all mformation necessary to pro-

vide an gudit vl and to make the
infermation understandable (SHARP) ¥

NUREG/CR 5745

Because most of thy human schions i this
HRA mvalved the use of various written normal,
abnormal, and emergency opetating procedures,
THERPaype HRA event trees were used to
model most of the human actious in the detailed
analyses.” However, not all ISLOCA scenarios
were hest represented by THERP event trees
alone, In those cases. HRA fault trees were used
n conjunction with the THERP ¢vent frees. The
fault trees and THERP event trees were used in a
detailed analysis 10 estimate the probability of
human error (or each of the dominant human
actons.

Tradwionally, human religbility analysts mode)
human performance through the use of an event
tree like that shown in Figure 2, with operator
error generally placed along the descending right
branches of the event tree. and successful opera-
tor actions sequenced on the left side of the tree.
For example, on the top lefl, event a, [RO (reactor
operalor) detects decreasing pressurizer (PZR)
level and pressure] is the success path. Failure 1o
accomplish this task is modeled as event A, (RO
fails 1o detect decreasing pressurizer level and
pressure ). When a second operator, of group of
operators, s involved, such as o event B, [control
room (CR) fails 1o detect PZR Hi-Lo alarm], the
action of this second operator may % modeled in
a recovery branch, as shown in Figure 2. Event b
maodels how the control room also has an opportu-
nity to detect the PZR Hi-Lo alurm. If the control
room does detect the giarm, this becomes a
recovery action because it would bring the model
back 1o the success path (via the dotted lines in
Figure 2).

The basic, or unmodified, HEPs tor branches in
the HRA event trees were estimated using tech-
mques from THERP and hiuman cognitive reli-
ability (HCR).'" These basic HEP estimates were
then revised by using performance shaping fay-
tors (PSFs) 10 more realistically model the wark
process at the plant. Each PSF was either positive
or negative and, gocordingly, either decreased o
increased the bikelthood of a given huosn error.
For example, an analog meter, such as & pressure
gauge il it does not have eastly seen limit mar'.s,
woulkl be judged 10 be n negative PSE Thus, there
would be a higher-then-normal probubddity for
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error in reading the gauge. Individual PSFs were
derived from task analyses, time-line analyses,
evaluation of the human/machine imerface. and
direct observalions of operator performance
They are presented as part of the 15LOCA
Inspection Reporr !

Specific PSE: *hat were investigated inc lude
¢ Quality of the human/machine interface

®  Written procedures (emergency, abnormal,
mal, ‘enange, eic, )

¢ PRIl
*  Response times for systems and personnel
¢ Communication requirements

¢ Determination of whether the operator
actions were skill-, rule-, or knowledge-
based

e Crow experience

*  Levels of operator stress in different
SCENArios

¢ Feedback from the systems in the plant

*  Task dependence and operator dependence

¢ Location of the task (control room, auxiliary
building, etc.)

®  Traming for individual operator actions
incleding those required in ISLOCA
situations.

Finally, the combination of ull identified fatlure
paths (i.e., sequences that included either single
or multiple human errors leading 10 a failure of
ihe action modeled by the HRA tree) gave the
tailure probability for the action modeled in the
HRA 1ree. The guidelines of THERP were fol-
lowed inidentifying the individual error paths. As
depicted by Figure 2, each human error event tree
may have several uni jue error paths. For exam-
ple, event A, event B, and event C together
constitute an error path in which the reactor aper-

NUREG/CR-5745

utor fuils 10 detect decreasing PZR level and pres:
sure, followed by individual failures of the
control toam to detect two PZR level farms, In g
stmilar manner, failuc path A pa0-E models a
sequence where the reactor operator fails 1o
detect decreasing PZR level and pressure, then
recovers (eg., the contral room detects the PZR
Hi-Lo alarn) from this first failure (event b, only
to have both the control room superyisor (CRS)
and shift supervisor (883 fail 10 enter Proge-
dure OP-901-4046, “Shurdown Cooling Maifunc-
tion.” Probabilities for each unigue error path
were calculated by nultiplying each “1EP on a
given errot path by ather HEPs on the same peh,
For example, the error rate for path A-B-C woud
be calculated by multiplying de HEP of failure A
by that for tathure B and then by the HEP tor fail-
ure C. resulting in a nominal HEP for that specific
path. Other error paths for this event tree include
AB-¢-DE and a-D-E. The individual error path
fuilure probabilities were then summed 1o give
the total event tree fulure probability. Compre-
hensive details of this process are provided in
Appendix C for each event, and the results are
summarized in Section 4.2,

A detuiled HRA was conducted for each of the
significant scenanios leentified in the 1ISLOCA
PRA. See Section 4.2 or Appendix C for details of
the results of these analvses. (The tables in Sec-
tion 4 summarize the results.) These tables pro-
vide the wdentifier and description for cach
significant human error, as well as hoth nominal
and mean HEPs. Nominal HEPs in these tables
are assumed 1o be median poinl estimates from a
lognormal distribution (using guidelines from
Handbook of Human Reliability Analysis with
Emphasis on Nuclear Power Plant Applica
tioms).* while mean values are mean MEPs from a
tognarmal distribution, which were derived using
the following formuly:

mean HEP = f',\p(u 4 i.;,)

where
u = I

\ » the median HEP

o A n’l‘h'l'hA{ Jacion
. I 648
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The conversions to mean values were carmed
out &s a result of mathematical concerns where
median values from a lognormal distribution
should not be multiplied by mean values in
estimating the mean CDF, a process that has been
followed in some past HRAs.

2.6 Quantification of Event
Trees

The 1op events on the 1ISLOCA accident
sequence evenl trees are quantified by separate
calculations that generate the conditional proba-
hilities of occurrence of each event for each path
through the tree. The means of obtaining the rup-
ture event probabilities and the probabilities relat-
ing 1o failure of plant personnel have already been
discussed. Hardware failure probabilities were
developed using the data base documented 1n
Appendix B of Assessment of ISLOCA Risks
Methodology and Application to a Babcock and
Wilcox Plant.® The ISLOCA event trees were
constructed using the ETA-II personal compuier
code.'?
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2.7 Consequence Evaluation

The ISLOCA CDFs are multiplied by the cor
responding consequences (vonditional on the
ocourrence of ¢ore damage) calculated using the
MELCOR Accident Consequence Code System
(MACCS) code to obtain the ISLOCA annual risk
estimates. ' The conditional consequences were
generated with MACCS using @ hybrid input
deck. The fistion product source lerms were
obtained from the SEQSOR parametric source
ferm generation code,'* The source terms “ener-
ated are the ones identified with the containment
hypuss V-sequence in NUREG- 1150 > The site
information wes taken from the Surry MACCS
input deck used in the NUREG- 1150 program.
The Surry site was chosen by reviewing Techni-
cal Guidance for Siting Critena Development'*
and calculating an average site based on weather:
weighted vopulation density. This average
population density was then compared (o the five
NUREG-1150 sites and Surry was chosen
because it most closely matched the calculated
average population density. Further details of the
consequence calculations can be found in
Appendix G

NUREG/CR-5745
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The unit analyzed is a 3,300 MWt pressunzed
water reactor (PWR), with a two-by -four loop
(two hot legs and four cold legs) CE nuclear
steam supply system (NSSS). 11 s equipped with
a large, dry, atmospheric-pressure containment
ind a separate reactor auxiliary building asd tur-
bine building. An overview of the interfacing sys-
tems is presented in the following section, For
more details on he interfacing systems, see
Appendix A

3.1 Intertacing Systems

A1 imterfacing systems were sereened 1o iden-
tify those systoms that required further evalua:
tion. The firs' ciiterion used in screening was that
any system with an interfacing pipe diameicr
larger than | inch should be evaluated. The 1-inch
pipe size vaas selected based on an estimation of
the discharge from a 1 inch high-pressure pipe
break, which was about 200 gpm. A 200 gpm
leak rate outside o/ the containment s considered
to be sritical basedd on the capacity of the (efuel-
ing water storage pool (RWSP) tminimum Tech-
mical Spucification volume of 443,000 gal), the
capacity of the threo charging pumps (132 gpm),
and the normal makeup rate 1o the RWSP
(~150 gpm). Based on these considerations and
the number of hours 1t would take for the plant 1o
achieve cold shutdonn (conservatively assumed
10 be gbout 10 hours), leak rates of 200 gpm or
less were judged no, 1o be risk significant. The
second crite n was thai systems whose low-
pressure po..ons were isolated from reactor pres-
sty by theee or mose nomally closed vulves o
penodiceily leak-tested check valves in series
would no b = glyzed e basis for screening
outse 22w sithe Loy expected frequency of
SO v dure of the pressare isolation

boute:

The inital screeming resulted in the selection of
the safety injection (81) system for further analy-
sis, including the high- and low-pressure safety
injection pumps and the shutdown cooling (SDCYH
lines, Figures ? ths - - show simplitied Now
diugrams of 1 | Yardware configura

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

tion, Additional details on these systems are
provided ' Appendin A, The S system interface
compuises 12 ceparate reactor pressure vessel
(RPV) injection lines, eight high pressure and
tour Inw pressure. Starting from the KPPV, cach
ijection line containg two check valves i senes,
& normally closed motor-cperated flow cont ol
valve and the S1 pump discharge cheek vahve. The
SDC interface consisis of four low-prevsure
injection lines to each of the RCS cold Jegs, two
high-pressure recirculation lines to the RCS hot
legs. and two suction lines from the RCS hot legs
used for shutdown cooling.

3.2 Potential ISLOCA
Scenarios

Potential scenanos were developed by examin-
ing the system intcrfaces and plant operational
information, A team of PRA and human factors
speciualists was involved in the scenano develop
ment. In some cuses (¢, , the 8T system injection
lines), the sequences are hardware driveay; that is,
the ISLOCA potential is & funcuion of the hard
ware failure rates of the pressure isolation bound-
ary valves. In other cases (e.g., the SDC suction
lines), human errors can initiate an 1ISLOCA.,
Table | summarizes the ISLOCA scenarios
dentified.

3.2.1 S8DC Suction Lines During Shut-
down. During the plant shutdown process, the
operators will apen MOVs S1-401 and $1-407 and
hydraulically operated valve (HOV) $1-405 1o
allow for the removal of decay heat. Sequence 1A
investigates the Jikelihood that the valves (that
will be opened by the operators) are opencd pre-
maturely, that is, at an RCS pressure greater than
the procedural limit of 396 psig.

3.2.2 SDC Suction L ~es During Startup.
Sequence 1B 1s similar to Sequence A, except
that the plant is undergoing a startup. Thus,
farlure 10 close MOV S1-401 and HOVs S1-408
is modeled, as opposed to Sequence 1A where the
farlure mode for valves S1-401 and S1-408 was
premature opening.

e it £ Sl el e T —
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Figure 3. Flow diagram of RCS cold legs to low-pressure safety injection (LPSI) pump discharge.
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Yebie 1. Lia of potential ISLOCA scenanos.

Deseription of the Intertacing Systems

Nowes

Interface Description It
SO siction Failute to close vaives during
tiry s startup of premature opening during
shutdown
UPST cold leg Faidure of two check valves with

iniection hines

siroke-desting of pormalty Closed
MOV

Twe scenanivs imnvestigated,
ane stanep and ore shutdown
(SEQs TA and 1H)

Initvsed by hardware fardures
n conjunction with MOV
stroke testing (INEQ-2)

Only hardware fedures

conuidered (SEQs-3A and 2H)

Ol hacdware failures
considord (SEQs-AA and 48)

Seguence mitated during

HESEcold deg Fatlure of two pressury ivolntion

interface check valves it steoke test of
nommally Cosed MOW, plus Lannre
or safets injecteon pump disdhags
vheck vitve

HPSE hol eg Fatlure of 1w pressure aiannn

iyl Tage oheck valves ad strokie test of
normally clesed MOV, plus fathure
of safer, injection purip dischagy
check valve

SDU sagdion Failore of two chieck vidves

lines

notma! shutdown (SEQ-S)

b o —

——

-

3.2.3 LPSI Cold Leg Injection Lines 10
ACE. Theup the nommal 1eucon opersing year,
MOV §E 1% CAE wnd ST-139 (AR are slioke

teutes) guanerly. Thus the accdent sequence for
e 1LPS] pump discharge is hased upon the fact
that 1he MOV el be opencd once cavh guarter,

3.2.4 HPYI Cold Leg Intertace 1hewe s
neios gee Cmilar 10 Seavence 2. Oney each Guae-
ter, MOV SE 225 tirouph S1-22K (A/B) are
stroke -tested while the plant is operdting at
nenwal power Ths, the actideat sequence path
for (e HPSI pumg cald leg discOarge iy bused
upor the £ o1 thot the MOV's will be opened one.
each “uanter, Note thut Sequence 38 is sunitar to
Sequence 3A, but there is ovie Less Gheck valve to
peotect the fow-pressure portions of the 51
systemn,

3.2.5 WPSI Hot Leg ....  ©@. Once every
auarter, MOV S1-S02A and 815064 are stroke
eated, Theretore, Seqaence 4A 1 based on the
wpening of MOV SES02A. Since valve S1-5C2A
in opened and closed befors valve S1-S06A is
npened, the opening of STA02A is defined as the
it ang ever? far the sequence. Once again, the
assumption of no prior knowiedge of the condi-
pon af the systern is used. Sequence 48 15 vimilar
10 Saquence 4A except that check valve SE216 1
missing Yrom piping header B,

3.2.6 SDC Suction Lines During Normal
Srutdown. When the CE plant enteis the
shutdown maode, 1he opetators rely on check
volves 81108 and S1-1071 closing when the RTS
prossure exceeds the interfacing system design
pressute. Thus, Sequence § is bused upon failure
of the two check valves,

NURBG/ACR-5745
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4. RESULTS

Because of the umique nure of the 1ISLOCA
sequenve, a detuded understanding of the capatil
iies of the plant hardware and personnel is
needed to accurately analyze the 1ISLOCA ¢hal-
leoge For this report, an ISLOCA is considered
1o involve 3 foss of reactor coolant outside con-
tuinment, Since the wupply of water available for
nakeup o the RCS 15 essentially limited 1o the
svailable inventory in the RWSP, a high-priority
nem for the contral room operators should be o
isolute the break expeditiously and terminate the
loss of reactor coolant. If the break were isoliug
in a tunely manner und the loss of RCS inventory
ferminated, the plant coula be cooled down safely
using the auxiliary feedwater (AFW) system
(secondary cooldown) or SDC (primary
cooldown),

Betore discussing the detailed results, some
genedsl comuments can be made that are applica
hie 10 all the postulated ISLOCA scenarios. Dur-
ing the course of the plant visit, particular
attention was patd 5 the issue of locul environ-
menal effects s ing from ruptures in the inter-
facing systeras. s the tire of ¢ plant visit, the
probabilistic system rupture caleulations had not
been completad, so o general survey was maidy of
the imerfacing system flow vaths 10 gualtatively
estimate the impact of rupiures on squipment in
vanious locatons. This 5. vey included walk-
downs of the emergency core cooling sy stenss
(BCCS) to examine Likely break locations. For
example, the essumption was made tor this analy-
s18 that all equipment in the compartment whete o
break accurs will be rendered unavailuble for use
in isolating/mitigating the ISLOCA, Therefore,
equipment in companiments judged 10 be candi-
duste Toations for un ISLOCA break was invento-
nied. This survey could not verify that the ECCS
are adequately separated such that any postulated
rupture would not aftect redundant ECCS trains.
I thete were a piping break and blowdown of
stemn from the RCS into one of the safeguards
pump rooms, the plant configuration may not
ensure that at least one train of ECCS would sull
be available after a rupture had occurred. How-
ever, we stress that these conclusions are nol
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based on mechanistic heat and mass transfer cal-
culations and are therelore qualitative in nature
This tssue 1 still under investigation ut the INEL

4.1 Event Trees

The following sections describe the event (rees
developed for the postuiated ISLOCA seesanos,
The event trees are quantified on a yearly or quar-
terly basis, as reflected in the frequency of the ini-
tating event. The event trees are constructed such
that the downward branch depic ts the failure
event listed at the top of the evemt tree and the
upward branch denotes the complement of the
event (e typically suocess). The top events are
a combination of individual component taduies,
human errors, and functional futlures that
describe the progression of the 1ISLOCA from
Imtiation (o core dumage o recovery

Allevem tree qu ficution is performed using
mean fatlure probabilities. The derivations of the
event tree split Lactions are presented in Appen-
dices Boand C. Note that detailed (e, nonscreen
ng) failure probabitities were caleulated only for
Sequences 2 and S a1l of the other sequences had
CDFs <10 Yyear in the screening analysis and
were not developed further.

Fimally, each event tree end state was assigned
to one of the source term bins Listed below:

¢ OK--Nooverpressutization of the low-
pressure system occurred (no fission
product release )

e OK-0p -5:caario tesults in overpressur-
ization of the interfacing system but e sys-
tem does not rupture or leak (no fission
product release )

¢ LK-ned--Scenario results in RCS Tealage
from the interfacing system, through either
a break or an open rehel valve, butl severe
vore damage tsufficient 1o cause of(site
health effects) does not occur because the
leak is either isolated before vore uncovery
or the leak is 1o small 1o interfere with cory
cooling (no fission product © elease).
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¢ LOCA-ic—Identifies scenarios that pro-
duce a loss-of-coolant accident (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 wio are nol
considered i be core damage events for the
purposes of this analysis,

e  PEL-mit—An ISLOCA with core damage
occurs but the radioactive fission product
release is mitgated through some means,
such - scrubbing through an overlying
wal't tooi or guaeral area fire sprays in the
suviliary budlding.

¢ REL-Ig-—An ISLOCA with core damage
occurs and results in a large unmitigated
radioactive release. Note that this does not
necessarily mean that the break size is large.

4.1.1 Premature Entry Into Shutdown
Cooling~-SEQ-1A. A risk-significant scenario
at the Babcock and Wilcox nlunt® involved pre-
mature entry into shutdown cooling, with RCS
pressure and temperature above the open permis-
sive set point of the decay heat removal (DHR)
system suction isolation valves. This scenario
was considered credible at the Babcock and
Wilcox plant because the plant procedures
allowed operators 1o bypass the open permissive
interlock for one of the twe . iwdown cooling
isolation valves. This allowed an error of com-
mission to be postulated in which, o= = " deci-
sion is made to enter shutdown cog .2 v+ the
operators will be led to bypass the in. ok fc
me other vaive, also, even though the proceduie
does not instruct them to do s0. For the CE plan
the HRA did not reveal any circumstances that
would lead 10 an analogous scenario. Therefore,
this scenario was not developed further.

4.1.2 Shutdown Cooling System/Reactor
Coolant System ISLOCA During Startup—
SEQ-1B. Figure 7 shows the evunt tree used 10
mode! an intersystem LOCA between the RCS
and SDC system during startup. The SDC suction
isolation valves from the RCS are open initially
because the SDC system is being used to remove

17
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decay heat from the reactor, Since startup is a
“low-pressure” procedure compared to normal
full RCS pressure, it is assumed tha' any
overpressurization thal causes the reliel valve to
open will not cause an ISLOCA. The eveni tree
models one flow line (out of two) on & mission
time of one year.

4.1.3 RCS 7o LPSI Cold Leg Discharge—
SEQ-2. Through the normal reacior operating
year, MOV SI-138 (A/B) and S1-139 (A/B) are
stroke-teaced quarterly. Thus, the accident
sequence path for the LPSI pump discharge is
based upon the fact thit the MOVs will be opened
.nce each quanter. Figure ¥ sbws the event tree
used 10 model this sequence.

Obviously, if the two 1solation check valves
(S1-335/336 (A/B) und S1-142/143 (A/B)] pro-
tecting the MOVs had failed, it would not be
desirable to open the MOVs. But, tor analyzing
this sequence, it is assumed that no prior informa-
tion (for exaraple, & high-pressure reading on the
pressure indicator between the two isolation
check valves) is known lor the system. This
assumption 15 made because the stroke-testing
procedure does not direct the operators 1o check
pressure between the PIV check valves before
performing the stroke test. In addition, the annun-
ciator card for this pressure indwator was found
to be deactivated during the plant inspection,' so
no credit was given for this annunciator, There-
fore, for the model, it is postulated that internal
failure of the two iselation check valves will auto-
matically lead to an overpressurization of the
interfacing system when the MOV is stroke
tested. Note that the event tree evaluates one flow
path (out of four possible) for a mission time of
one quarter. Thus, to get the (ailure frequency for
the complete system based on a one year mission
time. the seauence end state frequencies mus' be
multiplied by 16.

4.1.4 RCS Cold Legs to HPSI (Header A)—
SEQ-3A. This scenario is similar to Sequence 2.
Onee each quarter, MOVs §1:228 through S1-228
(A/B) are stroke tested while the plant is
aperating. Thus, the accident sequence path for
the HPS! pump discharge is based upon

NUREG/CR-5745
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Results

the fact that the MOVs will be opened once cacn
quarier.

Once again, if the solation check valves pro.
tecting the MOVs had failed, it would not be
desirable 1o open the MOVs. But, for this analy-
si8, no prior knowledge for the system is ussumed
(see discussion in Section 4.1.3). Thus. for the
model, random failure of the two isolation check
valves 18 assumed to lead automatically to a
demand on check valve S1-216. Figure 9 shows
the event tree for this sequence.

4.1.5RCS Cold Legs to HPSI (Header B)—
SEQ-3B. Scquence 3B is comparable (o
Sequence 3A with the exception that Sequence
2B hus one less check valve 1o protect the inter-
facing system. Whereas header A has check valve
S1-216, header B does not have the correspond ng
check valve in the piping design. Figure 10 shows
the event tree for this sequence

4.1.6 RCS Hot Legs to HPSI (Header A)—
SEQ-4A. Once every quarter MOVs §1-502A
and SI-506A are stroke-tested. Therefore,
Sequence 4A is based on the opening of MOV
SI-502A. Since valve SI-502A s opened and
closed before valve SI-S06A is opened, the open-
ing of SI-502A is defined as the mtiating event
for the sequence. On¢e again, the assumption of
no prior knowledge of the ~ondition of the <ystem
is used. Figure 11 shows the event tiee for this
sequence.

4.1.7 RCS Hot Legs to HPSI (Header B)—
SEQ-4B. Sequen - 4B is similar 1o Sequencs 4A
except that check valve SI1-216 s missing from
piping header B. The initiating event for Sequence
4B is the opening of MOV S1-S02B. The mitiating
event probability is identical 10 that of Sequence
4A and is assumed to be 1.0, Figure 12 shows the
event tree for this sequence,

4.1.8 RCS to LPSI Duriny Shutdown—
SEQ-5. When the analyzed plant enters shut-
down cooling, the operators rely on check valves
SL108 and S1-1071 closing when the RCS pres-
sure exceeds the mmterfacing system design
pressure. Thus, Sequence 5 is based upon faiiure

NUREG/CR-5745
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of the two check valves, Figure 13 shows the
event tree for this sequenoe,

4.2 Human Reliability Analysis

This section summarizes the results of the
ISLOCA HRA ¢fforts. Appendia C provides
detailed information regarding HRA fault trees,
event trees, tabulated HEP values, and discus-
stons of the HRA process. The HEPs presented as
part of the HRA are e« 'mates based upon the hest
vontemporary models and quantitative wech-
nigques. As inany HR, these HEPs musi be con-
sidered in hight of hardware tatlure iformation
contained within this report and should not he
used 10 isolation.

HRA was used to model the hredominant
human errors for cach significant scenario in the
ISLOCA PRA. As discussed in Section 2.5, HRA
15 4 methodological tool that involves the quant
tative analysis, prediction, and evaluation of
work-oriemted human performance, The ISLOCA
HRA diagnosed those factors within the plani’s
svstems that could lead 1o less than optimal
human performance in the intiation, detection,
diagnosis, and mitigation of ISLOCA scenanios.
HRA was used as a diagnosiic 1ol 1o 1solate the
ervor rate anticipated for individual tasks and to
determine where errors were Hikely to be most
frequent,

Because most of the human actions in this
HRA involvad the use of various written normal,
abnormal, and emergency operating procedures,
THERP-type HRA event trees were chosen for
modeling most of the human actions in the
detatled analysis. However, in several ISLOCA
scenarios, HRA fault trees were used in conjunc-
tion with the typical THERP event trees to pro-
vide the best representation of the modeied
events. Detailed analyses were conducted using
the fault “ees and/or THERP event trees to esti-
mate the error probahilities and uncertainty
runges of the domimuant human actions,

individo. error branches for each of the HRA
event trees (see Section 2.5 or Appendix C for
details) were guantified using technigues from
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THERP and HCR. Specific human actions on
each error branch were assigned an estimate of
the basic HEP. These bacic HEP estimates we v
then modified using PSFs to realistically describe
the work process at the plant, Finally, possible
failure paths (i.¢., sequences that included either
single o multiple human errors leading 10 a fail-
ure of the action moadeled by the HRA tree) were
identified and combined 1o estimaie the total fail-
ure prabability for the HRA tree, in accordunce
with the THERP guidelines. Individual PSFs
were denved from task analyses, time line analy-
ses, evaluation of the hum_n/machine interface,
and direct observations of operator performance.
The majonity of these PSFs were prosented in the
ISLOCA Inspection Renore for the analyzed
plani.'! Each PSF was scen as casting either a
positive or negative ifluence on the basic HEP.
that is, as either decreasing or increasing the prob-
ability of failure for a given human action, For
example, some of the positive PSEs in evaiug-
tions of the CE plant included the following.

e “The team did not identify anv significant
deticiencies in the man-machin® interface
that might significantly increase the proba-
bility of an operator ¢-ror initiating an
ISLOCA !

¢ “The team found emergency operating pro-
cedures 1o be well written althiough thev
lacked some human factors considorations
{see the second item in the aegative PSFs
listed below).!!

e “Although training specific 1o ISLOCASs
was not part of the licensee's training pro-
gram, operators indicated, duriug walk-
throughs and simulator exercises, that they
were generally well prepared 1o cope with
losses of RCS inventory. ™!

Examples of negative PSFs were

¢ “The team identified weaknesses in the
man-machine interface that could adversely
affect the ability of the operators 10 mitigate
an ISLOCA because of poor equipment
labeling and the inaccessibility of some
equipment.”!!

NUREG/CR-5745
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¢ Even though emergency operating proce-
dures were generally well wnitien, the RCS
leak procedure, OP-902-002, does not pro-
vide relevant guidance with respect to requi-
site a rone for the solation of 1SLOCAs,
As @ esult, operators and supervisory
personnel would be required to rely on
know!edge-based actions, outside of normal
procedures.

e Within the context of the prior fis .. oper-
ator training (hased on Three Mi.. Island
scenuios) emphasized that operators should
not cvernde a safely imjection signal occur-
ring ir conjunction with an unisoluted RCS
leak (see Sequence 2). This training could
lezd control room personnel away from the
actions necessary in Sequence 2 to isolate a
break in the safety injection hnes (e.g.. aper-
ators would have 1o sequentially close cach
HPST and LPSI safety injection valve on the
affected SIwaim),

e Operators” ISLOCA diagnostic abili-
ties were centered on Attachment 1 of
GP-902-002, which verifies a LOCA outs
side comtainment but directs operators to a
procedure (OP-9C2-002) that does not pro-
vide resevant guidance for the isolation of an
ISLOCA.

A detarled HRA was conducted for each of the
significan' scenarios identified in the ISLOCA
PRA. Tables 2 and 3 summanize the results of
these analyses, which are extensively described in
Appendix C. These tables provide the identifier
ang description for each signiticant human error,
us well as the mean HEPs

Inspection of these tables reveals that HEPs
increase with time following an ‘nterfacing sys-
tem rupture. These .ncreasing error rates refloct
the following circumstances identified for the
CE plant, First, procedures may not effectively
lead operators 1o the control room indications that
are most reievant for detection of an ISLOCA,
and de oo pre side definitive guidance for neces-
sary and st Hcient actions 1o isolate an ISLOCA
in the two scquences that were modeled in detail.
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Table 2. Estimated mean HEPs for Sequence 2.

; Identifier Human error Mcan HEP

r FTD-LOCA Control room fails to detect LOCA 0018

FTDGN Control room fails 1o ¢ agn. 2 ISLOCA (.02
Tl Control room fails to isolate ISLOCA 100

Table 3. Estimated mean HEPs for Sequence 5.

Identifier Human error Mean HEP
A FTD Operators tail 1o detect loss-of -coolant 00076
J
J FTDGN Operators fail 10 diagnose system leakage 0.0076
FTI-A Fail to isolate (1 SDC in service) 0233
FT1-B Fail 10 isolate (hoth SDC in service) 00233
Second, diagnostic abilities in the control room that has been examined in some past PRAs. Note,
(e.g., procedures and training) rely on the diag- however, that this sequence could be ehminated
nostic flow chart in Attachment | of OP-902-002, by modifying the stroke test procedure to require
' the RCS leak procedure. That flow 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
i ment, but also directs operators to use to performing the stroke test. The relative insig:
| OP-902-002, with the drawbacks mentioned nificance of the human error-initiated sequences
above. Therefore, operator workload is increased 1s due to the excellent administrative controls and
i 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
?. and the tight control of keys needed to restore
If 4.3 Quantification of ISLOCA power 1o isolation valves
| Model
[ The likely fuilure locations for Sequence 2 are
b Based on the event trees described in Sec- the schedule 40 piping and the 10-inch, 300-psi
t tion 4.1 (and in more detail in Appendix B), the flange at the discharge flow elemend. The flange
: total mean [SLOCA COF for the plant is esti- failure probability was relatively high (0.69)
. mated 1o be 2.0 x 10°® per reactor-vear of opera- because of the “soft” SA 193-BS8 bolts that are
E;- ; tion. Table 4 provides a breardown of this used, Upgrading these bolts to SA 564 grade 630
[ ) frequency by sequence and release category. The would eliminate Nange falure from consideration
;. dominart scenario is hardware dominated, in this sequence. [As discussed in Appendix F, the
| involving failure of the pressure isolation check probability of flange failure was partitioned into
, valves in the LPSI cold le! discharge to the RCS small lezks and large failures. The large failure
| (SEQ-2). This scenario 1s equivalent to the classi- probability of 0.12 was used in calculating the
l cal event-V category of core damage sequences split fraction used in the event tree for this
27 'WUREG/CR-5745
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Table 4. ISLOCA CDF (per reactor year).

P R T T A ———

Scenano "DF REL-Ig REL-mit LOCA-i¢ LK-ncd OK-op
1A et € 0.0 £ ¢ ¥

1B ¢ £ 0.0 £ £ €

p 2.0F - 06 2.0E =06 0.0 0.0 1L4E ~ 06 71.8E~07
3A 3 3 0.0 0.0 3 0.0

iB € € 0.0 0.0 € 0.0

4A (3 £ 0.0 0.0 £ 0.0

4B ¥ £ 0.0 0.0 3 00

.. £ £ 0.0 (L0 9.6 - (18 1LOE ~03
Totals 20E - 06 2.0E - 06 0.0 £ 1.5E ~06 LLOE - 03

a € <10%year

sequence. Small leaks were judged to be recover-
able by the operator (see Appendix C for more
details) and were binned into the LK- 1od end
state on the event tiee. |

Sequence S was the major contributor to
ISLOCA risk in the initial screening analysis
because the frequency of pressurizing the low-
pressure system beyond its design pressure was
approximately 103 /year; however, detailed
analysis of the component pressure fragility
showed that small lange leaks are the only cred-
ible overpressure failure m «des for this sequence,
and the probability of even these small leaks is
extremely small (<10%/fiange). The components
contributing to the rupture probability are the
150-psi flanges at check valves S1-107 (suction
from RWSP) and S1-407 (suction from contain-
ment sump). (Refer to Appendix H for the details
o the component pressure fragility analysis.)
This sequence wovld also appear to be driven by
hardware failures; however, the hardware failure

NUREG/CR-5745

of concern is the demand failure of check valves

SI-108 A and B. A demand failure probability of

1.0 was assumed for these valves, based on their
as-found condition at the plant and the complete
lack of testing or maintenance on these valves at
the time of the inspection. Were these valves to
veceive regular leak-testing and some form of
periodic maintenance (e.g., disassembly to
nspect for boric acid precipitation and corro-
sion), a generic demand failure probability of 10+
could be justified. The lmpeli analysis of these
flange« alsc showed wut the leak rates would be
tar too small to threaten core cooling. However,
the HRA for this sequence was done before these
results were available, so operator response to a
small break was modeled. Even with this addi-
tional conservatism, the CDF from this sequence
18 <10¥%/year. Had the flange failure probability
been higher, the probability that the failure results
in a leak large enough to threaten core ¢ooling
would have had 10 be factored into the CDF
calculation,

R —
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4.4 Risk Assessment

As described in Section 2.6, the offsite conse-
guences of ISLOCA core damage seque...os were
estimated using the V-se wence source term from
the June 1989, NUREG-1150 analysis of
Sequoyah (see Appendix G for details of the con-
sequence analysis). The conditional conse-
quences for the base case analysis are listed in
Table 5. Based on information from the
NUREG- 1150 program that estimated decontarm-
ination factors (DFs) for both dry and wet con-
tainment bypass releases, a DF of 1 (no
decontamination) is assumed for the release from
the auxiliary building (large dry release) in the
base case. Additional work on estimating DFs fur
the auxiliary building has been sponsored by the
Eiectric Power Research Institute (EPRD) u.ng
the Modular Accident Analysis Program
(MAAP) code * This work would seem to supnort
DFs for a dry release in the range of 3 to 80.
depending on th~ specific configuration of the
auxiliary buildiig. Wet release DFs, eithier due to
a flooded break location or scrubhing by general
arca fire sprays in the auxiliary bui ling, ranged
from 40 on up. However, the MAAP code, when
the core flow blrckage feattre 1s used (as it was

a  Blectric Pov o r Research Insutute, Evalugtion of
the Conseguences of Containment Bypass Scenanos,
EPRI-NP-6586-L.. Nor ember 1989, This repon con-
tains proprietary information that is not available to
the general public; however, the results of this study
were made available to the INEL analysts for review.
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Results

for the EPRI work ), tends to predict relaticely
little hydrogen generation in-vessel, Hydrogen
generated in-vessel, it released into the auxiliary
building, could burn, potentially opening path-
ways for free convective exchange with the out
side environment, thus reducing the effective
auxiliary bailding DF. The ¢ifect of a credible
range of LiFs on the offsite consequences is
examined in Section 4.5,

When reyiewing the [1SLOCA consequence
and risk estimates, several aspects of this caleula
tion shot.a ve kept an mind. Many measures of
risk are available and have been used in recent
stuchies. However, 1o produce these estimates,
many seguence-specific and site-specific
assumptions must be nade, from the cost of land
to the waming time avinlable 1o activate the off-
site emergency response plan before a . acase
cocurs. These assumptions can have significant
effects on the consequences calculated with
MACCS, The tase case ISLOCA nisks are shown
in Table 6

4.5 Uncertainty and Sensitivity
Study Results

No uncertainty analysis was performed for the
dominant ISLOCA scenarios because the best-
ostimate CDF is relatively low and almost all of
the uncertainty is comtained m the imbaing event
of Sequence 2, failure of the two series check
valves, The error facior on this imtanng event
is 100; therefore, the CDF distribution will have a

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

Mean carly fatalities

Mean latent ‘atalities

Mean 50-mi dose
(person-rem)

9.99E -+ |

S.36E + 3

6.12E+6

Table 6. Base case ISLOCA risk iper reactor-year).

Mean carly fatalities

Mean larent fatalities

Mean 50-m dose
(person-rem)

20E~4

LIE~2

1L.22E+ )

NUREG/CR-5745
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large, nositive skewness coefficient, indicating
that the reported mean CDF will be close to the
95" percentile value.

Rased on similar re<ults obtained for the
Westinghouse plant,'® the uncertainty in CDF
should span approximately four orders of
maitude.

4.5.1 Component Rupture Fressure
Uncertainty. The base case analysis used u loga-
rithmic standard deviation of 0.36 for the pipe
rupture pressure distribunion ( which was modeled
as lognormal). As discussed in Appendix H, this
value is derived by assuming that the probability
of component 1aiture is 10 when applied stress
equals yield stress. This may be an overly conser-
vative assumption; however, sensitivity cases
were examined in References § and 16 in which
the probability of component fail e at yield
stress was taken 1o be 107 and 105, 1nese values
correspond to a logarithmic standard deviation
for the pipe rupture pressure of 0.30 and 0.26,
respectively. The rupture probabilities were recal-
culated, with the result that there was not a signif-
icant efiect on CDF. Because the piping materials
are the same in the CE plan: as in the Babcock and
Wilcox and Westinghouse plants, this result
should apply to the CE plant, also. Therefore, no
detailed calculations were performed.

4.5.2 Auxiliary Building DF Uncertainty.
Uncertamnty due 1o lack of knowledge was treated
via a sensitivity analysis that examined the effects
of a range of credible auxiliary building DFs on
fission product source erms and offsite conse
quences. The dewails of this analysis can be found
in Appendix G. The important aspects and results
of this analysis are summarized below.

For the dry ISLOCA sequences, the base case
DF for all release classes had a uniform value of |
and the release was at ground-level. The sensitiv-
ity analysis involved caiculating new fission
product source terms with untform-valued DFs of
S, 10, 50, and 100 for all release classes except the
noble gases, foi which the base case DF of | was

NUREG/CR-5745
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retained  For the first two calculations, with DFs
of S and 10, & ground-level release was assumed.
Fur the last two calculations, with DFs o 50 and
100, the rel=ase elevation was specified as 1) m,
The reason for the change in release elevation is
that industry-sponsored analyses of auxiliary
building DFs show that higher DFs, in the
absence of water-scubbing, are produced when
theie 15 a lack of free convective exchange with
the outside environment. This generaliy corre-
sponds to having an opening high up in the auxil-
ary buiiding, with a release from the reactor
coolant system in the lower elevations of the
building.

Sensitivity cases also were run to examine the
potential effects of auxiliary bailding fire sprays
on the release (there are no such sprays at the
plant analyzed o this report). In these so-called
wet ISLOCA sequences, the base case DF was
specified as a distnibution that was sampled upon,
as in the NUREG-1150 analysis of Sequoyah.
The distribution is shown m Table 7 for the base

Table 7. Distribution of DF for the base case
analysis of the wet ISLOCA sequences as
specified in the SEQSOR mput,

Distribution of DF

(%) DF
0 S.1E+G3
| 4.5E +03
b 4. 1E+03
25 LAE+02
50 6.2E + 00
75 JOE +00
95 | 8E 400
94 1.7E + (%)
100 L6E + 00
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1
]

case analysis of the wet sequences. As was done
for the dry sequences, sensitivity analyses were
performed with uniform-valued DFs of §, 10, 50,
and 100 for all release classes exoept the noble
gases, for which the DF remained at the base case
valve of 1. For the first two sensitivity calcula-
tions, with DFs of 5 and 10, a ground-level
release was assumed, For the calculations with
DFs of 50 and 100, calculations were performed

Results

with the release elevation specified both at
ground level and 10 m.

Tables 8 and 9 present the mean conditional
consequence results for the dry and wet ISLOCA,
sequence sensitivity cases, respectvely. These
results are also presented graphically in
Figures 14 through 19, Compansons of the dry
and wet seguence consequence results are also
presented graphically in Figures 20 through 22.

Toble 8. Mean MACCS consequence results for cach dry ISLOCA sequence sensitivity.

R

Sensitivity Case
DF Release Mean carly Mean latent Mean 50-mi dose
clevation fatalities tatalities (person-rem |

1 0.0 G 99E + 01 S36F + 03 6.12E 4+ 06
S 0.0 LO3E + (0 1.82E +03 2 15E + 06
if 0.0 4.03E -0 LITE+ 03 | SSE+ 06
56 10.0 TAE--02 5. 16E 402 8 RIE+ 05
6. 10E~02 IOTE+ 02 724E+ 05

100 10.0

, Table 9', Mean MACCS consequence results for each wet ISLOCA sequence sensitivity.

? ] Sensilivity Case

; ; DF Relea_&e Mgan .cgrl)' Mean !awm Mean 50-mi dose
| elevation fatahties fatalities (person-rem)
; Base* 0.0 3.69E + 00 1.71E+03 208E + 06
h 5 0.0 9.92E - 01 | A9 + (13 1.79E +06
![ 10 0.0 401E— 0 9 85E +02 1. 37E +06
] 50 0.0 176K — 01 443E4 02 778E 408
‘_: S0 10.0 1LIRE -~ 01 451E+02 7.86E +03
i 100 0.0 1.59E ~ 01 3SIE+02 6.40F + 03
| 100 10.0 1 O6E -0} 356 + 02 6.46E + 05

|

|

a.  Wet sequence base case DF 1s a sampled distribution as given in Table 7

31 NUREG/CR-5745
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5. CONCLUSIONS

The methodotogy for evaluating ISLOCA risk
that was developed in Aysessment of INLOCA
Risks--Methodology and Application 1o a
Babcock and Wilcox Plant™ has been applied 10 a
CE plant with a dry, atmospheric-pressure ¢on-
tinment. This methodelogy has been successful
in providing insights regarding the relative con
tributions of both hardware fauits and human
actions 1o ISLOCA CDF. The results indicate that
human errors of commission, latent faults of
equipment, and normal procedural tasks can com-
bine in an ISLOCA sequence. However, the
methodology also was used to identify potential
means of reducing these contributions to risk.
Conclusions are presented below. followed by a
preliminary discussion of the relationship of these
results to the general population of NPPs.

5.1 Plant-Specific Cenclusions

A publicly availabl» PRA of the analyzed plant
has not yet been compleied by the heensee.
Therefore, no comparnson could be made of the
results of this analysis wab results obtained by
the licensec.

In the pressure fragility analysis of the interfac-
ing systems, existing relief valves were found to
provide very little protection agamst the dom:-
nant ISLOCA initiator (SEQ-2). Typically, relief
valves in the interfacing systems are designed to
mitigate the occasional pressure transient
associated with routine valve realignments and
pump starts and stops. The pressures generated in
ISLOCA events simply overwhelm the relatively
small relief capacity of these valves.

The Idaho Nautonal Engineering Laboratory
HRA found that operator error could contribute to
ISLOCA mitnators. However, risk-significant
human error initiators were judged unlikely dur-
ing operations involving interfacing systems.
This is due, in part, to the existence of significant
administrative procedures and related operator
traimng, as well as the presence of well-
controlled interlocks that prevent the inadvertent

41

operation of those pressure isolation valves under
aperator control. The HRA found a higher proba
bility for operator error during detection, diagno
sis, and isolatron of an ISLOCA. This results
froun an imteraction of the following variables

. A limited number of ¢lear control room
indications for ISLOCA

e  Emergency procedures that do not address
isolation of a break outside containment

. Limited amount of time in the dominant
scenano for the detection, diagnosis. and
isolation of 1ISLOCA before core uncovery

¢ Operator exposare to high workload and
threat stress at the time when actions to
tsolate an ISLOCA are needed.

5.2 General Conclusions

Extreme caution should be exercised when
atlempting 1o extrapolate the respits of a single
analysis to estimate the performance of the entire
commercial nuclear power industry. The analysis
of the CE plant in this report has identified some
potential ISLOCA issues, but the completeness
and typicality of the results, even for other
CE plants, has not been determined. The analys's
of this plant indicates that the most important
concern regarding ISLOCA rnisk canters on the
lack of procedural guidance for responding to an
ISLOCA, rather than on the plant personnel
However, it is imprudent to conclude that human
errors, while not important ISLOCA mnitiators, at
the plant analyzed in this report, will not domi-
nate the ISLOCA nisk for other plants. Theretore,
a mijor emphasis i any evaluation of ISLOCA
should be the assessment of the potential for
human error initiators. Specifically, this mvolves
Judging the adequacy of plant procedures and per-
sonne! training and awareness of the potential for
and consequences of an ISLOC/ . To generalize,
the plant personnel’s understanding of the impor
tance of maintaining the pressure isolation

NUREG/CR-5745
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- boundary, and recognizing the potential for an ervaranitiated 1ISLOCAS from detasled consider-
ISLOCA and iis consequences, can have & dra- ation, wheseas at the Babcock and Wilcox plant,’
matic impact on ISLOCA sk In the case of the the effect was just the opposite: the domingnt
CE plant analyzed in this report, the detailed ISLOCA sequence was initsuted by o human error
HRA considering these effects eliminated human of commission,
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Appendix A
| Sys*em Descriptions

The plant aralyzed for this report s a siigle-unit site. The uni® 15 &
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
building.

The plant is similar to other CE plants in the number and type of
charging and safety inj~. ton pumps.

A.]l Reactor Coolant Sy** =

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
radicactive 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 prescrived band by the combined action of the pressurizer heaters and
sprays. RCS inventory is maintained within a prercribed band by the chemical
and vo_ume control system (CVLE), otherwise known as the charging tvstem,

| Component Information
A, RCS
1. Volume: 10,300 ft® excluding pressurizer and surge line

2. Nominal operating pressure: 2235 psig

B. Steam generators (2)
L ype: vertical shell and U-tube

& Model: CE
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A.2 Interfacing Systems

A1l interfacing systems were s~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.r/ (~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
(S1) system, including the low pressure safety injection system, and the
shutdown cooling syster. Figures A.1 through A.6 are schematic diagrams
showing the hardware configuration of the safety injection system.
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Figure A.2 : RCS Cold Legs to the High Pressure Safety Injection Pump
Discharge Flow Diagram,
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A.2.1 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 satety injection
oumps are normally aligned for cold leg injection (to all four RCS cold legs),
but are capable of supplying fiow 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
1ines, one for each RCS loop.

The low pressure safety injection pumps also provide the motive force
for shutdown cooling flow. In this mode of operation 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 (SI1Ts). 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
MOVs are stroke-tested quarterly. Functional actuatinn tests of the safety
injection system are performed during cold shutdown.

Table A.1  Low Pressure Safety Injection Pump Data

Type Single-stage, vertical, centrifuga)

Design prescure 650 psig
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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.

A1l event tree quantification {s performed using mean failure
probabilities. An uncertainty analysis of core damage freguency 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
1B, 3A, 3B, 4A, ard 4B. Sequences 2 and 5 were analyzed in detail, so the
fai): re probabilities shown in the event trees for these sequences are the
mean values ca'culated in the detailed analysis.

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

0K - No overpressurization of the low pressure system occurred,

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

LK-ncd - Scenario results in RCS leakage from the interfacing “vstem,
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 - ldentifies 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 radicactive 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 re'ease. Note that this does not necessarily
imply that the broak size is large.

B.1 Premature Entry Into Shutdown Cooling - SEQIA

A risk-significant scenario at the Babcock and Wilcox (B&W) plant
(see [B-1)) irwolved premature entry into shuidown 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 scenarfo. Therefore,
this scenario was not developed further.

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

In Sequence 1B the plant is undergoing a startup from cold shutdown.
Thus, failure to close MOVs S1-40) and HOVs S1-405 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.1. Since startup is a "low-pressure” procedure compared
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to ncrmal 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 freguency of

event PSUM is assumed to be 0.67/year.

MOVLO. Once the plant is in a startup mode, MOV S1-401 (A/B) and HOV S1-
405 (A/B) must both be left open after the RCS pressure exceeds 396 psig for
an 1SLOCA to occur. Thus, event MOVLO represents the probability that both
$1-401 and 51-405 are left open. The screening probability assumed for MOVLO
was 1.0x10°“,

ACIF. 1f both valves S1-401 and S1-405 are left open, the automatic
closure interlock (ACI) is designed to shut both valves automatically when the
RCS pressure exceeds 700 psig. Event ACIF 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 SOC 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°%, For the case of
vemoval of the ACl, the probability of failure for this event would obviously
be 1.0. Tha Sequence 1B event tree shows the sequence with the ACI in place.

B-5
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RVF1. This event models failure of relief valve S1-406 to open on
demand. The failure probability was taken to be 1.0 x 10,

OFOP, This event medels 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 al)l other human error probabilities in this
sequence.

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

1SR3, Event 1SR3 models a break in the low pressure portion of the SOC
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.

FT1. This event models operator failure to isolate the break given that
it has been de.e 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 - SEQZ

Through the normal reactor operating year, MOVs S1-138 (A/B) and S1-139
(A/B) are stroke-tested ouarterly. Thus, the accident sequence path for the

B-8



low pressure safety injection (LPSI) pump discharge is based upon the fact
that the MOVs will be opened once each quarter. Figure 8.3 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 (S1-335/336 (A/B) and SI-
142/143 (A/B)) protecting the MOVs had failed, it would not be desirable to
open the MOVs, But, for analyzing this sequence, it is assumed that no prior
information (for example, a high pressure reading between the two isolation
check valves) 1s known for the system, This assumption is made because the
stroke-testing procedure does not direct the operators to check pressure
between the PIV check valves before performing the stroke test. Therefore,
for the mode), it is postulated that internal failure of the two isolation
check valves will automatically lead to an overpressurization of the
interfacing system when the MOV is stroke-tested.
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Given that the mission time is 2190 hours, the probability of failure for the
two check valves is calculated to be 2.58x10°7. This probability is
multiplied by 16 (four quarters per year times four injection lines) in
calculating the end state frequencies for this sequence.

Pe. This event models the opening of MOVs SI1-138 (A/B) and S1-139
(A/B). Since the MOVs are opened once each quarter for stroke-testing, the
probability of event PO in the mission time is assumed to be 1.0.

1SR3. Event ISR3 models a breik 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. The quantification of this
event can be found in Appendix C. The mean failure probability is estimated
to be 1.8 « 107,

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 102,

FT1. This event models operator failure to isolate the break given tha.
it has been detected and diagnosed., In quantifying this event (see Apprndix C
for details), the flow of the plant’'s existing emergency procedures was
strictly modeled. Because the emergency procedures ro not contain steps that
would direct the operators to isolate the break (by terminating LPSI flow),
and because the operators have received post-TMI training that cautinns
again.t 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 1s similar to Sequence 2. Once each gquarter, MOVs 51-22%
through S1-228 (A/B) are stroke-tested while the plant is operating. Thus,
the accident sequence path for the high pressure safety injection (HPS1) pump
discharge is based upen the fact that the MOVs will be opened once each
quarter. Figure B.5 depicts the simplified flow diagram for the HPSI pumping
path. The matching event tree for this sequence is in Figure B.6. The event
tree models one flow path (out of four) on a mission time of one quarter.

Once again, 1f the isolation check valves in the sequence protecting the
MOVs had failed, it would not be desirable to open the MOVs. “ut, for this
analysis, it is assumed that there is no prior knowledge for .ne system.
Thus, for the model, it is assumed that random failure of the two isolation
check valves will automaticaily lead to a demand on check valve S1-216.

CHVF2, The i1nitiating event for this sequence is the failure of the two
isolation check valves (S1-335/336 (A/B) and S1-241 through S1-244 (A/B)).

The event is modeled as a single event, similar to event CHVFI. 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.

Although the two check valves are not the same size (S1-335/336 are 12-
inch valves, while S1-241 through S1-244 are 8-inch valves) and the
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environmental conditions are not identical for the two check valves, it 1§
assumed that the failure rate A is cunstant and the same for the two valv
The fatlure rate is assumed to be lognormally distributed, with a me.,

of 8.7x10%h and an error factor of 10, Using the analysis from Sequence 2,
the quarterly failure probability of event CHVF2 {s found to be 2.58x107".

PO. Event PO 1s similar to that for Sequence 2, except the MOVs that
are opened during stroke-testing are S1-225 through $1-228 (A/B). Since the
MOVs are opened once each quarter, the event probability for one mission time
is assumed to be 1.0.

CHVF3, Once the two isolation check valve. fail, the interfacing system
will become pressurized, putting a demand on check valve §1-216. Thus, event
CHVF3 models the probability of the check valve S1-216 failing to close upon
demand. This failure probability is taken to be 1.0x10*/demand.

CHVF4, This event 15 the same as CHVF4 except that check valv $1-207A
must close. The failure rate of CHVFS is taken to be 1.0x10%/demand, also.

B.5 RCS Cold Legs to WPS] (Header B) - SEQ-3B

Sequence 3B is comparable to Sequence 3A with the exception that
Sequence 3B has one less check valve to protect the interfacing system.
Whereas header A has check valve $1-216, header B does not have the
corresponding check valve in the piping desian.

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) 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 tn WPSI (Header A) - SEQ-4A

Once every quarter MOVs S1-502A and S1-506A »7e stroke-tested.
Therefore, Sequence 4A is based on the opening of MOV S1-502A. Since valve
$1-502A is opened and closed before valve SI-506A is opened, the opening of
S1-502A 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
syctem 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 querter.

CHVFS, The initiating event 15 similar to event CHVF] from Sequence 2,
except the two check valves that are modeled are SI1-512A and SI-510A. The
modeling of the two check valves results in a quarterly failure probability of
2.58x107,

PO, Event PO models the plant operating at normal power and the MOV
$1-502A being upened fo. stroke-testing. Since valve SI-502A is stroke-tested
once a quarter, the probability of event PO is assumed to be 1.0.

MOVF2. Event MOVF2 models the internal random failure of MOV SI-506A.
The failure rate is assumed to be 1.0x107/hr. Thus, f~/ a mission time of
2190 hours, the probability of failure for the closed MOV is 2.19x10°“.

The remaining events are the same as for Sequences A and 3B.

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

Sequence 4B is similar to ° nce 4A except that check valve $1-216 is
absent from piping header B. v aw diagram is contained in Figure B.8,
while the event tree is conta ed 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.
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The initiating event for Sequence 4B is the opening of MOV SI-502B. The
initiating event probability is identical to that of Sequence 4A, and is
acsumed to be 1.0,

CHYF6. This event is similar to event CHVFS, except the two check valves
that are modeled are SI1-5128 and S1-%10B. < he quarterly failure probability
is found to be 2.58x10°7.

PO. Event PO models the plant operating and valve S1-50“B ¢pening.
Since SI-502B is tested every quarter, the prcbability of this event is

assumed to be 1.0.

MOVF3. Event MOVF3 is like event MOVF2, except that the valve that is
modeled is S1-506B. 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.& RCS Hot Legs to the LPS! System During Shutdown - SEQ-§

When the analyzed plant enters shutdown cooling, the operators rely on
check valves SI1-108 and S1-1071 closing when the RCS pressure exceeds the
interfacing system design pressure. Thus, Sequence 5 is based upon failure of
the two check valves. The simpiified 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 S1-401, S1-405, and
S1-407 (A/B) are opened. Therefore, the probability of one initiating event
in the mission time is assumed to te 1.0.

CHVF10, This event models the failure of check valve SI-108. Due to the
as-found degraded condition of valve S1-108, no credit is taken for this
valve, Thus, the demand failure probability of event CHVFI0 is assumed to be
1.0,

CHVF11, Event CHVF11 models the failure of check valve SI1-1071 to clese on
demand. The demand probability is assumed to be 1x107.

The remaining events have already been defined. The human errcr

probabilities were calculated in Appendix C. Tne probability of a break in
the interfacing system was calculated in Appendix F.
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Sequence 5

Figure B.11 : RCS Hot Legs to RWSP via the LPSI System
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Appendix C

Human Reliability Analysis for the Combustion
Engineering ISLOCA Probabilistic Rick Assessment
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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 mode! 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 guantitative,
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 errur 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
mode! human performance through the use of event trees like those found later
in this appendix.

The ceneral 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 1EEE standard P1082/D7 [C-4]).

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:

¥ Select the team and train them on relevant plant functions
and systems, (IEEE P1082)



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

3. Ensure that the fuli range of potential human actions and
interactions is considered in the analysis. (SHARP) (I1EEE
P1082)

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

$. Identify and screen specific human actions that are

significant contributors to the safe operation of the plant.
This was accomplished through detailed task analyses, time
line analyses, observations of operator perfor....ce .. the
plant and in the simulator, and evaluations of the huwin-
machine interface. (SHARP and 1EEE 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 errovs of
omission/commission, and a “eview of relevant performance
shaping factors. (SHARP) (IEEE P1082)

8 Select and appl, ¢ nropriate HRA techniques for modeling tne
important human actions. (SHARP)

8. Evaluate the impact on ISLOCA of significant human 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 complected. 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.



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 apnroaches). To
familiarize, or train themselves, the team members reviewed the following:

- mechanical and electrical system descriptions [(e.g., the reactor
coolant, residual heat 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 as 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 information ‘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 ard 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, traininq materials, and
PRID drawings. This data was supplemented by interviews and detailed task
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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 cimulator,
and system walkdowns with licensed and non-licens ' cperators supplied
additional information. Further information was supplied tu.. ich intervicws
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 incperable equipment or misaiigned valves. Examples of these precursor
actions included: Jjumpering of valves to defeat protective interlocks,
maintenan-e procedures, in-service testing practices, and administrative
procedures governing the generation and completion of work packages.

The HRA analysts also examined active, or initiator, failures which
could Tead to an ISLOCA, and post-initiating humar errors during responses to
abnormal situations. Examples of initiator failures included violations of
Technical Specifications, procedural violations (such as early entry into
decay heat removal), selection of the incorrect vent path, and reconfiguring
plart eguipment. For post-initiating errors, the HRA team examined operator
responses following & significant break outside containment. Specifically,
the HRA analysts looked at operator actions entailing detection, diagnosis,
recovery, and isolation.

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 coilected in Step #3, in conjunction with a review
of operational procedures and training materials, the HRA team screened the
various human actions, identifying these which had a significant impact on
plant operations and/or safety with respect to ISLOCA. These significant
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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 #5) 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 uperator tasks and subtasks le.g.,
operator opens valve SI1-401A, or operator closes valve S1-4078). By breaking
down the human & :tions inte 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 ‘rom the
task analyses, time line analyses, evaluation of the human-machine interface,
and direct observation< of operator performance. Examples of PSFs included:

1 - the qualitv of the human-machine interface,

2 - written procedures {emergency, abnormal, maintenance, etc.),

3 - P&lDs,

4 - response tizes for systems and personnel,

§ - communication requiraments,

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

7 -  Ccrew experience,

8 - levels of operator stress in different scenarios,

g - 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
sftuations.

Fach PSF was seen as casting either a positive or negative influence on
the basic MEP, that is, as either decreasing or increasing the probabiiity of
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a given human action. For example, some of the positive PSFs

found at the plant included the following:

1l -

Examples of

"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]

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

"Although training specific to ISLOCAs was not part of the
licensee’s training program, operators indicated, duiing
walkthroughs and simulator exercises, that they were

well prepared to cope with losses of RCS inventory."[C-7]

negative PSFs were:

“...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]

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

Within the context of the prior finding, operator training (based
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 have *o seguentially close each HPSI and LPSI
safety injection valve on the atfected SI train).

Operators’ ISLOCA diagnnstic abilities were focused on Attachment
1 of 0P-902-002, which verifies a LOCA outside containment but
directs operators to a procedure (0P-902-002) which does not
provide relevant guida~ce for the isolation of an ISLOCA.

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



individual basic HEPs can only be identified after associated PSFs are
specified. Stress and dependence were explicitly modeled (using 7' xP) as two
of the more significant PSFs. From a human performance perspect.. -, high
levels of stress lead to higher probabilities of human error. Generally, a
person’s short-term memory (STM) can retiin 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 nis environment are featured. Also, as stress continues to
incroase, the operator begins to retreat from current conditions, relying on
previously learned (perhaps incorrect) patterns of behavior. In Sequence 2,
for operator actions FTD-LOCA (fail to detect LNCA) 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 injectior.
For Sequence 5, FTD (fail to detect loss of coolant) stress was initially
modeled as optimal unti) entry into OP-901-046, the Shutdown Cooling
Malfunction procedure, when it increased to moderately high. For FTOGN 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 D).

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
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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 detaii, 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
conversations 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 ten 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 'nction with the typical THERP event
trees. The fault trees and THERP event irees were used in a detailed analysis
to estimate the probability of human error for each of the dominant human
actions. Quantification technigues 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.

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
assnciated 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 HPA fault and event
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Sequence 1D s Task 10 Subtase D
Crew g8ize &k conmposition P B
Who does task/subtask? - e
Crew experience: Low____. Optimei_____ Moderate ... High____.
jg& time |imit impertant for this task/subtask? ‘es or No
Time to perform task/subtlask (afrer giagnos is/decision)
Madian response time for whole task__ 5. Doy i
Plant/system time a.allable s —
If task rot successful ly completed, what (s next action? -
2 and type of alarms competing for attention el st
Quality of plant interface Excellent__. Good__._ Fair___ Poor . __ Very PoGr
Operators Stress: Low__. Optimai___ Moderate... High._ ..
Type of instrument/control e i e A A
HF notes on controls N e S S O s
Consequence of |(mproper performance High . Medium___ Low__.
Explain T
Feadback/Gystem response to operator action Ll
Cperation routine: Yes or No Operaticn/transient understond Yes or No
Proc Read  Yes or No Proc covers case. Yes o No
Proc well written Yes or No Proc understood fes or Mo
Proc precticed: Yes or No How much practice/treining on task®
Cognitive Behavior Skill___... RAule_____ Knowiedge. .. ...
Tagging Tes or No Descr ice o
Recovery Actions Checkliste_ . _ .. Inspections_____ fact Person__ ..

Feedback from Annunciators____ . Alarms_ ... Displays . .

Figure 1: ISLOCA Data Collection form, page 1






trees "provides a disciplined approach for explicitly evaluating alternative
actions and, if properly interpreted, may provide the rational=a for including
some human errors known as acts of commission in the event tr.es." This HRA
modelad 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 generall,
placed along the descending right branches of the event tree. Successful
operator actions were sequenced on the ieft side of the tree. For example, on
the top lefi, Event "a* - Contrel Rcom (CR) Detects Dropping Pressurizer (PZIR)
Pressure, is the success path. Failure to accomplisn ti.is task is modeled as
Event "A" - CR Fails to Detect Pressurizer (PIR) P.vssuve Droppirg. When a
second operator, or group of operators, is invo'ved, surh as in Event "B" -
Control Room Fails to Detect PZKk Low Pressure #layms, the acuion of this
second operator, or group, may be modeled in a recovery branch, as shown in
Figure 3. Event "b" models the opportunity far the cuatrol room to detect the
pressurizer low pressure alarms. If the cantrol poom Coes detect the alarw,
this becomes a recovery action because i* would bring the model back to the
success path (via the dotted lines 5. "¥ ure 3).

Basic HEPs for each individuel failure were calculated using THERP or
HCR. These basic HEPs were then mod®fied using PSFs to realistically describe
the work process. Each PSF either increased or reduced the 1ikelihood of a
given human error aci.on. For the event tree in Figure 3, the following PSFs
were used to modify the basic HEPs:

- The cort-o)] room is assumed to be in Mode 1 operations with one RO
perfei.«ing a quarterly stroke test on the safety injection (SI)
valves. It is assumed that two PIV check valves have failed and
that, as the RO opens the associated SI valve, there is an
immediate overpressurization and break, which results in a reactor
trip and safety injection zctuation signal.
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- Stross levels were modeled as being moderately high following the
break.
The rrew was judged to be exoerienced.

- high dependency (HD) was used to model the relationship between

i the CR’s ability to detect decreasing pressurizer pressure (or

Tevel) and the CR’s ability to detect the subsequent pressurizer
alarms. High dependence was also modeled between the CRS and S5
as they decide to enter OP-902-002, the RCS Leak weduction
Procedure.

Individual error paths were identified and failure probabilities were
estimated using the HEPs and tabies 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 #z, a4 was modified by a PSF of 2, for moderately high stress.
The basic median HEP is converted to a basic mean HEP which is modifiec by the
same PSFs. This results in a nominal mean HEP nf 0.C15 and an error factor of

3.

Each event tree has several unique error patns. Ffor 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 t~ detect the
subsequent alarcs. In a similar manner, failure path "A-b-C-D" models a
sequence of events in which the CR fiils 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 HEP on a given error path by any uther 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 faiiure "A"
(0.015) by the HEP for failure "B" (0.279), resulting in a nominal HEP “or
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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
ysed for quantification and does not imply 6-digit precision for the HEP
estimates. Other examples of error paths for this event tree nclude: "A-b-
£-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 fatlure probability for that event
tree. The resultling error factor for the total failure probability was
calculated from an uncertainty analysis using [RRAS (the Integrated
Reliability and Risk Anaiysis System [C-9]).

Table C1 lists the basic median HEPs and nominal mean HEPs for the event
tree depicted in Figure 3 (FTID-LOCA, Sequence 2). This table enumerates the
basic human actions/errors, the basic or unmodified KREPs (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 dynamically, PSF modifier
values and the related THERP source, level of dependency, and finally, the
nominal, or modified, mean HEP with its evror factor (derived from THERP HEPs
or THERP Table 20-20).
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Table C1: HEPS for Sequence 2 ; FTD LOCA - Sequence 2
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Failure Path

Table C2 : Failure Paths and Total Failure Probabilities
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Table C2 lists the individual failure paths for Figure 3, FTD-LOCA, and
the resulting failure probabilities for each path, including how the failure
probabilities were calculated (again  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 (2, 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 RO, or group
in *he CR, can be expected not to enter the correct procedure after detecting
a loss »f coolant, about 18 times out of a thousard.

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 4istributions

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 tu 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
corvenience, one might wish to assume ihe same distribution for
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probabilities of human fai ure as the one used for probabilities of
equipment failure, as was ut ' in WASH-1400."

To summurize, t'ie wuthors of THERP “"suggest” that (%A analysts “"assume"
the po'nt estimates from THERP are medians from a lognormal distributiog, even
though such an acsumption 1s "speculative" at best.

While the THERP approach /treating the MEPs as median values from a
lognormal distribution) has certain computational and interpretational
advantages, 1t has one distinct drawback, with respect o PRAs. In most PRAs,
hardware failure probat'lities are assumed 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 medn, a
procedura which does net result in a mean value of the core damage frequency.
E mean core damage frequency can be obtained by converting the median HEP
vilues (from an assumed lognoimal distribution) to mean HEP values, thereby
al’wwing the necessary multiplicatiens.

This HRA ~dopted THERP's recommendation to treat each HEP as a median
value from a ) rmal distribution. Detailed HEA analyses were conducted for
ecch of the siy ‘icant scenarios identified in this ISLOCA PRA. Tables Cl
and C2 summarize the results of these analyses, 1.e., by converting the median
HEPs to mean KEPs using the following formulas:

1]
Mean HEF = exp (§ *--%;).

where R = the Median HEP;
B = 1lnk; and,

in(ErrorFactor)

. 1.645
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Cunverting 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 HEPs
were accomp)lished Ly inserting the basic, median HEPs in each event tree int.
the equations above. The resulting mean HEPs were then modified by
appropriate PSFs and used ir the appropriate error branch on specific event
trees ta calculate error path and total fail re probabilities for each event

tree.

h careful review of Table C1 will show that the conversion from median
‘0 mean WEPs can cause problems with the resulting conf dence interval. The
reader may recall that individual HEPs are considered & coint estimate with
some uncertainty, e.g., & confidence interval, surrounding it. Generally,
this confidence interval {s defined by calculating the upper bound (95th
percentile) and lower bound (5th percentile) for each HEP. The upper bound is
found by multipiying the nominal (modified-median) HEP b, its associated error
factor (EF) and the lowe: bound results .y dividing the nominal ‘modified-
madian) HEP by the same 1, For example, when the basic median HEP for event
*A" (Table C1) 1s modifiad, it becomes a value of 0.U12 (the nominal mean MEP
equals 0.015), the resulting upper bound is 0.036 (0.012 x an EF of 3.
Likewise, the lower bound 1s 0.004 (0.012 divided by the EFf of 3).

However, when a basic HEP is modified by several PSFs, including
dependency, problems with the confidence interval begin to arise. Ffor
example, cxamine avent “B* on Table Cl. The basic median HEP for tnis event
is 0.00C) with an EF of 10. When this HEP is converted to a mean value and
modified for stress and high dependence, the resulting nominal mean HEP 1s 0.5
with an EF of § (from THERP able 20-20, #5). If one calculates the upper
bound for this MEP by multip ying this value by the £F (or more correctly by
multiplying the modified median value, 0.5, by the EF' the result is a value
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 D for details). The resulting revised
nominal mean HEP and EF are shown in Table C1 as the values with a "#", just
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below the old values for event "B". The revised mean HEP is 0.279 with an EF
of 2.5. Sinilar adjustments have been made for other events in Sequence 2, as
well as for severa)l human actions in Sequence 5. Table €3 Tists all of the
HEP revisions for each .equence and individual actions in this HRA. This
table 1isty the sequence number and associated HRA tree, the human action from
that tree, and the following n.eerical values:

- basic median HEP with its EF,

modified median HEP (using assr (ated PSFs) with suggested EF,
Mean HEP and 1ts EF (from lognormal distribution),

Revised mean HEP and EF (from constrained lTognormal distribution),
50th percentile value (constrained logno mal distribution), and
95th percentile value (constrained lognormal distribution).

l
2
3
“
5
6

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 #17) of the HRA process, the analysts
reviewed the results of the HRA and documented all of the information needed
to provide an audit trail. As fin:] 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. During these reviews, several questions arose which required more
information. Several telephone calls were placed to operations personnel at
the plant and detailed interviews or walkthroughs were conducted with a past
shift supervisor from the plant.

The last step necessitated the documentation of the data, methodology,
and results from this HRA to provide an audit trail. This was accomplished by
creating a deta notebook containing the completed data forms, pertinent
Jrocedures, working notes from the ISLOCA inspection, and the NRC ISLOCA
inspection report.
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Table €3: Revised HEPs for the CE ISLOCA HRA
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Scenarios and Human Actions for the CE 1SLOCA 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 greate~ than 10°%/yr). A screening
HEP of 0.5 was used, except in some cases where ¢ 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.

Sequence JA: Premature Entry Into Shutdown Copling (SOC)

During the plant shutdown process, the operators will open MOVs S1-40]
(ARB) and S1-407 (ABB) and HOV S1-405 (A&B) to place both traing of 50C into
service. Sequence 1A investinates the 1ikelihood that the operators
prematurely open these valves when RCS pressure is above SDC entry procedural
Timits (396 psig and 350° F). To open the valves, operators would have to
override iaterlock permissives, disregard administrative barriers, and take
actions beyond those specified by operating procedu~es. Further human actions
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.

Sequence 18B: Startup with Shutdown Cooling Valves Open

Sequence 1B is similar to Sequence 1A, except that the plant is
undergoing a startup. In this sequence operators must fail to close MOVs SI-
401 (A&B) and S1-407 (A&B) and MOV 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 multipie alarms
which would warn operators about any of the MOVs ar HOVs being left open

C-26







SRS RN 7 N e

isolation valves (MOVs S1-40]1, S1-407, or HOV S1-405) in the affected SDC
tra‘n. Fatlure of the operators to detect, diagnose, and isolate the break

will Tead to core damege.

Human Actions For this ISLOCA HRA

The following table 1ists the PRA identifier and a brief desc) ‘ption of
each relevant human action fdentified for analysis in this HRA,

Teble C4: Human Actions for the CE HRA

IDENTIFIER

Control

DESCRIPTION

room (or operators) fail to detect (OCA

Control

room fails to diagnose 1SLOCA

Control

room/operators fai) tu isolate break

Control

room/operators fail to datect LOCA

Control

room/operators fail to diagnose ISLOCA

Control

room fails to isolate break with one

train of shut down cooling in service

Control

room fails to isolate break with both

trains of shut down cooling in service

-
~
oo
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Modeling Of Human Actions And Estimated 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 HEP 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 rclevant to the modeling and WEP estimation for

that action.
EI0: Sequence 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, 1.e., decreasing pressurizer level and pressure, for FTD
are modeled according to step B.2 of this procedure. The HRA modelir assumes
that the control room is in Mode | operation with one RO performing a
quarterly stroke test on the safety injection (SI) valves. It also assumes
that two PIV check valves have failed and that as the RO opens the associated
SI valve, there 1s an immediate 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:1ip
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 C1 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
valves because the CR generally disabled this annunciator by pulling its card,
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and because the stroke test procedure does not direct operators to check the
pressure on this Pl before stroking the valve open.

EIDGN:  Sequence 2 (Using Procedure Only)

Event FTDGN for Sequence 2 models failure of the control room to
correctly diagnose an ISLOCA using the diagrostic flow chart from OP-902-000
(and Attachment 1 of OP-902-002), the Emergency Entry Procedure. The critical
subtasks for event FTDGN are modeled according to the requisite actions for
the CRS and SS to correctly diagnose an ISLOCA. HRA mode)ing 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 tota)l failure probabilities are presented in Figure & and Tables C5 and
C6. As listed in Table C6 the total mean failure probability for event FTDGN
(Using procedure only) is 0.02 with an EF of 3.96.
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Figure 4: HRA Event Tree for Sequence 2 - FIDGN (Using Procedure Only)
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Table C6: Failure Paths and Total Failure Probabilities (Seq. 2, FTDGN)
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Figure 5:




Table C7: HEPs for FTI - Sequence 2 (Using Procedure Only)

H
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Table C7: HEPS for Sequence 2 ; FT1 (Following Procedure Only)
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Tabie C8: Failure Path and Total Failure Probability (Seq. ¢, F1i-Procedure)

i
18
i8

FT1 (Foilow'ng Procec  re Ualy)
¢ p
Tatal Failure Probabilaty
Frror Factor

110

Table C8: Failure Paths and Total Feilure Probakibidies

Failure Path
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Figure 7: HRA Fault Tree for Seq. 2, FTI (Using Knowledge-based Behavior)
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[1D: Sequence 9

Event FTD for Sequence 5 represents operator failure to detect a reactor
coolant leak resulting from failure of low pressure flanges in a suctien 1ine
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. MRA modeling includes detection by the RO of decreasing pressur.zer
level and pressure, and subsequent entry into procedure 0P-901-046 (Shutdown
Cooling Malfunction) at the direction of the control room supervisor (CRS).
Control room (CR) personne) 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 (S5) 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 Cl4,
vespectively. Table C14 1ists the total mean failure probability for this
event tree as 0.00758.
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Table C13: MHEPs for Seq. 5, FTD
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FIDGN: Sequence §

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”ction 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 ‘R
personnel. Step 2 of SUBSEQUENT OPLRATOR ACTIONS (OP-901-046) directs
operators to Attachment 6.1, Sy.tem Leakage, based on relevant CR indications.
Sequence 5 HRA modeling for event FTDGN includes entry intn Attachment 6.1 on
the direction of the conti ! voom supervisor (CRS) and recovery cre’.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:nted in Figure 9 and
Tables C15 and 16, respectively. Table C16 aisc 1ists the total mean failure
prebability for this event tree as 0.0C755.
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Table C15: HEPS Tor Sequence 5, FTDGN-Operators Fail to Diagnose 1ISLOCA ]
o
] 1 ;
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F1l1-A:  Sequence $ (1 Train of SOC)

Event FTI-A for Sequence 5 represents operator failure to isolate the
leak (see Sequence 5 description in Sequences and Human Actions section) by
performing the relevart steps of Attachment 6.1 (System Leakage) of procedure
0P-901-046 (Shutdown .n1ing Malfunction), 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 SOC train in service
(referencing OP-009-005, system operating procedure, Shutdown Cooling System),
and closing the SDC suction isolation valve on the initially operating SOC
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 & RQ), when the CRS was
directing RO actions. Commissicn errors are modeled as errors by the RO, with
recovery credit for the CRS. For these acticns, a moderate Tevel 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 prcbability for this event tree as 0.0233.
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Figure 10: HRA Event Tree for Sequence 5, FTI-A (1 SDC Train)
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Table C17: HEPS for Sequence 5, FTI-A; Fail to Isolate (1 SDC Train)
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Table C17: HEPS for Sequence §, FTI-A; Fail to Isolate (1 SDC Train)
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Table C18: Failure Paihs and Total Failure Probabilities

Failure Path
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Sequence 5: FTI-A; Fail to Isolate (1 SDC Train)

Table C18: Failcre Paths and Total Failure Probabilities

catlure Path Calculations Results
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Table C18: Failure Paths and Tetal Failure Probabilities

Sequence 5: FTI-A; Fail to Isolate (1 SDC Train)

Failure Path Calculations
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Table C18: Failure Paths and Total Failure Probabilities

Sequence 5: FTL-A; ¥Fail to Isolate (1 SDC Train)
Calculations
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Table CI1£: Fabure Paths and Total Failure Probabilities
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Fable C18: Failure Paths ar

Sequence 5: FTI-A; Fail
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Table C18: Failure Paths and Total Failure Probabilities

Sequence 5: FT1-A; Fail te Isolate (1 SDC Train)
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Table C18: Failure Paths and Total Failure Probabilities

+(*qu03) 817 alqe}

Sequence 5: FTI-A; Fail to Isolate (1 SDC Train)
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Table C18: Failure Paths and Total Feilure Prebabilities

Sequence 5: FTI-A; Fail to Iselate (1 SDC Train)
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Failure Path Calcuiations Results
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Event +T1-B for Sequence 5 represents cperator failure to ‘solate the
leak (see Sequence 5 description in Seguences and Human Actions section) by
performing the relevant steps of Attachment &.] {System Leakage) of procedure
0P-901-046 (Shutdown Cooling Malfunction), when both SDC trains are in
service. The HRA event tree for FT1-B 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 subsi.eps modeled include closing the SDC
suction isolation valve on one SOC 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 mode)ing
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 (R0). A high level of dependence was
modeled between the two, when the CRS was directing RO actions. Commission
errors are modeled as errors by the RO, with recovery credit for the CRS. For
these actions, a2 moderate level of dependence was modeled between the RO
performing the 2ction and the CRS who would be concurrently performing other
dynamic actions. The HRA event treoe, subtask gquantifications, and total
failure probability are presented in Figure 11, Table C19, end Table (20,
respectively, Table C20 also lists the total mean failure probability for
this event tree as 0.0233.
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Table C19: HEPS for Sequence 5, FTI1-B; Fail to Isolate (2 SDC Trains)

$(*3u0d) 619 o(qe)

Human Action / Error Basic Error | Seurce/ | Step-by- | Madifier Modifier | THERP | Basic Nominal Ervor
Median Factor | THERP | Stepor !for PSFs  Source | Depend- | Mean Mean Factor
HEY Tabie # | Dynamic | ency HEP HEP
L
| |
URS fulls to place isolated train in service (mep | 6.003 A6 T #3 SBS 3 T20-16 #1 m 68674y | 0011548 i
111 of OP9U1 548
RO fuits to remind RS to pince bolated SIN | 01 58 TI22 M sBs 3 2006 #2 HD aisi883 | evaxs s
trakn in service
* 03500 22
!
R Gatis to place ioluted SIN train ln serviee | G001 e Y123 | SBS 3 T26-16 #2 j e G149 | ha01TeY 36
14 ommissbon | i !
|
CRS fubls 3o vertfy RO placed corvect SDE truin | 21 50 T26.22 #1 SES 3 12616 #1 MDD G613 | BEEYRes e
in service
| # 0 19ens 14
!
CUS fuils to close 51401 A(B) an oppestie SN | 0.003 e T20-7 #3 SBS 3 T20.46 #2 n 20374y | 6011248 10
trmin
RO falls to remind RS (s chose S1-401 A(B) on | 01 se 120.21 #t s8s | 3 TI06 #2 "o Qs | e7a07s se
opponite SIX trmin
£ 035390 32
RO) falls to close correct ST-401 A(B) vaive on 0001 50 | Tmazes sas |1 T20-16 #2 wm 0081249 | 0801749 e
approprisic irain (( cmmbmbos | |
CHS Tails 1o verdty RO chosed correct S1-901 LT 0 128220 Sms 3 TH0.16 #2 MD | S1S1383 | eSSTRMd e
Al B) veive
| | # a2meas 24
I ! ' L
: | | | i J J




17

C

. ._...3: BTIO T ITIIOD T HLE0O T ITIIND ridrae rav aL
e kRN el e i e L e T e N T Ameb e S, el
« i. r!.n'.- LA URTRS ;AR B IR RS FAR LR .::Go dORY AP MY &l
L i L % . S = e L
.H SevBeI 0 ¥ tnt. #ilieox WFTIIO0 > ST LIOR X 690000 % !:oo ORGP Y 8T
= .!_.Ro SPTIIO0 S SRT IS0 X ST 1100 X 6PLEON G X !:.od NIWWRHPONY L)
T L A 3;71 el A o EEN © L gt S
.2 FEPLEGHR S PLEMOOT RN IIOD X EPTTIO0 » rLE00 B X ErIII0G AOMTNIROEIPOSY 21
et (M . = 75 Ll e, = By A e BT M
...rﬁ \H SUPBET DX GHLEIND ¥ BHTTIO0 X SRLEDOBEBITTIO X BPTIIN G % FLEOGD X BHTTIN0 AOUWTRIRUHP Y 5
&w . COGESLO S EYTTIO0 X SPLEOG0 X ST TI00 X SFT 1196 X 6PLI0ND % SFTTIN0 NWDIRIAP Y EL
K ™ SOPRGI 0 X 6PLEDND S @TII00 T BT IIO0 X 60LE000 X 9ILI 100 TNRIEAPRY
.w - SOREI 0 X SFLEOGHEBVTIION S BTTIOD A ITII06 T e2LE000 5 HT1160 aosaflangar 9y 1
-
- - SOOREI 0 T GRLEON G X IPTIING X IRT 10N X STII00 T SPTT 100 N 6PLE00 0 F SRT 1IN0 dospaimagaray 1y
o . SOGESEOTINTIIRD S ITIIFR X RITIIOC SBITLIG0 S 6hLEN0R > ST 108 B LTS TS S
sy, S
=~ . SOYBEI O T GPLEOO D T GPLIDE DT ENTII0D X SRTIIO0 S SPTII00 X GRLI0N0 5 BVT 116D SOSTNNN AP Y s
_— e
.N S 9
3 . EErLE000 X WRTIIN0 S SR LEDE0 E ST IOD T WL IION X EPT 1100 SRLE0 0 S T 110 PR UER TR .
r -—
o . SOSESE U ENRTIIO0 X SRLEO0G X SRTIINO X RITIIN0 X SRTTI00 X 4rLi000 5 ¥T 1160 NPT O ey L
N SOURGT 0 T SPLEO0D X VTG I RITIIGD S SPT1I0 0 % GPLEDOS X ¥TTI00 THIOsAT Y »
S P L . 3 d
- - SOESTRTITIIO0E T II00 X ¥TLIQ0 % 62 L1000 X ¥T 1109 IRONEPOAY s
rlv - SOUREI B X SPTIIO0 X STLIN G X S0LE00°G = BPT 110D HOEAP GV v
- . SHGESTE T BFTIIO0 T GPIE000 * VT 1IN R APV i
onv. 10000 SOUR6I 0 X SRLINED X E¥LilD aoav 1
—
- 61000 SOCESE D X BT 1IN v 1
- synsay suoneRde’) qieg aanjiey
-
> (suyeaf WIS 7} ALes] 03 R ‘H-LL4 S Puanbag
e
=
=2 SINPqEQOL] JInie | [RI0] pUE SYJEf anpie ] : G7) qe],
s
<
[ .
-
o
~
[+
@
o
o
<
.-




SRl G S A IR0 R T I I e S BTN S SNl 1IN S S erLiNe B STl il

- SEVEEI B Y SR WE A IS S SrLIT A B _ LIS A TR T aniiNcT A L0

SOV B PN T IION T ep W T T I IR

SOMEI B sk SV I BTNV I IIEN S UWT I BTiee

AT DESTIND T IR LS o0 5000 = 807 L I0D

L eI T SR NY SRR ST AR e LR E AR

Sl 0 S AP SN I R S AN D S RTINS S IS S T2

Sl S AW BT DIV EILWI I

SNSRIl S S AL AR - DI SR NI LIS TerLEee e F SRl N0

SR IRIN RIR I B 2|3 /% 2
< -

- Sl B A AL MR E RTINS TR ISR ST T T I e

ST AN T LS P IS A T IR T LN BT

FHLTT

swonejne
(SwiRal S T MNOS) o) wey g-lld o eabag

Suqeqel Janpie § [Bj0] puE SyiRg snpRg 670 A9*L

i
i




o~

: - i 2 - > -
o
o ‘o -
~wi. & w e e
D vl “
»
yirvael B 5 abia e
{rege o - o
st 3\ L «
L RIS L RRC JeE
» - L 2T o -
naar gigrlige s abia
yr OBl 6 5 ok e
e 5
e L0
e SR e serile
o - -
el B ke - oy e
s 5 - wr EETIRY
- R e LTI
.. R e
. LFT ST L g
SsBUITEINOLE )
L_»L,m MIS L B JUS
' { 18301

o

el

o *er,

) v

ol _ 2

R

0D e

T LR
oSy

R

R

T A R
L RE L
N L LE,
w, 5§

»

T 3 RS
2w e
T L REE
T R
-ere

J4 sy Ry
¢ o g1 Wil
i ey

s 15

g+ wainldoy
PO L

2 n w:,“.?@

R

-

Y

-y

i

e

re




08

Table C2¥ : Failure Paths and Total Failure Probabilities

Sequence S: FTLB; Fail to Isclate (2 SDC Trains)
Calculations

1("3u03) 029 01qe)

011247 ¢ ARITEY x AMHITEY 3 D 2WNERS

BI040 5 w BT 1248 x $.011 248 x 0811248 x S AEITAY » & 2900

SO0 x G HI2AN x SO0  DHI 1148 » ANRITAY « A1 248 435NN

BOFI248 c 0011248 x SO 248 ~ G011 248 x DONTTEY 3 S011 248 x G B0ITES 5 & 7V

BOLI2A0 3 A012 240 « G011 248 3 G011 248 « QOB ITE% x G INITER 5 6 20T

GO0L1248 x 5.611248 : G.011 248 ¢ S.80T74% + & 290685

011248 5 2011240 x S01 1 248 £ 0.0717E9 » 6011 2R + B350

6011248 5 0011248 s $.011 245 ¢ 007749 x £.011 348 x S ANITAY 1 & TNEHS

O611240 x A011 248 5 8511 148 x 2087749 3 ROGITES ¢ IO

SO11248 5 0011348 ¢ 0.511 348 v 6.01 1 348 x A IS WOS

B0 1243 1 00011 248 3 0071 348 5 5911 348 ¢ AINITE® 1 82905

BOL1248 3 001248 x 8511 248 x AORITAT 5 & TVENS

plaielelalelnlalalelala/2/eial2/a sia/a s

i

BOI1248 x Q011248 3 @011 288 x 06749 3 865 1 268 v B MITHY x 8 2900<
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