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NOTICE
'

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re- ,

sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in thi: report, or represents that its use by such third party would.
not infringe privately owned rights. "

NOTICE
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Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Spring *ield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications. *

it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee frc.n the NRC Public Docu-
ment Room include NRC correspondence and internal N RC memoranda; NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federal agencies arx' reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Requlatory Comrninian

Documents available from public and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free, to the extent of supply, upon written raquest
to the Division of Technical Information and Document Control, U.S. Nuclear Regulatory Com-
mission, Wa,hington, DC 20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library,7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Sta'idards, from the
American National Standards Institute,1430 Broadway, New York, NY 10018.
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ABSTRACT-

Spatial and functional _ coupling (including human actions) of nuclear power

.
. plant systems that lead to interdependencies are called Systems
Interactions. At present, the U.S. Nuclear Regulatory Commission (NRC) is
investigating ways of identifying and evaluating systems interactions. One

i approach.is based ~on graph-theoretic methods utilizing matrix
representations of logic diagrams called Digraph Matrix Analysis (DMA).

' Our objective in this report is to demonstrate the capabilities of Digraph
~

Matrix Analysis to model an accident sequence (including front-line.
systems, support systems and human actions) as a continuous,

,

well-integrated logic model in order to identify and evaluate functional*

systems interactions.
!

| The selected accident sequence,-loss of high pressure safety injection
during a LOCA, was modeled and qualitative and quantitative comparisons#

were made to the Reactor Safety Study (WASH 1400) and other studies. The

i results demonstrate that: (1) DMA is highly capable of modeling and
i

j evaluating an accident sequence (including front-line systems, support

| systems, and human actions) as a' continuous and well-integrated logic model
in order to identify and evaluate systems interactions; (2) numerous,

j non-intuitive systems interactions were found between front-line and

| support systems that collectively contributed significantly to the overall
failure probability, and (3) the reactor operators can provide a

.| significant improvement in safety if they correctly respond to the failure
! of an automatic system.

|
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NRC SUMMARY

The NRC staff has been evaluating methods that analyze for intersystems

dependencies. The evaluations were both (a) for the resolution of Unresolved
Safety Issue A-17 (Systems Interaction in Nuclear Power Plants) and (b) for
the treatment of' dependencies in Probabilistic Risk Assessments. One

method, Digraph-Matrix Analysis, appeared effective although previously not
applied to nuclear systems. The NRC endeavored to describe and demonstrate

Digraph-Matrix Analysis for application to commerical nuclear power systems.
Digraph-Matrix Analysis was described in NUREG/CR-2915 (Initial Guidance on
Digraph-Matrix Analysis for Systems Interaction Studies). This present-

- report describes the demonstration of the Digraph-Matrix Analysis on a
Nuclear Power Plant's High Pressure Injection System.-

The plant was selected to facilitate a comparison of results with the
results from prior work using Fault Tree analysis (NUREC/CR-1321, Final
Report-Phase I, Systems Interaction Methodology Applications Program). Both

the results reported here and the prior results came from work beyond the>

scope of the criteria used by the NRC to license nuclear power plants.
!
1

The objective of the systems interaction analysis was to provide assurance
that the independent functioning of the High Pressure Injection System was
not jeopardized by components that cause faults to be dependent. The

| analysis discovered seven components whose failure could jeopardize the High
Pressure Injection System given the postulated accident. All seven of these,

-components were considered both in the safety analysis and in the licensing

f review (Section 7.6.6 of the Final Safety Analysis Report). Special means

( had been established to preclude the spurious alignment of the active
'

components (Section 8.3.1.7, NUREG-0847). The Digraph-Matrix Analysis

confirmed that the licensing review provided assurance against adverse

intersystems dependencies.

|

I
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The large number of doubletons discovered relative to the number of
singletons was not the best parameter to assess the significance of the
doubletons. The relative contributions of the singletons and the doubletons
to the unavailability of the High Pressure Injection System was estimated to
gather better evidence concerning the significance of the doubletons. The

component failure rates were selected from available reports as input to the
estimates. There is limited consensus of component failure rates among
various reports. The ranges in the data can be quite large possibly due to
implicit considerations (e.g., the classification of failure modes, the
placement of position indicators, the role of maintenance, and component
design differences). Consequently, the estimated unavailabilities could
have large uncertainties that are not necessarily bounded by the two Cases
herein. In either case, the doubletons appear to be at least as important as
the singletons.

The results reported herein demonstrate the capability of Digraph-Matrix
Analysis to discover components that could jeopardize the independent

'

functioning of safety related systems in commercial nuclear power plants.
Also, the method is scrt. table and can be used on a complex system which
contains both a large number of components and dependent loops. The method
is being applied at another plant with a fuller scope including human
dependencies and spatial susceptibilities.

Digraph-Matris Analysis appears to have the potential to be a tool for
1accident management. The method could readily ideritify feasible causes of

accident symptoms and list optional responses for the operator. The feature
could be useful before an accident to explore postulated scenarios like a
loss of of fsite power. The method could be used in safeguards analysis also.

The NRC staff acknowledges that progress is being made on systems interaction
methods by other organizations. We encourage comments on the use of Digraph-
Matrix Analysis that are based upon experience with the method or other
methods.

vi
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GLOSSARY

Adjacency Matrix - The Boolean matrix which describes connectivity
between a node in a graph and its " nearest
neighbors".

Component - A component is a physical element, human action,
location, or any other " thing" which can impact
system operation.

Compression - The step in the DMA processing sequence in
which redundant (repeated) connections in the
adjacency data are deleted.

Condensation - The step in the DMA processing sequence in

which nodes which are in series are combined
under certain conditions into a single node.

Crosstie - A cross-connected header or cross-connected
electical bus which allows bi-directional flow
of fluid or electricity. DMA has an algorithm
for digraphing these complex connections. -

Cut Set - The term " cut set" is used in this report to
mean a component or group of components whose

failure would cause system (s) failure.

DMA - Digraph Matrix Analysis is the procedure
through which a conditioned directed graph of
a system is constructed, processed, and
displayed to yield failure sets of the system.

Digraph - A graph consisting of a group of nodes that are
connected by edges and logical connectives which

indicate the direction of flow of effects.

xvii
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Doubleton - A pair of components whose joint failure will
cause failure of a component or system (s).

Edge - The connection between two nodes.

Functional
Dependency - Dependency due to either process coupling of

support systems or human actions.

Header - The junction of 2 or more pipes.

LOCA - Loss of Cooling Water Accident.

LWR - Light Water Reactor.

NRC - U.S. Nuclear Regulatory Commision.

Node - The symbol in the digraph which represents
physical component, physical location, plant
operating mode, human interaction, etc. Thus
a node represents anything which could affect
system interaction.

PASNY - Power Authority of the State of New York.

PWR - Pressurized Water Reactor.

Reachability Matrix- The Boolean matrix which describes all possible
pairs of connections between pairs of nodes
in the digraph. This matrix represents the
transitive closure of the digraph.

S1 LOCA - The rupture of primary coolant piping equivalent
to the break of a single pipe whose diameter is
greater than 1.85" (approximately), but less
than or equal to 3" [Ref 17].

xviii,

. -
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SI - Systems Interactions.
.

Singleton - A single component whose failure will cause
failure of a component or system (s).

Spatial Dependency - Dependence due to shared location or shared
environmental conditions.

Strong Component - A strong component consists of a group of nodes
which are bidirectionally and unconditionally
connected.

1

Systems

Interactions - Spatial and functional coupling (including human
actions) of nuclear power plant systems that
lead to interdependencies.

Unit Model - A detailed directed graph model of a component
of the system. The unit model represents the
decomposition of a large component, such as a
valve, into its parts. .

.

t

XIX

_



. .. . - _. ._

|

EXPLANATION OF DMA SYMBOL FORMAT |

The symbols used to represent components in this DMA of a High Pressure
Safety Injection System follow a consistent format. In general,

the symbols contain the component identification used in the piping |

and instrumentation diagram:, and electrical line drawings. In some

cases, a prefix has been added to indicate the type of component being
model ed. For example, the prefix FCV has been used to identify flow
control valves. The following list explains the prefix symbols used
throughout this report.

125VVB - 125 volt dc Vital Battery Board
480M0V - 480 volt ac Motor Operated Valve Electrical Power Bus

480VS - 480 volt ac Shutdown Board ;

6900VS - 6900 volt ac Shutdown Board ;
'

BIT - Boron Injection Tank

CCHXR - Component Cooling Heat Exchanger'

CCP - Centrifugal Charging Pump

CCPISCORE - Charging Pump Portion of Safety Injection System
CCS - Component Cooling System

CCWP - Component Cooling Water Pump

C0ll - Breaker Actuating Coil

i EINRLK - Electrical Interlock Transfer Device
EPS - Electrical Power System (500 kvac to 480 vac)'

FCV - Flow Control Valve
FE - In-line Flow Meter Orifice
FUSE - Electrical Fuse
HDR - Pipe Header (junction)

( LCV - Level Control Valve
! MINRLK - Mechanical Interlock Transfer Device

MOV - Motor
0 LLC 00L - Component Oil Cooler Interface with Component

Cooling System

0FFSITE - Master Node connected to all Offsite Power Sources
ONSITE - Master Node connected to all Onsite Power Sources

|

XXi
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OPR - Operator Action to Override failed Component
(Operator Right)>

OPRMASTER - Master Node connected to all OPR's
OPW - Operator taking incorrect action (Operator Wrong)
PS - Protection Set System (Vital Instrumentation

and Control Power)
'

R - Relay or Circuit Breaker
RCS - Reactor Cooling System (the ..cminal Node)
RHR - Residual Heat Removal System
RWST - Refueling Water Storage Tank
SILOGIC - Safety Injection Logic Actuation System

'

SIP - Safety Injection Pump
SIPISCORE - Safety Injection Pump Portion of Safety Injection

System

SISIG - Safety Injection Signal
STRAINR - Strainer
SW - Control Power Switch
TR - Electrical Transformer
TW - In-line Temperature Sensor
VB - Butterfly Valve

VC - Check Valve
VGA - Gate Valve
VGL - Globe Valve
X - Component whose type could not be determined from

the available documentation
.

<

|
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EXECUTIVE SUMMARY

Complex events such as those at Three Mile Island-2, Brown's Ferry-3, and
Cryst ' River-3 have demonstrated that previously unidentified system
interdependencies can be important to safety. A major aspect of these
events was dependent faults (common cause/ mode failures). The term Systems
Interactions (SI) was introduced by the Nuclear Regulatory Commission (NRC)

to identify the concepts of spatial and functional coupling of systems
which led to these system interdependencies. Spatial coupling refers to
dependencies coupled by a shared environmental condition; functional

systems interaction refers to dependencies coupled by a component shared
between safety or support systems and includes interdependencies due to
human actions. The NRC is currently developing guidelines to search for
and evaluate potential systems interactions at light water reactors. The
identification of system interactions is being addressed from several
approaches, the most conventional being the enhancement of existing fault
tree methodology. This is generally accomplished by expanding the scope
and boundary conditions of the fault tree analysis, giving added emphasis
to dependency analysis such as minimum cut-set common cause analysis. An
alternative approach utilizes graph-theoretic methods and is called Digraph
Matrix Analysis (DMA). This methodology is specifically tuned to the SI
problem.

A preliminary description of DMA was presented in NUREG/CR-2915 [1] withj

preliminary results of the SI analysis given in Reference 2.
Our objective in this report is to present the final results from the DMA
application and to contrast these with the results from the
more traditional fault tree approaches. This will demonstrate the
capabilities of DMA to model an entire accident sequence as a single
well-integrated logic model in order to identify and evaluate systems

! interactions.

!

|
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DMA differs from traditional fault tree techniques in four major ways:

1. Construction of the logic model is performed directly from plant
schematics (piping and instrumentation diagrams, electrical
schematics safety logic diagrams). The resulting model could be
overlaid on the plant schematics. Thus, the model can be readily
understood, reviewed and corrected.

P. The resulting digraph.(directed graph with logic connectives) can
represent physical situations which are cyclic. In fault tree

methodology the analyst must " break" each loop or cycle and
construct a logical equivalent.

3. The digraph is processed through DMA computer codes based on a

conditioned reachability calculation. These codes detemine all
single component failures (singletons) and all pairs of component
failures (doubletons) which would cause failure of the group of
systems collectively and any single component individually.

4. DMA computer codes can process very large models. Presently, an
entire accident sequence, consisting of several front-line systems
and their support systems, is modeled as a single digraph. The
ability of the DMA codes to process such large models is based on
its graph-theoretic approach as opposed to Boolean equation
substitution codes (e.g., SETS [3] or FTAP [4]) currently used to
find fault tree cut-sets.

The models generated in a DMA are quite large (thousands of components) and
include physical components (such as pumps, valves, motors, etc.), plant
operational modes, and human operators. These models can represent systems

or combinations of systems. The problems are solved for all singletons *
and doubletons** without any " culling" (probabilistic truncation). Hence,

__________

.

2

_



.

f

i as opposed to other techniques, common events cannot be inadvertently
suppressed during truncation. DMA codes have been designed to run on
minicomputers for these large problems.

The DMA model of the high pressure safety injection system was analyzed for
all singletons and doubletons in both the fully automatic mode (Case I) and
the operator assisted mode (Case II). In the first case, seven components
were found whose failure would cause safety injection failure. These
failures were previously identified in NUREG 0847 [5]. In addition,

approximately 4300 doubletons were found by DMA for the fully automatic
case. Some of these doubletons involve two components in front-line
systems, however, many involve components in support systems. An example
of the second type is the doubleton composed of a flow control valve in the
component cooling system and a fuse in the control system for one of the
charging pumps. Several of the doubletons involve power from a second unit.
These arise since one of the Unit I component cooling pumps draws its
nonnal power from Unit II.

The high pressure safety injection system was designed with the
human as the ultimate backup. The operator assisted case (Case II)
illustrated this situation. The results of this case show only two
singletons and 708 doubletons. Most of these doubletons were concentrated
in or near iront-line systems.

A quantitative analysis of the results of the two cases showed a

| significant contribution from the doubietons. A significant improvement in

| reliability is indicated when constructive operator overrides are
considered. The effect of incorrect operator actions was modeled and
analyzed only for actions that might have been taken prior to safety
injection. No attempt was made in this study to determine what detrimental
effects would occur due to systematic operator incorrect action during the
LOCA. Also, no attempt was made to determine the effect of cocrdinated
operator action prior to the LOCA.

|
~
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Our findings include: (1) DMA is highly capabit of modeling and evaluating
an accident sequence (including-front-line systems, support systems, and
human actions) as a continuous well-integrated logic model in order-to
identify and evaluate systems interactions, (2) numerous, non-intuitive
systems interactions were found between front-line and support systems that
collectively were significant, and; (3) the operators can contribute a
significant improvement in safety if they correctly respond to the loss of
an automatic-system.

,
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1. INTRODUCTION

1.1 Background

The term Systems ' Interaction (SI) has been introduced by the U.S. Nuclear
Regulatory Commission (NRC) to identify the concept of spatial and
functional coupling of nuclear power plant systems which. lead to system
interdependencies. Spatial coupling refers to dependencies resulting from
shared environmental conditions within the plant; functional systems
interactions include coupling due to shared support systems (process
coupling) and interdependencies due to dynamic human error.

The Office of Nuclear Reactor Regulation of the NRC is developing a program
to further define and subsequently implement SI regulatory requirements for
light water reactors (LWR's). Battelle Columbus / Pacific Northwest
Laboratories [6], Brookhaven National Laboratory [7], and Lawrence
Livermore National Laboratory [8] assisting the NRC, recommended that
reliability assessment techniques, such as event tree / fault tree methods
supplemented by minimum cut set common cause/ mode analysis, combinad with

walk-through inspections could be used for identifying SI's. The Power

Authority of the State of New York (PASNY) has independently developed a
systems interaction methodology for application to the interconnected
systems at Indian Point-3 [9,10]. The method was based on " shutdown logic
diagrams" which were success-paths of operational sequences.

At present, the NRC is considr. ring three concepts for the integration of a
systems interaction study with existiag Probabilistic Risk Assessment (PRA)

| techniques.
|

( One concept is that systems interactions can be adequately analyzed by
expanding the scope and boundary conditions of the fault tree analysis
portion of a PRA and by putting additional emphasis on dependency analysis,

I techniques such as generic analysis [11] and minimum cut-set common

cause/ mode analysis [11]. The NRC's initial guidance for this point of
view has already begun [12].

I

5
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A second, and closely related concept is that systems interactions can be
'

,

incorporated |into a PRA at the event tree stage of analysis. This approach |

a'ttempts to capture systems interactions at an earlier stage of analysis.
-

By treating dependencies in the event tree analysis portion of a PRA, the
requirement of fault tree modeling at additional levels of detail is;

reduced [12].

The th'ird concept is based on graph-theoretic methods' utilizing a
conditioned matrix representation of logic diagrams and is called Digraph -
Matrix Analysis (DMA) [1, 13]. 'The concept of analyzing nuclear power
plant systems for systmes interaction was'first suggested by Battelle
Northwest [6]. This assessment technique * would be applied after an event
tree analysis has identified the accident sequences; it-treats an accident
sequence consisting of several systems along with their support systems and
human interactions as a single logic model. _ Thus, instead of constructing-

,

a reliability block -:liagram (or equivGnt) in preparation of fault tree
construction for each individual system in an accident sequence, as in the
Reactor Safety Study [15], the entire accident sequence is modeled as a

,

] schematic-based opera $1onal logic diagram (which includes AND and OR

gates). The advantages 5/f such a model are: (1) the ease of'

schematic-oriented modeling directly including loops and cycles in the
physical- system; and (2) highly efficient graph based computer processing

i fcr singletons and doubleton cut sets.**
i '

DMA differs from an analysis based on traditional fault tree techniques in
four major ways:

4

1. Construction of the logic model is perfomed directly from plant*

schematics (piping and instrumentation diagrams, electrical
schematics, safety logic). The resulting model could be overlaid4

on the plant schematics. Thus, .the model can be readily
'

understood, reviewed, and corrected.

II~fuii~r k assessment using DMA would, as in a PRA, consider the consequence

kb tbib ns and doubletons found in a DMA are not cut set ofthedkn!bhTheyareh etke nodes or pairs of nodes which can reach a terminal
node. graph.i ng

. The tem cut set 1 s used only because of its use in traditional. PRA s.i

,

1

6
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2. The resulting digraph-(directed graph with logic connectives) is
not limited to a " tree" structure and hence can represent-physical-

situations which are cyclic. Cycles arise from the. effect of the
failure in a ccaponent propagating to a second component and then
back to the. original component; Cyclic' situations are quite-

common in piping networks. and electrical power and control
schematics. Fault tree analysts must individually "b'reak" every

~

cycle and construct a logical eq'uivalent.

1

3. The digraph'is processed through DMA computer codes based on a
conditioned reachability calculation. - These codes detennine all
single component-failures (Singletons)' and all pairs of component
failures (Doubletons) which would cause system failure and thei

failure of any other component.

4. DMA computer codes can process very large models. Presently, an
entire accident sequence, consisting of front-line systems, their
support systems and human actions, is modeled as a single digraph.
The ability of the DMA codes to process such large models is based
on its graph-theoretic approach as opposed to Boolean equation
substitution codes (e.g., SETS [3] or FTAP [4]) currently used to
find cut-sets of fault trees.

i

i

( A review of the fundamental mathematical aspects of fault-oriented and

success-oriented reliability analyses (including Digraph-Matrix Analysis)
was presented in Reference 13, which offered insight into the trade-off
advantages and disadvantages of each. Initial guidance for DMA was
presented in Reference 1. A report on the preliminary results of the DMA
of the safety injection pump portion of the high pressure safety injection'

system was p-esented in Reference 2._ j

|

[ Figure 1-1 illustrates how an enhanced fault tree systems interaction study
I as suggested above would compare to a DMA apr oach. The enhanced fault
! tree approach would consist of several medium-size models (fault trees) of

front-line systems.. These fault trees would have basic events (e.g., A, B,
j C) and would be processed for minimum cut sets (MCS). The listing of

7
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i

minimum cut sets would include the singleton, doubleton, tripleton, etc.,
'

cut sets. Then, perhaps, a minimum cut set common cause/ mode analysis
based on Failure Modes and Effects Analysis (FMEA) would be conducted in

.

order to find high order cut sets from each fault tree that could be
reduced. for the systems- (e.g., ABC becomes D). In comparison, DMA

constructs a single continuous well-integrated logic model for the entire
accident' sequence in which the intention is to model to sufficient detail
such that the singleton D would result naturally as a " basic event".

,

4

|

i
|

:

!
!

!

:
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1.2, Objective -

The NRC is examining candidate systems interaction methodologies that can
be recomme<ided for future regulatory requirements.

The objective of this report is to demonstrate the capabilities of Digraph
Matrix Analysis'(DMA) to model an accident sequence (iiicluding safety
systems, support systems and human actions) as a continuous well-integrated

~

logic model in order to identify and evaluate functicnal systems
interactions. The selected accident sequence, loss of high pressure safety
injection during the early stages of a LOCA,~ is modeled and qualitative and
quantitative comparisons are made to BHL [14], WASH 1400 [15], Sandia [16],

~

and Zion [17] studies. The scope of the analysis includes both front-line
systems (safety injection pump and centrifugal charging pump injection
systems) and their support systems (electrical, instrumentation, safety
injection logic, and component cooling) as well as operator actions (random
human error and constructive operator actions that can mitigate an

accident).

10

. .
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~1.3 Summary of Results

Our findings from this study include:

1. DMA is highly capable of modeling and evaluating an accident
sequence (including front-line systems, support systems, and
operator actions) as a continuous well-integrated logic model in
order to identify and evaluate systems interactions.

2. Numerous, non-intuitive systems interactions exist between
front-line and support systems that contribute significantly to
the overall system unreliability. This is demonstrated by
comparing our Case I (fully automatic, no operator mitigating
action) with the recent BNL study [14] and with the well-known
WASH 1400 study [15]:

aLoss of High Pressure Injection

DMA (Case I) I BNLc WASH 1400d

4 x 10-2 3.1 x 10-3 ( p = 0) 8.6 x 10-3

(3.2 x 10-3)e 1.8x10-2(g=0.3)

3. Support systems clearly depend on operator action in order to

j provide redundant safety. The operators can provide significant
' improvement in safety when they correctly respond to the loss of

an automatic system. This is illustrated by comparing our Case II

,

results (constructive operator intervention allowed) (4.9 X

10-3) with Case I. The ratio of the failure probability of Case
I to the failure probability of Case II was 8.2.

a7'5Iide~a PRA on the ant has not been completed, comparisons were made to

h."YhNNmewh'aYov*erstatesTh"8OEav*afe"bItNN*t!fki[hPressureIn.lectionSystems due to scope limitations in modeling maintenance see Section

$."ThesuccesscriteriausedintheBNL 14]reportwas1{2SIPand1{2CCP. A

b$0 @ k h a" Nibl Ek "rOn uki! ! 2f4 sucNe!sOrkter'aafakny[Ndedappr[oxim!'!me9!fue.*katef the same re
to the WASH ik00 small (S2$u t.LOCA (0.5" - 2") which had a

successcNEarsonif/3HPIP.
d. The c

er a of|
' e. Restricted Maintenance Outage case.

11
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1.4 Organization oj[ this Report-

This report is organized into two volumes. Volume I includes the main
report and Appendix A. The details of the modeling of the front-line and
support systems are given in Section 2.0 of this volume. Section 3.0
presents a discussion of the qualitative results including the impact of
various types of operator failures. In Section 4.0, a comparison of the
failure. probabilities for the cases analyzed is presented along with a
comparison to the results of an equivalent analysis from BNL and WASH 1400.

'

Volume I concludes with Appendix A which provides an overview of DMA and

its computer codes. Volume II consists of: Appendix B, the complete set
- of digraphs for the HPSIS; Appendix C, the corresponding adjacency
listings; and Appendix D, the data base used for the quantitative
analysis. A glossary of the terms used in this report is given following
the list of illustrations.

f

i
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2. DIGRAPH MATRIX ANALYSIS DEMONSTRATION

2.1 Scope of Study

The objective of this effort is to demonstrate the utility of Digraph
.

Matrix Analysis, DMA, in the deterndnation of functional systems interactions.

,

Unfortunately for the purposes of comparison, a Probabilistic Risk Assessment
of the plant has not been completed to date. Therefore, selection of the

'

demonstration accident sequence was made by comparison to existing PRA's of
other plants. Since this study was not intended as a s;fety analysis some
latitude was exercised in choosing loss of high pressure injection during
an S1 LOCA as the' accident sequence to be studied. We specifled the LOCA
to be at the lower range of an S1 LOCA during its initial phase, therefore,
requiring initiation of SI pumps in order to avoid core melt. This accident
sequence leads to core melt for the Indian Point-3 Plant [9] and can be
directly compared to loss of high pressure injection for an S1 LOCA, as
described in WASH 1400. The latter comparison will illustrate the impact
of a detailed analysis of support systems upon risk.

The scope has been restricted to the two safety injection systems which
would be called upon to respond to an S1 LOCA and does not consider low
pressure injection pumps. These systems are the Safety-Injection Pwnp
Iniection System, SIPIS, and the Centrifugal Charging Pump Injection

| System, CCPIS. This systems interaction study covers the necessary support
I systems which include:
|
I

j 1. Electrical Power (down to 480v)

| 1.1 Off-Si te
I 1.2 On-Site
i Nuclear Unit Source Generators

4 Auxiliary Diesel Generators
|
!

.

13
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2. -Vital Instrumentation and Control Power (to 125vdc and 120vac)
2.1 : Transformers
2.2 Vital Batteries and Chargers -
2.3 ' Distribution to all four protection sets

3. Safety . Injection Logic
3.1 Automatic
3.2 Manually Initiated

4. Component Cooling Water System

The search for spatial systems interactions (common cce.ponent location) has
been excluded from this study by sponsor directive.* System interactions
due to human errors have been studied, including the effects-of:

1. operator non-action in overriding a failed automatic system or
component; and

2. incorrect operator action.

An example of the first situation is the failure of an operator to manually
switch from a dead power bus to a live bus. An example of the second type
would be the accidental or deliberate switching of a pump from " Automatic"
to " Manual". Plant operating procedures have not been modeled in detail,
however the dependence of certain procedures on specific instrumentation
has. No attempt was made to analyze effects from coordinated incorrect
human operator actions. Table 2-1 summarizes the scope of the study.

E6AEcaIbe used to analyze the effects of common compclent location, however
this analysis would have required the determination of the
each component, which was beyond tne scope of this effort. physical location of

14



L

i

|

I

| Front-line Systems Safety Injection Included
Charging Injection Included
Residual Heat Removal Partially Included

Support Systems Electrical Power Included
Vital Instrumentation and

Control Power Included
Safety Injection Logic Included

'

Component Cooling Water Included

"" * "*"" ## "' " *
Operator Dependency

Mitigation by Operator Included

Systematic Diagnosis Errors Excluded
Coordinated Incorrect Actions Excluded

Other Common Maintenance Partially Excluded

Common Location Excluded

Common Environmental Condition Excluded

Common Manufacturer Excluded
a

|

|

!

Table 2-1. Scope of Study
i
!

:
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.

- 2.2 - Description oj[ Front-Line Systems

The plant.was one of two identical ' units employing a Pressurized Water
LRea'ctor (PHR) Nuclear Steam ' Supply | System (NSSS) with fouricoolant loops
furnished by Westinghouse Electric Corporation. Both units are similare

to:those of other plants recently licensed or currently under review by-
'the: U.S. . Nuclear Regulatory. Commission. Each of the two reactor cores
is-rated at 3,411 MWt.

2.2.1 High Pressure Safety Injection System Description4

t

~

Two high pressure safety injection systems are used to inject coolant
into' the reactor coolant system-(RCS) at high pressure (greater.than

,
.

1600 psi) in' the event of an S1 (1.5" to 3.0") LOCA. These systems are:

-Safety Injection Pump Injection System (SIPIS), and
-Centrifugal Charging Pump Injection System (CCPIS).

Each system uses two high head centrifugal pumps and is triggered by a

safety injection signal generated either manually or by the sa,fety
injection logic. The flow diagram for the Safety Injection System is,

shown in Figure 2-1, with a safety injection coolant flow path traced in
'

heavy dashed black lines.
.

.

Both injection systems draw borated water from the refueling water storage
tank (RWST) and electrical power from the electrical power system (EPS).

, Injection into the RCS through the charging pump . injection system requires
:

the changing of the state of several flow control valves whereas injection
through the safety injection pump systems requires no valve position-,

changes. Flow from the charging pump injection system will generally pass
through the boron injection tank (BIT), with alternate paths possible if,

^

; manually actuated. Injection flow from both injection systems is generally
into the cold leg of each of the four coolant loops with alternate;

:

t
,

16
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Figure 2-1

Flow Diagram Safety Injection System

(NOTE: See full-size map in back pocket).

|

!

!
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!
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1

injection paths provided into the hot legs.

An alternate path around the primary path from the RWST has been provided
.through the residual heat removal pumps to the suction side of both the
safety injection and charging pumps. This flow path is not opened
automatically by the safety injection logic and requires operator
actuation.

Power for both sets of injection pumps is provided by the Electrical Power
System (EPS). This system provides all electrical power down to 480 vac. ;

Motor operated flow control valves are operated from this electrical power
source. Electrical power for vital instrumentation and control is provided
by the Protection Set (PS) system which converts the 480 vac to 120 vac and
125 vdc.

Centrifugal pump lubrication is achieved by self contained lubrication
pumps and reservoirs. Pump heat removal is accomplished by the Component
Cooling System (CCS), which rejects pump heat via the essential raw cooling
water system to the atmosphere. The component cooling system requires
motive power from EPS and control power from PS. Three of the five
component cooling water pumps are normally off and must be turned on to
function during safety injection. During normal operation, the A train
charging pump and safety injection pump are not in service, however, they
do receive cooling water (Table 9.2-3 FSAR [18]).

High pressure safety injection is actuated automatically by the safety
injection logic (SILOGIC). Inputs to SILOGIC are derived from the vital
instrumentation. Manual backups and overrides have been incorporated into
the safety injection system to ensure reliability. The relationship of the
major subsystems is shown schematically in Figure 2-2. More detail on
th'. operation of each subsystem is given ir, the section which describes
the construction of its digraph.

19
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2.3 Overview o_f L the Digraph Matrix. Analysis Procedure *f

Digraph Matrix. Analysis can be broken down into the 4-step effort as:shown
below in Table 2-2. ( A detailed description of the grapn-theoretic ba' sis

| ' of DMA and its computer codes is given in Appendix A.)

!

i Step 1: Select combinations of systems for detailed evaluation. ,

!- (This is' equivalent to the P_RA event tree analysis
i designed to find accident sequences.) -)

|

| Step 2: Construct a global digraph model for each accident
-

sequence.

Step 3: Find singleton and doubleton and specific tripleton
minimum cut-sets of accident sequences using the

! DMA codes.

:

'

Step 4: Evaluate singletons, doubletons,- and specific
tripletons and display results.

:

| Table 2-2. Overview of Digraph Matrix Analysis
.

Step one starts with the review of the plant design and continues with the
development of complete accident sequences composed of combinations of

safety subsystems which are required to respond to the accident.

'

The construction of tne global cigraph (step 2) follows an iterative
procedure using a series of expansion steps. These expansions, which are
centered on each of the components Mantified in the digraph, follow a

| specified algorithm. The expansion of each of these components identifies
new components that must then be expanded. This expansion procedure is

EDig'ra
'~

Digraphh' Matrix Anal sis is des:ribed in NUREG/CR-2915, " Initial Guidan g onMatrix Analysks for Systems Interaction Studies at Selected LWR s .

i
:=

!
! 21
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repeated until all components of the subsystems have been included. As
noted, each successive expansion identifies new components such as
indicator lights, batteries, motors, etc. The expansion process also
identifies subsystems, such as electrical power, which are required for
component operation. |

The expansion process is complete when no new components are identified or
when all new components are outside of the physical or functional
boundaries chosen for the system interaction analysis. This set of
components may, at some later time, become a new set for expansion. The

expansion of each component is performed using a specified algorithm called
a " unit model", which specifies a description of the direct relationships
of each component to the other components in the system. The following
section contains a detailed description of the construction of the global
digraph which represents the complete high pressure safety injectior system
and its support systems.

After the global digraph is constructed, it is processed through the DMA
reachability code to determine all singletons and doubletons which can
" reach" both the success criteria (RCS in this case) and every component in
the global digraph. The reachability calculation is an analytic solution

to the digraph model and does not perform a path finding operation or an
exhaustive search on the input data. Tho reachability calculation solves
for all connectivity between nodes in the network. These single and pairs
of components would be called minimal cut sets in a traditional fault tree
analysis. This processiag is described in detail in Appendix A. The

following section describes the construction of the global digraph.

22
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--2.4 _ Construction of Global Digraph

The High Pressure Safety Injection System (HPSIS) was analyzed to determine
the components which could cause the failure of high pressure injection in
response to an S1 LOCA (1.5" to 3.0") during its early stages. This

. analysis required the construction of a global digraph which included the
- safety injection system and its support systems. Included in this
approximately-3700 node model were electrical 1 power, component cooling,
safety injection logic, and operator interactions with the plant
subsystems.

The construction of the global digraph follows the procedure shown in
Figure 2-3 and will now be discussed. l

2.4.1 Review Final Safety Analysis Report'and Collect Piping and
Instrumentation Diagrams

The first step in the construction of the global digraphs-was the review of
the Final Safety Analysis Report (FSAR) [18]. A preliminary identification
of the systems which would be called on to respond to an S1 LOCA in its

early stages (at the low end of the LOCA size range) was made from this report.
It was determined that the initial response to the LOCA would be emergency
geolant injection (ECI) from the high pressure safety injection system. As
discussed earlier, injection would occur due to the action of the safety

injection pumps and charging pumps. These two sets of pumps and their
associated emergency coolant flow paths are the front-line systems. Review

of the piping and instrumentation diagrams from the FSAR allowed the
identification of specific detailed plant diagrams which were obtained
from the Watts Bar reactor operators during a plant visit. These schematics _
were then converted into a set of digraphs which represented the front-line

systems and support systems using the procedure described below.

23
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Figure 2-3. Global Digraph Construction Procedure
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-2.4.2 Identify and Model the Success Criteria |
l

The accident sequence which was modeled is the failure of the high pressure

! safety injection system used for the emergency coolant injection (ECI) in
response to a loss of coolant accident (LOCA) (1.5" to 3.0"). It has been

| assumed for the purpose of this study that both safety injection (SI) pumps
or at least one SI pump and one centrifugal charging pump are required to
supply adequate flow at early times in this scenario.* Following page.
15.3-3 of the FSAR, we have not considered use of injection from the
residual heat removal (RHR) pumps for this early time portion of the

i scenario (and for LOCA sizes at the low end of the range) although we have
allowed the use of the flow paths through RHR from the RWST to the suction
sides of the safety injection and charging pumps.

Success for high pressure safety injection is composed of two parts; a
flow path to RCS and sufficient pressure to force coolant into the RCS.
The digraph model for this success criterion is shown in the digraph of

. Figure 2-4 where PCRITERIA1 represents sufficient pressure from one safety
injection pump and one charging pump and PCRITERIA2 represents sufficient
pressure from both safety injection pumps. A violation of both of these
criteria is required for a high pressure safety injection system failure.
PCRITERIA1 will be violated if the path from the charging pump portion of
the safety injection system, PAhlCCPIS, o_r the path from the safetyr

! injection system, PATHSIPIS, or if both charging pumps fail, or if bott

| safety injection pumps fail. PCRITERIA2 is violated if the path from the
safety injection pumps fail or if either safety injection pump fails.

|

The nodes CCPIAA, CCPIBB, SIP 1AA, SIPIBB, PATHSIPIS, and PATHCCPIS in the

digraph become the nodes for which system digraphs will be constructed.

| That is, a complete system digraph will be constructed with these nodes as
terminal nodes. Notice that a different success criteria (such as only one i

pump needed) would not require any changes in the global digraph except for
the success criteria connections.

I itisT6CA is called a "small LOCA" in Reference 17. The success criteria usedT
for early times in this study is consistent with the c iteria of th's reference.
An alternate success criteria al' owing any two of the our pumps (SLP or CCP)
was also examined with the quant < tative results essent ally the same.

|

25
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I

|

;

f
PA PIS

CCPIAA

0=

CCPIBB

i f 4

PCRITERIA1 SIPIBB

4

SIP 1AA
,

RCS 4

O<5 PATilSIPIS

4

PATilSIPIS - Coolant Flow Path from
Safety Injection Pumps

PATI!CCPIS - Coolant Flow Path from
Charging Pumps

RCS - Reactor Cooling System CCP1AA - Charging Pump 1-AA
PCRITERIA1 - Pressure Criteria 1 CCPIBB - Charging Pump 1-BB
PCRITERIA2 - Pressure Criteria 2 SIP 1AA - Sefety Injection Pump 1-AA

PCRITERIA2 SIPIBB - Safety Injection Pump 1-BB

1 Figure 2-4. Safety Injection Success Criteria

.
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2.4.3 Model Front-Line Systenti

The key diagram which was used in modeling the high pressure safety:.

j injection. system is the diagram which was shown in Figure 2-1. The

modeling was accomplished by tracing all the piping from the refueling
,

I water storage tank, the source of borated safety injection water, through .
the injection pumps to the RCS. A simplified flow diagram for the two
safety injection systems is given in Figure 2-5.

As discussed above, there are two main portions of the high pressure safety
| injection system: SIPIS and CCPIS. Flow for SIPIS from the refueling water

storage tank (RWST) will generally pass through the Safety Injection Pumps
(SIP's) to the crosstie (DMA algorithm digraphing bi-directional flow) and

! then into the cold legs of the reactor cooling system (RCS). The digraph
'

for the safety injection pump front-line system is called SIPISCORE. Flow
from the charging pumps system will generally flow from the RWST through
the charging pumps (CCP's) and the boron injection tank (BIT) to the
coolant loops. An alternate path around flow control valve FCV635 and

: check valve VC63510, which must be manually actuated, is rvailable from the
RWST through the residual heat removal (RHR) pumps to both the safety

| injection and charging pumps. Another alternate injection path confirmed
! by the operators is the normal charging path from the CCP's and through the

regenerative heat exchanger. This path must be manualy enabled.
|

The construction of the digraphs for the front-line system of -the SIPIS and
CCPIS is accomplished by tracing all paths fm the source of the borated

j safety injection water to the core using the piping and instrumentation
diagram of Figure 2-1. Figure 2-6 shows the digraph for the piping from
the RWST to the pumps.
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This digraph has been drawn so.as to overlay on the' P&ID of Figure 2-1.
Notation consistent with the P810 has been used throughout the digraphs to
assist the reader. Each component on each of the paths in the P&ID is
represented by a node in the digraph.

Figure 2-7 shows the portion of the SIPISCORE digraph from the safety
injection pumps to the reactor cooling system. The digraph is drawn to
represent that continuity of flow in any one of eight paths to the core is
adequate for safety injection. . In the digraph of Figure 2-7, the eight
input AND gate to the node PATHSIPIS indicates that all eight paths would
have to fail in order for a failure to reach PATHSIPIS. Flow to ' subgroups
of these eight paths passes through at least one of three flow control
valves, FCV63157, FCV6322, or FCV63156. The safety injection pump flow
paths are " trained" to these valves with the upper train on the digraph
corresponding to pump 1B-B and the lower train corresponding to pump 1A-A.

The designers have provided a cross-over from the train corresponding to
safety injection pump 1B-B to valves FCV6322 and FCV63156.
A cross-over from TRAIN A is provided to corresponding valves in TRAIN B.
It can be seen from this digraph that a failure in RWST would propagate
forward through both safety injection pump trains to the cross-over
network. In the absence of the path through the residual heat removal
system (RHRPATH), a failure in either RWST, FCV635 or VC63510 would stop

the flow in both trains. At this level of modeling, the only singletons
for the SIPISCORE portion of safety injection are RWST, HDR1, HDR2, HDR9,

FCV6322, FCV635 and VC63510 (without residual heat removal paths). Flow

through the residual heat removal pumps and associated hardware would
remove two of the header and two of the valve singletons. Doubletons for
SIPISPATH occur due to failures in both safety injection pump trains. For
example, SIPIBB and SIP 1AA form a doubleton.

The centrifugal charging pump injection system (CCPIS) draws borated water
(concentration of boron is approximately 2000 ppm) from the refueling water
storage tank (RWST) for injection into the core. Like the safety injection
pump injection system, this 4jection system employs two high head pumps to

30
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~ pressurize the fluw. In this injection'. system, though, . the path to the'
core is not nomally open and several valves must be; actuated to enable the

_ injection paths; A principal feature of this system is the boron injection
1 tank (BIT), a 900 gallon vessel filled with highly concentrated borated

~

,- water (concentration of bcron is 21000 ppm) maintained, at 135*F or above to
maintain solubility. - During nomal plant conditions, flow is routed
through a path between the Boron Recycle System (BRS) and the BIT to
maintain the boron concentrations in the. tank and to keep the coolant from i

stratifying.
,

At receipt of the safety injection . signal, several components in the
charging system actuate. The two charcing pumps turn on and 13 valves-
reorient to isolate the BIT from the BRS and align the pumps with the. BIT
for injection to the core. Figure 2-8 shows the digraph for the portion-of
the charging pump system downstream of the charging pumps. In the modeling
of the front-line systems several components that must actuate have been
identified.. These components must be expanded via unit models.

The digraph construction procedure described to this point models only the
effects of the blockage of a path. In order to model the integrity of the
path from the RWST to the core, effects of flow diversion due to leakage
must be considered. The. digraph model of break propagation is similar to
the model of flow blockage since the physical paths along which both
effects propagate are identical.* The digraphs are not identical, however.
A blockage is a failure which propagates downstream only, in effect causing
failures in downstream path because of the inability of coolant- from the
RWST to reach those points. But when a component ruptures, leaks, or -
breaks, a " sink" is created into which coolant from any direction may be
drawn. Thus, a break anywhere in the system may prevent flow from reacMng
the core even in a parallel redundant path.**

$ $ S$ n hiacMn"t0hh[hNg"0N* nan $N!S ehk!#"* a a t us mitigate.the effects of pipe breaks.
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The effects-on the injection system hydrodynamics of any specific break is
'a complex function of the configuration of the piping network.. the break
. size, and location as well as the initial system pressure and other system
. parameters. It was not within the scope of this project to generate this
function; however, a very conservative model was developed based upon the
following assumptions: 1)'The effects of all breaks in-the primary
injection path propagate identically, 2) pumps introduce no mitigating

. effects.

.
The models for break propagation in the high pressure injection systems
appear in Figures 2-9 and 2-10. The main difference between these breakage

models and their blockage counterparts (Figures 2-7 and 2-8) is that all
AND-gates have been replaced by OR-gates and that nearly every edge between
break nodes is unconditionally bidirectional . These breakage models are
valid only for the case of no human intervention to change the piping
network to mitigate break effects. The model could have been generalized
to include this capability with the addition of " mitigation" unit models,
however, this was outside the project scope. Also, no paths through the
residual heat removal system through which breaks can propagate or
originate have been included.

In the break model digraphs, nodes in the break propagation model are
either unprimed, single primed, or double primed. An unprimed node is one
which also _ appears in the blockage model . There are a few connections
between the two models which will be explained later. Singly primed nodes

represent breakage of a component or the pipe connecting it to the next
component downstream. There is a one-to-one correspondence between these
nodes and unprimed nodes. Doubly primed nodes represent special cases in

which break effects are kept from propagating due to automatic mitigators
such as check valves or nomally closed valves. These mitigating nodes are
AND-ed with the nomal propagation path and their failure represents the '

enabling of a break propagation path through them. Failure of a check
valve which is double primed implies its ability to block flow in one
direction has failed. Failure of a nomally closed valve which is double
primed implies that it is open. Of course, each of these components has a

33
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primed counterpart since they can break as well.

The terminal nodes for these two models are the primed versions of the.
terminal nodes which apr:esr in the blockage model. Both primed terminal
nodes connect to their unprimed versions which are connected to the system

isuccess criteria. This represents the fact that the inability to inject
through a path can be the result of breakage or blockage. Al so ,- each
primed pump connects to its unprimed counterpart since a ruptured pump
cannot generate pressure and therefore cannot contribute to satisfaction of
the success criteria. These are the only connections between the primed
and unprimed systems.

2.4.4 Identify and Model Support Systems

Components of front-line systems which change state (such as the opening
and closing of motor-operated valves) require support systems for
operation. These support systems were identifled by expansion of the
components into unit models and are listed below.

PS - Protection Set
EPS - Electrical Power Supply
SILOGIC - Safety Injection Logic
CCS - Component Cooling System

Large portions of the support systems can be considered as super unit
model s. For example, there are four nearly identical portions of the
Protection Set. One of these was modeled in detail, then reused (wich the
appropriate labeling and component modifications) as the three other
portions.

40-
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2.4.5 Identify and Create Component Unit Models'

Many o'f the components identified in the digraphs of the front-line and
support systems can now be expanded using the appropriate unit model.- This
expansion procedure, in addition to providing detail about the operation

' and construction of specific components, identifies additional support'

systems necessary for safety injection. For example, unit model expansion
for a Flow Control Valve (FCV) identifies Electrical Power Support (EPS),
Protection Set (PS), and Safety Injection Logic (SILOGIC) as support
systems'for safety injection as well as the operator inputs which function
as backup to the automatic system, and operator inputs which can defeat the
correct operation of the component.

I Unit models are constructed using detailed information about the mechanical

[ configuration, operation, control, and connectivity of a component.in the
j system. Unit modals for the specific use of a component are generally

created from a generic unit model for the component type. Thus a unit
model may be used many times in a system digraph with appropriate
modification and notation. In modeling the front-line portion of the

,

safety injection system, the following unit models were used:
FCV' - Flow Control Valve
PUMP - Pump

SOLFCV - Solenoid Valve

f PS - Protection Set
BREAKER - Breaker Transfer Hardware ,

250VBAT - 250 Volt Battery System

A detailed generic unit model was created.for each of these components and
then tail _ored to the specific application within the system digraph. Each

[ of these unit models was independently tested, debugged and revised before

j being integrated into the global digraph. The digraph and commented

adjacency element data for each of these models is presented in Appendices
B and C, respectively. The construction of the unit model for the flow
control valve will be described in datail below along with a brief suianary
of the construction of two other unit models.

,
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2.4.5.1 Flow' Control Valve Unit Model

The flow control valve * can be actuated in three ways, two by the motor
(remote and local), and one by manual cranking of the lint (LINK 1) to the
valve plug. The valve is nomally driven from an electric motor, MOT 1,
which draws power from a 480 vac Reactor Motor Operated Valve Board

(POWER 1) in the Electrical Power Support (EPS) system. - If the motor drive
were. to' fail, the operator (OPRA1) could override. Thus both the motor and
the operator would have to fail for the link not to be turned. This

redundancy is shown in Figure 2-11 as an AND gate to the valve plug.
i

Control of Motive Power to Valve Motor (See Figure 2-12)

The valve motor, MOT 1, needs both a control signal and electrical power to
operate. The control signal energizes the relay coil, COIL 1, which closes
Switch, SW51. Motive power from the variable magnetic overcurrent trip,
VMOT1, then flows through switch, SW51, to contact 1, CON 1, and then to the

motor. The current to the over current trip, VM0T1, passes through relay,
R1, and comes from a 480 vac Reactor Motor Operated Valve Board, POWER 1.

Control Power Switching (See Figure 2-13)

Limit switch SW56 enables current to flow to C0lL1 if the valve isn't being
commanded to open when it is already open and vice-versa. Two other
switches, SW54 and SW59, act similarly. Power to SW56 and C01L1 is

,

supplied through actuation of one of four switches. These are:

SWA1 - The nomal remote operator actuated switch
SWB1 - A local operator switch (at the valve)

t

SWC1 - Alternate remote operator actuated switch
SWSI2 - The automatic actuation switch.

fro rwfn "4 6bb'8 a$ M5f"N. nsWcWn we Mah

,
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Legend

FCV = Tle= centrcl V31,7
LINE2 = Mechanical shaf t which moves velve plus
M7T = Velve Motor
(FRA = Operator who everrides eelve motor )

!

LINK 2 MOTI

O= =0
F 1-

4
OPRA1

143end

VM(7T = Variable magnetic overcurrent trip
Figure 2-1). Redundancy to Valve Link cou = contact

Q)IL = Reisy coil
SW = Switch
I = Relay
PCRfER = Reactor power board

CON 1 SW51 VMOIl R1 WER1

f'

6

MOTl COIL 1

Figure 2-12. Control of Motive Power to Valve Motor

lagend

COIL 1 COIL = Relay coil
swA = normal re.ote operator ctu.ted switch
SWS1 = Automatic actuation swtich
SWC = Alternate remote operator actuated switch

SWA1 sus . Loc.1 eperator operator . witch (at the v.1v )

n n
SW54 SW55 SWSI2

SW56

SWB1

Figure 2-13. Control Power S.fitching

-

43

. .
.

.

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



-: ,r

Safety Injection Logic Activator (See Figure 2-14)
|

|

The flow control valve automatic actuation occurs when SWSI2 closes. .This
switch closes on receipt of the safety injection logic signal, SILOGIC1, I

unless the switch, SWA4, has been switched from the " auto" position by the l

operator, OPWF1. The node OPWF1 represents the failure of the operator to
leave this switch in the " auto" position. Control power which will pass
through this switch comes through the fuse, FUSE 2, from the transformer,
XFMR1. The circuit is completed to the positive pole if FUSE 4 is intact.

Remote Operator Switch (See Figure 2-15)'

Switch SWA1, the normal remote operator actuated. switch, receives its power
from FUSE 2. 'The switch is actuated by a remote operator, OPRF1, in the
main co"ntrol room who receives information on the need for safety injection
from the safety injection instrumentation, DSIINST, and from the knowledge
that the valve is in the wrong position, DUM11. The operator can get this
information in one of five ways, all of which must fail in order for no
information to be available. These are:

1. The local operator at the valve, OPRC1;

2. An indicator light, LT2 (Red or Green);

3. An indicator light, LT1 (Green or Red);

4. - Flow data, FDATA; and

5. A local operator at the valve who manually operates the valve,
OPRA1.

.
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IPNt = Transformer
E4 rust = ro.e

WWF1 = Operator
W = Switch

FUSE 2 XFMRI sItacIci e s.fety 1 3.cgio. 1.gse ign.1
Ws! = Automatic actuation switch

SILOGIC1

O
OPWF1

P
'

SWSI2 SWA4

Figure 2-14. Safety Injection Logic Activation

14 send

OPRA = Operator
FDATA = T1ow data
LT = Indicator light

LT = Indicator light

FUSE 2 oPac = tocol velve Operator
OPRA1 sIInst = setetr inj.ction imetre tetton

War = Operator

SWA1 OPRF1 DUM11 g FDATA
h h>

%.J''' '

g3

LT2

OPRC1

DSIINST ,

Figure 2-15. Switch SWA1

Legend

I LT = Indicator light
LT = Indicator light
SW = Switch
SW = Switch
LIE = Mechanical sensing link

i N SW2

i

LINK 1U2

W3

Figure 2-16. Indicator Light Actuation
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I

Indicator Light Actuation (See Figure 2-16)

The_. indications of valve position, LT1 and LT2, are derived from two
separate switches, SW3 and SW2 which are driven by the mechanical sensing
link, ' LINK 1, attached to the valve plug.

_

Power for the Valve Heater (See Figure 2-17)-
.

Power for the valve heater, VHTR1, comes through either FUSE 1 or FUSE 2 from
,

transfonner, XFMR1. The power is routed generally through FUSE 2, unless
the remote operator, OPRF3, switches the transfer switch SWX1. The

;

; operator would switch over on the basis of an indicator light, LT5 or on
indication of valve position data, DUM11.

f Backup Remote Operations (See Figure 2-18)
.

Switch SWC1, the remote backup actuation switch receives its power from
FUSE 1 and must be actuated by a remote operator, OPRF2, who needs.

| information from the safety injection _ instrumentation and the valve
position indication, DUM11.

.

!
,

local Operator Valve Actuation (See Figure 2-19)
i
,

j Switch SWB1, the local operator actuated switch that enables control power
) from either fuse, DUM12, is actuated by the local operator OPRC1. This
! operator responds to valve position indication, DUM13. Indicators LT4 and
j LT3 are separate local indicators, hence separate from LT1 and LT2. This

} operator is also allowed all of the information available to the remote

- operators, DUM11. LINK 1 represents the direction of the resistance to
; manually cranking the valve stem.

,

|
:-

Each of the parts of the operation of the Flow Control Valve are combined
into the unit model of Figure 2-20. Depending on the specific

- implementation of the FCV, various nodes, such as lights or operators, may
be fed from a single master node. It is easy to see how common location,

3
;

,

4
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FUSE 1 e
SWX1 OPRF3
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Figure 2-17. Power for the Valve Heater

FUSE 1

DSIINST
OPRF2

SWC4

Figure 2-18. Backup Remote Operations, SWC1

DSIINST DUMll

O
+

.

LT3

m
\#

SWB1 LT4
OPRC1 DUM13

LINK 1

Figure 2-19. Local Operator Valve Actuation
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. manufacturer, and maintenance could be added to the unit model.
o

- Table 2-3 is the adjacency element data for the FCV unit model. The
decomposition of multiple input AND gates into a series of two input AND
gates is done to fit within the constraints of the present codes.

2.4.5.2- . Solenoid Valve Unit Model (Figure 2-21)
.

Three solenoid valves are used in the CCPIS portion of HPSIS. These valves
are open under nomal plant conditions, enabling flow between the boron
recycle system and the boron injection tank. When the valve solenoid coil
is energized, the valve plug is lifted out of the flow path. The -valves
are therefore designed to fail safe, closing upon loss of power. During an
accident, each valve succeeds if power to the coil is switched off and this
can be accomplished manually or automatically.

'

Any one of the three switches, SWA23, SWCl$, SWSIls, can cut the power to
the coil. The first two switches are manually actuated and remote, i.e.,
away from the locality of the valve. Since the valve is supposed to close
during an accident, the operators actuating these switches are performing a i

function which is "right", i.e., beneficial to the system, so the nodes are
labeled OPR. Like the operator nodes in the other unit models, they have
two inputs and one output. The operator knows an accident is occurring
from the safety injection instrumentation (DSIINST), and that the valve
must change position from the position indicating lights LTi$ - LT4$. All
four lights monitor the position of the valve plug via two sense switches,
SWi$ and SW2$. The output from each operator node is the signal to actuate
that operator's switch to cut power to the coil .

Switch SWSIl$ connects to the automatic safety injection signal logic and
opens upon receipt of safety injection. This automatic mode must be
enabled beforehand by an operator and therefore can be disabled by an OPW,

an operator who does the " wrong" thing and degrades the system. In this
case, OPWFl$ can use switch SWAl$ to disable the automatic closure of the
val ve.
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ADJACENCY INPUT FOR MOTOR OPERATED FLOW CONTROL VALVE UNfT MODEL

DATA FROM TVA DWG 45W760-63-8

1 To create a unique valve, change (VALVE) to valve number, POWER 1 |

1 to motive power source, SILOGICI to logic train, and $ to component
1 index. If valve connects to SILOGIC, remove tabs in '* Connections...'.
1 This model is for a valve which must be opened. If specific valve
1 is of 'same type, search for all ' closed #' and 'open#' and delete '#'.
1 If specific valve is of the opposite type, search out the words,
1 delete '#', and replace the words with their complements.
1
1 DELETE ALL LINES BEGINNING WITH "1"

l

** FCY(VALVE ) **
LINKl$,FCV(VALVE ),1 LINK 13 is connection from MOTis to FCV(VALVE). MOT 13
MOT 1$,FCV(VALVE),0PRAls is the motor that moves valve plug FCV(VALVE). OPRAls
OPRAls,FCV(VALVE),MOTI$ deterinines whether FCV(VALVE) is open or closed from
DUM135,0PRAl$,1 flow data, valve position indicating lights, and

direction of resistance to cranking of LINKl$.
LINKl$ is the connection from the operator's hand
to the valve plug. These valve status parameters-
for local OP's are AND-ed inputs to DlM13$.

CON 15,MOTIS,1 CON 1$ is wire connection.
SW51$, CON 1$,1 SWR $, when closed, allows power to flow to MOT 13.
VMOT1$,SW515,1 VMOT1$ is Variable Magnetic Overcurrent Trip.
Ri$,VMOT1$,1 Ri$ is a relay.
POWER 1,R1$,1 POWER 1 is proctss electrical power.
VHTR13,M0T15,1 VHTRIS is valve heater.
DUM12$,VHTR1$,1
FUSE 25,DUM123, FUSEL $ FUSE 2$ is normal control power positive voltage fuse.
XFMRi$, FUSE 23,1 XFMR13 is potential transformer.
XFMRi$, FUSE 35,1
FUSE 43, FUSE 23,1 FUSE 45 is normal control power negative voltage fuse.
XFMR1$, FUSE 43,1
FUSE 35,FUSEls,1 FUSE 3$ is aux 111ary control power neg. voltage fuse.
VMOT13,XFMR1$,1
FUSE 13,DUM12$, FUSE 23 FUSEL $ is auxillary control power pos. voltage fuse.
XFMR15, FUSEL $,1
SWX15, FUSEL $,1 OPRF35 monitors with LT5$ the power out of the control
0PRF33,SWX13,1 power fuse and can use SWX1$ to stdtch to the
LTS$,0PRF33,DtN11$ aux 111ary fuse. SPRF3$ also uses remote valve position
DUM11$,0PRF33,LT5$ data DtN115 to ascertain if valve can be actuated.
C0llis,SW513,1 C0lLl$, when energized, closes SW51$.

SV545,00lL1$,SW55$ COIL 1$ can be energized iff valve is not fully open#
SW553,C0!L13,5W545 as determined by sense switch SW563.
LINK 15,5W54$,1
LINKl$,SW555,1
SW56$,SW55$,1 SW55$ is pos'n sense switch (closed iff valve closed #).

! SW565,SW54$,1 SW543 is torque limit switch (open iff valve open#).
LINKis,SV563,1
SWBis,SW55$,DUM AN051$ SWBl$ is local switch which electrically energizes
DUMAND51$,SW563,SWBl$ COIL 1$.

I;

Table 2-3. Adjacency Input Data for FCV.DAT
4
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<

+t.onnections' for hardware connected to SILOGIC* ~
.Irdented 1 tab since not used in SIPIS. . If used, remove tabs and
indent the.2 lines of code above this insert.

SWSI2$,5W56$,DUMAND565 SWSI2$ closes upon receipt of SILOGIC signal.-
DUMAND563,SW56$,5WSI2$ When SWSI25 is closed, nomal control power
FUSE 25,SWSI25,1 - flows to SW56$ which closes SW51$. I

OPWFl$,SWA4$,1 .0PWF15 switches SWA4$ so that SWSI2$ is enabled
SWA45,SWSI2$,1 to close upon receipt of SILOGIC.
SILOGIC1,SWS12$,1

. SWB15,DUMAND56$,DlMAND513 '
DUMAND51$,DlMAND56$,SWB13

SWC15,DUM AND51$,5W Al$ SWC13 is' aux 111ary remote control switch.
SWAls,DlMAND51$,SWC13 ' SWAls is normal remote control switch.
DSIINST,0PRFl$,1 DSIINST is safety. injection indication instrumentation.
DS11NST,0PRAls,1 All. valve actuating operators need this input to
DSIINST,0PRF2$,1 know that injection is necessary.
DSIINST,0PRCl$,1

OPRCl$,5WBl$,1 OPRC13 is local operator who ascertains valve position
DUM135,0PRCl$,1 by inputs to DlM133 (see coment in 3rd line).
DUM128,5WBis,1 SWBl$ is actuator for both normal and emerg. power.

Inputs to DlM135
-LINKl$,DUMAND58$,DlMAND523
DlMAND52$,DlMAND58$, LINK 13
DlMAND535,DlM133,DlM11$
DlM11$,DUM13$,DlMAN0533 |

FDATAl$,DlMAN053$,DlMAN058$
'

DlMAND585,DlMAND535,FDATAl$
LT43,DlNAND52$,LT33 LT33 and LT4$ are valve position sensing lights located.
LT3$,DUM AN052$,LT45 next to the valve.

DLM128,5W53$,1 SW53$ uses normal or aux 111ary control power.
SW535,LT33,1 SW53$ is valve pos'n sense switch (open iff valve not closed #).
LINKi$,5W533,1 LINK 13 is connection of valve plug to SW52$ - SW56$
DlM12$,SW52$,1 SW52$ uses normal or aux 111ary control power.
SW 52$,LT4$,1 SW52$ is valve pos'n sense switch (closed iff valve closed #).
LINKl$,SW52$,1

OPRF2$,5WCl$,1
FUSEL $,SWCis,1 SWC13 is actuator for emergency control power.
DlM11$,0PRF23,1
OPRFl$,5WAl$,1
FUSE 2$,SWAls,1 SWAls is actuator for normal control power.
DlM11$,0PRFl$,1

Inputs to DlM11$
LTi$,0UMAND54$,LT2$ LT1$, LT23 are red and green valve plug position
SW53$,LT1$,1 indicator lights located in unit main control room.
LT2$,0UMAND543,LT13
SW52$,LT25,1
DUMAND54$,DlMAND573,0PRC13
OPRCl$,DUMAND575,DlMAND54$
DlMAND57$,DlMAND55$,0PRAl$
OPRAl$,DUMAND55$,DlMAND57$
DUMAND553,DUM113,FDATAls
FDATAl$,DUM11$,DlMAND55$
0,0,0 * * #" "*
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; 2.4.5.3 Pump Unit Model (Figure 2-22) .
h

' All of the pumps use essentially the same control logic. Control power and j,

: motive power are supplied by separate power sources. When relay R2 is
closed,' motive power (POWER 1) flows to the motor sich drives the pump.
The relay is closed by a' switching mechanism driven by a coil which 'is -
energized by control power when the pump is actuated. There is caly one
source of motive power but there are two sources of control power, one
which is normally enabled and an emergency source which can be manually
enabled if necessary.

Any cne of four switches can enable current to flow to the coil provided
that the control power source aligned with the switch is enabled. The four
switches, SWB2, SWC2, SWA2 and SWSIl therefore form the inputs to a four
input AND gate. The first three switches are manually actuated and the
fourth one is connected to the automatic safety injection actuation logic.
One of the four switches, SWB2, is a manual switch next to the pump and it
alone can enable current to the coil from either the normal or emergency
control sources. SWC2 is in a remote control room. It is the remote
backup manual actuation switch and requires emergency control power. The

normal remote actuation switch is SWA2 and it enables normal control power
to the coil . Operator inputs to these three switches are OPR 's, that is,

the operators do the "right" thing by actuating their switches. Inputs to
the operators are DSIINST, the safety injection instrumentation that
indicates an accident is occurring, flow data (FDATA2), and lights that,
indicate whether the pump is on and working.

The switch SWSI1, which automatically actuates the pump on receipt of the
safety injection signal, is aligned with the nomal control power supply.
This switch must be enabled beforehand and can be disabled if an OPW , an
operator whose action degrades the system, switches SWA3 from " automatic"

to " manual". Of course, this doesn't affect the ability of operators to I

manually actuate the pump but manual activation is based on reliable input t

to the operators and operator decision making as per the modeling described
above.

I
i
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2.4.6 Addition of Support System and Unit Models

The connection of the support system models and unit models into the global
digraph is performed by using the same notation for the unit model terminal
node as the component notation in the core digraph. Each of the unit
models is ' tailored to the specific component by using the component
identification in each subcomponent name in the event model. The actual
connection of the unit models to the core digraph is done via the adjacency
input. Figure 2-23 illustrates this procedure.

|

PUMP 1 FCV10 SINK

n PUMP 1, FCV10,1O V FCV10, SINK,1

(a) Typical Core System (b) Adjacency Input
Digraph

|
OPERATOR |

MOTIVE POWER

OPR,FCV MP

FCV MP,FCV,0PR
CONTROL POWER CP,FCV,1

(c) Simplified Unit Model (c) Generic Adjacency Input
for FCV

PUMP 1,FCV10,1
FCV10, SINK,1

OPR10,FCV10,MP10 OPR10,FCV10,MP10
MP10,FCV10,0PR10 MP10,FCV10,0PR10
CP10,FCV10,1 CP10,FCV10,1

(e) Specific FCV10 Adjacency (f) Total Adjacency
Input

Figure 2-23. Addition of Support System and Unit Models
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2.4.7 Modeling Human Intervention
:

The Safety Injection System depends on the human operator as backup.-

to the automatic functioning of the front-line and support systems. )
Consequently, the unit models used in the global digraph have inputs

g which correspond to operator actions. Two types of operator actions

have been identified: ihnse which result in a beneficial result (OPR)
and those which result in a detrimental result (OPW). Operators may also
be local (at the component) or renote (generally in the main control room).
Operators also are sometimes used to override power or control. By
grouping these operator nodes by le;ation, impact, power or control, etc.,
it is possible to assess their aggregate effect on system operation. One

limitation imposed on the modeling of OPW's is that their impact had to, be
restricted to times before the LOCA. This condition was d1e to lack of
information of hardware design which would have provided a basis for
modeling the case of OPV inputs simultaneous to OPR inputs.

In the flow control valve unit model six operator nodes were identified.
In the complete model for HPSIS, about 370 of these operator nodes were
used. During nomal plant operations, there are only two remote operators,
so grouping of these nodes is necessary. This grouping is performed by '
creating a " master node" which is adjacent to a set of operator nodes. For
example, we could study the operation of the system if all remote operators
failed to perfom a manual override operation.

2.4.8 Partitioning

The digraph produced by the series of expansion steps described grew to be

quite large for the High Pressure Safety Injection System. This digraph
contained about 3700 nodes. At some size, no matter what computer is used,

the digraph will outgrow the computer memory capacity and require excessive

processing time. To overcome this limitation, a procedure known as
" partitioning" has been developed. This procedure identifies subgraphs
which can be independently solved for their singletons and doubletons and

'then replaced by an input / output equivalent " circuit". This equivalent

i
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i. circuit contains all singletons and doubletons of the original subgraph in
terms of only the subgraph boundary nodes. These boundary nodes are nodes
in the subgraph which have connections to any nodes which lie outside of
the subgraph. The unit models used in the expansion of the digraph are
chosen as the modules which are used for replacement by equivalent

- circui ts.

- The singletons and doubletons of the global digraph with these modules
'

replaced by their equivalent circuits are then found using the processing

:/ described above. The full solution in tenns of the original nodes is then
obtained by replacement of the singletons and doubletons which represent
the terminal node of each module by the singletons and doubletons of that
modul e. By using this procedure along with condensation, the 3700 node
HPSIS problem was reduced to approximately 900 nodes. The partitioning

'
' procedure is more fully explained in Appendix A.

'

. 4

s
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3. RESULTS OF THE DMA 0F THE HIGH PRESSURE SAFETY INJECTION SYSTEM

The results of the analysis of the DMA model of the high pressure safety

injection system will now be presented. The accident sequence selected for

this demonstration was loss of emergency core cooling injection during the
early phase of the response to an 51 LCM (at the lower end of the size
range). This accident sequence corresponds roughly to the SIDKCE (#13 small
LOCA) accident sequence in the SSMRP study [17] and to configuration 1 in
the BNL study. Originally, it was intended to compare the findings from this
DMA with the results from the Sandia Systems Interaction study [16]. The
Sandia study, however, was not based on the evaluation of accident sequences

for systems interactions. Instead, fault trees for the plant based on four
safety functions were constructed. As a result, no direct cut-set comparison
between our effort and the Sandia effort was possible.

We were able to: (a) qualitatively compare the accident sequence
singletons and doubletons cut-sets we found by DMA to both Zion [17] PRA
results and to NUREG-0847 [5], and (b) quantitatively compare the
probability of loss of high pressure injection of our study with roughly
comparable analyses from WASH 1400 [15] and BNL [14]. Two scenarios were

studied; Case I in which the high pressure safety injection system was
analyzed for failures in tne fully automatic mode with no operator
mitigating intervention allowed; and Case II in which the system was
analyzed in the more realistic mode with operator mitigating intervention
allowed. The results from the analysis of Case I were compared to those
from the earlier studies. The results from Case II were not compared since
it does not appear that the earlier studies considered the effects of

I positive operator intervention in any systematic way.
;
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The results from this DMA clearly indicate that:

1. DMA is highly' capable of modeling and evaluating an accident
sequence (including front-line systems, support systems, and
operator actions) as a continuous well-integrated logic model in ;

order to identify and evaluate systems interactions.

2. : Numerous, non-intuitive systems interactions exist between
front-line and support systems and are collectively significant. I

l
This is demonstrated by comparing Case I (fully automatic) with a j
recent BNL study [14] and with WASH 1400 [15]. '

Loss o_f High Pressure Injection +f

DMA (Case I)* BHL** WASH 1400***

4 x 10-2 3.1x10-3(Q=0) 8.6 x 10-3

1.8 x 10-2 ( = 0.3)
The BNL study [14] evaluated the impact of typical variations in
configuration of design of the high pressure injection system
(HPIS) on system unavailability. The HPIS's in 17 nuclear power
plants were reviewed for variatiens in designs, systems operation,
testing, maintenance policies, and possible sources for

common-cause failures. The factor dependency ,Q , method was
used to parametrically quantify the dependent failures. @=0
indicated an absence of dependence and (3 = 0.3 indicated very
strong dependencies. Their configuration #1 (one of two safety
injection pumps and one of two. charging pump criteria) is a more
stringent criteria than our current DMA study,

~

i'55I1ce a PRA c., the plant has not been completed to date only gross
comnarisons can be made to other available stbdies.

N!apgggggage ge Oop# #e iidi a ions in 'oaei$g[1ta5!iYe!1anceiseedection*
sn

The success criteria used by BNL [14] was 1/2 SIP and 1/2 SCP which differs**

b"0Ec#bhi1has a succe$s criterfaT*of fS/ghgPg)small LOCA (1/2" to 2") in WASH 1400 whicho i d

I
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.3. Support systems clearly depend' on positive operator intervention
to provide' redundant' safety. The operators provide significant,

,_

enhancements in safety injection system reliability and robustness
[~ when they correctly' respond to the loss of'an automatic system.-

|
'

A-significant difference between the scope of the .DMA and the two earlier
,

studies (Zion and WASH 1400)~ is DMA's more extensive investigation of the
t~ accident sequence's' support systems, such as component cooling, the various

electrical: power systems, and' the plant operators.- - One of the biggest
'

areas of concern in the analysis of' systems interactions is the effect of
human . operators on the ' reliability of the front-line systems. . The modeling

'
. . done 'in this DMA' of human-actions, both to provide successful redundant

I. backup to automatic systems and to provide a source of dynamic -human error
~

is not- directly comparable to available traditional PRA studies. The

! effects of coordinated operator actions' were not included in this study due=

q to lack of specific plant operating' procedures. The effect of pipe breaks,
.

which was ' extensively investigated in the Zion study, was modeled only in a

: cursory manner in this DMA. The primary reason for the lack of a detailed
i analysis of the effects of breaks was the lack of knowledge of the actions
.I ,

!j the operators could or would take to mitigate these breaks.
.

It was found that a significant number of doubleton failure sets arise from :

incorrect operator action prior to safety injection. There were 237 ,

doubletons sets found involving incorrect operator actions with three of
these failure sets involving two operator errors. .

!

To point 'up the positive contribution o! operator actions, Case II, the
fully redundant. case, was analyzed with both remote (control room) and*

local -(at- the equipment) operators wherever needed to override failed
;- . automatic systems. In this second scenario, only blockage was considered

[ . as a failure in the : ucs and valves of the ligh pressure safety injection.
and component cocting . systems with breaks not included. It was found that

- the high pressure safety injection system was significantly more robust in.,

this case than-in the fully automatic case. -It will be shown in Section 4~-

-that these operators can significot tly reduce the probability of failure of

1 |

!
'
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HPSIS. A summary of the results of the qualitative analyses of Cases I and
II is given in Table' 3-1. As can be seen from this table, the effect of

positive operator override is dramatic. There are seven singletons and
4314 doubletons in the automatic case with only two singletons and 708
doubletons in the manual override case. It will be shown in Section 4 that
the addition of the manual override improves the high pressure safety
injection system reliability by about a factor of 8.

The detailed results discussed below will be presented in the matrix format |

shown in Figure 3-1. In this figure an asterisk indicates that a doubleton
is composed of the components indicated by the row and the coltann entry.
Each of the elements shown in the doubleton matrix may in turn represent

|
several components. Thus if a row element represents n components and the
column element represents m components, the total number of doubletons
represented by the asterisk is n X m. This reduction of several components
into " super" components occurs because of the condensation step described
in Appendix A. The cut set numbers given above represent the fully
expanded cut sets.

|
|

|

:

'

.
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.

|
l
|

I

Singletons Doubletons

Case I:
Automatic Systems Only 7 4314

Case II:
Positive Human 2 708

Intervention Enabled:

|
Table 3-1. Summary of Results

|'
;

|
t

A B C D E
A - * - * - A*B

A*DB * - - - -

C - - - - -
D * - - - -

'

E - - - - -

|

| (a) Doubleton Matrix (b) Cut Sets

|
| Figure 3-1. Doubleton Format
!
!

!

!
1

I

i

|
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3.1 Results for Fully Automatic Operation (No Human Mitigation):

Case I_

The first case analyzed was that of fully automatic operation with no
positive human intervention allowed. In this case the high pressure safety
injection system rel_ies only on its automatic systems for success. The
analysis of this case should expose the largest number of singletons and
doubletons since the plant seems.to have been designed to rely on operators
to enable many important backups. It is also expected that the reliability

of the HPSIS would be the lowest.for this case. The model for this case and
Case II included explicit nodes for the effects of incorrect operator actions.

Seven singletons were found which can keep high pressure safety iriection
from succeeding. The singletons are: ,

RWST the refueling water storage tank

HDR1, HDR2, HDR9 p?oe headers

FCV635, FCV6322 flow control valves

VC63510 a check valve

(0PWF20*) a control room operator who turns off safety
injection during the injection phase

The pipe headers (pipe branch points) are in the network connecting the
RWST to the front-line systems.** These headers are shown in Figure 3-2.
HDR1 is immediately downstream of the RWST. Should flow fail through this
header, both front-line injection systems would fail . Check valve VC63510

and motor operated flow control valve FCY635,*** are in the nonnal path

I
This" perato{Neakehs k! h H b YS N Ags nyt been included in the singleton count or theEN Nn f

*nof modef"was f5mi $$ his krk.
CO* The importance of this valve wks recoanized by the oEve w ry eignt nerators andcsnsequently it is planned to chec the state of this va e ours.
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from the RWST to SIPIS. Should they fail closed or should the f.ow control
valve be closed by mistake, no flow would reach the safety injection pumps.
Headers 2 and 9 are immediately upstream and downstream, respectively, of
VC63510 and FCY635 so their failure effects the system the same as the
val ves. Downstream of the safety injection pumps is another flow control
valve, FCV6322, which can shut off flow through the (sole) ,ormal injection i

path into containment. There are two alternate injection paths into
|containment, however, these can only be enabled manually. There are two

operator induced singletons which do not appear explicitly in the singleton
list. These two are the OPW's (incorrect actions) which could cause the
valves FCV635 and FCV6322 to be closed. The probabili4,y data base used for
the quantitative analysis includes data for these possibilities.

The doubletons for Case I are shown in Figure 3-3. The asterisks in this
figure represent 4314 failure sets. Of these, 237 are due to an operator
incorrect action. All but three of these 237 failure sets include the
failure of a component along with an operator incorrect action. The
remaining three are due to a combination of two operator errors and are:

OPWF5S * OPWF5YS
'

OPWF50 * OPWF5Y

OPWF5U * OPWF5YS

where:

OPWF5S is an operator taking CCP1AA out of automatic mode

OPWF5YS is an operator taking CCWPCS out of automatic mode

OPWF5U is an operator taking SIP 1AA out of automatic mode

OPWF5V is an operator taking SIPIBB out of automatic mode

No attempt has been made to assess the effect of ccordinated operator
incorrect actions or to determine if one operator could perfonn multiple
incorrect actions. This type of analysis should be pursued further in a
subsequent study.

Distinct patterns can be seen in the doubleton matrix of Figure 3-3. These
,

; patterns arise from the fact that the front-line systems and many of the
'

1

support systems were designed as trains to ensure redundancy. The results

| ,
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i; q

52 FCV6342 267 Vs070510~5- .CCP1AA .
.53 FCv6341 267 TW70201.5 VGA625v9

5 M0725 56 'vC63570 267 FE70201

-5 R25 . . 5B FCv6339 271 FCv708 i

5 C0!L25 59. FCV6340 2 71 - TW170161 |

5 07tC00LS - 60 FE63170 271 CCHXRA

5 VGL553A 61 HDRB 271 VB170510

5 TW170146B 64 VGA62533 271 TW170199

5 VGL552A 64 VC62532. 271 FE170199

5 VGL554A 65 VGA62527 287 FCV7025
.' -5 TW170146A 65 VC62525 288 VB170505A

5 FE170146 68 VC62504 -295 VB070505

5 VGL557A 69 LCV62136 299 FCV7022

6 CCPIB8 70 LCV62135 326 VC170504A

6 VGA62510 86 HDR6 - 327 STRAlhRIAA

6 MOT 2T 87 VC63504 327 VB170503A

6 R2T 89 HDR7 330- VC070504

6 COIL 2T 94 HDRS 331 STRAINRCS

6 ' OILC00LT 95 HDR9 331 .VB070503

6 VGL553B % VC63510 379 480VS1A1A

6 TW1701458 % FCV635 379 R50

6 VGL5528 99 FCV6347 379 TRIA1A

'6 VGL5548 109 SISIGB 379 R49

6 TW170145A 110 SISIGA 380 480VS1818

6 FE170145 115 HOR 4 380 R31

6 _ VGL557B 122 480MOV1B1B 380- TR1818

7 SIP 1AA 132 480MOV1A1A 380 R30

7 MOT 2U 150 6900VS1AA 403 R2YS

7 R2U 151 SWS115 403 R2YSWG1

7 COIL 2U 151 SWA3S 403 COIL 2YS

7 OILC00LU 151 OPWFSS '4v5 MINRLKSWG1

7 TW170147B 164 FUSE 101 406 480VS2B2B

7 VGL558A 173 ' FUSE 35 406 R198

7 TW170147A 175 RSS 406 TR2B28

7 FE170147 178 6900VSIBB 406 R18B

7 VGL562A 179 SWS11T 407 SWS11YS

7 VGA170725A 179 SWA3T 407 SWA3YS

8 SIPIBB 179 OPWFST 407 OPWF5YS

8 MOT 2V 192 FUSE 10!I 819 FUSE 20!V

8 R2V 201 FUSE 3T 427- FUSE 3YS

8 C0!L2V 203 RST 428 R5YS

8 OILC00LV 210 SWS11U 491 125VVBI |

8 TW170148B 210 SWA30 514 125VVBIl

8 tCL558B 210 OPWFSU 547 125VVBIV

8 TW170148A 229 F1'SE30 558 R32

8 FE170148 230 SbSIIV 559 X2

8 VGL562B 230 Sk t3V 562 R33

8 VGA170725B 230 OP'F5V 574 RS1

25 FE6320 249 FU'E3V 577 R53

25 VGAb3527 254 CD PCS 578 X4

25 VC63526 254 M0i2Y 651 6900VS2BB

29 FCY6322 260 CChPIAA 742 EINRLK31

' 28 FCV63153 260 MOT 2YQ 751 E INRLK50 |
'

' 31 FE63151 260 .R2YQ 759 EINRLK1726

31 VGA63525 261 FE17M oS 769 EINRLK1718

31 VC63524 261 FCv1703 798 MINRLK33

33 FCY63152 262 TW17072 801 MINRLK53

46 VC63581 262 FCy17075 843 ONSITE

47 FCV6325 263 F E17u159 844 0FFSITE

48 FCV6326 263 FCV1702 b47 OPRMASTER

49 Bli 264 TW17070

50 FE6343 267 FCV7012
50 VGAb3573 267 TW19162

50 VCb3572 267 CCHXRC

i

Variable Name Key for Case I and Case II i
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of a reachability calculation on the global model with human backups
' disabled reveals many doubletons' which are the result of a failure of both I

trains of doubly redundant front-line or support systems. The doubleton
matrix also contains many more doubletons which represent pairs of failures
between' components in dissimilar systems, including components from the
other nuclear unit.

In Figure- 3-4, the doubletons which occur due to failure of both trains of
a doubly redundant front-line or support system appear as blanks. Each
astorisk represents a failure of the row node with the column node. As
described earlier, each ::d: number may represent the failure of several
pieces of equipment and/or operator inputs. For example, consider the
doubleton at the intersection of node numbers 151 and 406. Node 151
represents the failure of switches, SWI1S or SWA3S, and incorrect operator"

action 0PWF5S. In the automatic mode, these are all singletons to one of
the centrifugal charging pumps, CCP1AA. Switch SWSIIS is the switch in the
pump control logic that closes upon receipt of an automatically generated
safety injection signal . Switch SWA3S is a switch in the reactor control
room that can normally set to " Auto" and enables flow from the control
power source to the process power breaker should SdSIIS close and should
OPWF55 not have set SWA3S to " Manual". Node 406 represents the failure of

| 480VS2828, R19B, TR2B2B, or R18B. Any of these failures would cause the
component cooling system to fail to cool the two front-line system pumps
CCP1BB and SIPIBB. All node 406 canponents are located in the electrical
power system of the other nuclear power plant, Unit II. The first is a 480

<

vac shutdown bus, the two R 's are breakers, and TR2B2B is a transformer.

The doubleton at 151 and 406 means, therefore, that any of the following
doubletons will cause the HPSIS to fail:

SWSIIS * 480VS282B SWA3S * TR2B2B

SWSI1S * R19B SWA3S * R18B

SWSIIS * TR2B2B OPWF5S * 480VS2B2B

SWSIIS * P.18B OPWF5S * R198 |

SWA3S * 480VS282B OPWF5S * TR2B2B

SWA3S * R19B OPWF5S * R18B

:

1
1
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Patterns in the doubleton array (Figure 3-4) can be further categorized.
The effect of.the individual components which contribute to the doubletons
fall into the nine categories' below which result in the doubleton failure
modes shown in Table 3-2.

1. CCPIS-A Failure of CCPIS train A (path or pressurization)
2. CCPIS-B Failure of CCPIS train B (path or pressurization)
3. SIPIS-A Failure of.SIPIS train A (path or pressurization)
4. SIPIS-B Failure of SIPIS train B (path or pressurization)
5. PATHCCPIS Failure in CCPIS causes all paths from RWST to

core through that system to fail
6. AA Failure in support system causes A trains of

safety injection and charging systems to fail
7. BB Failure in support system causes B trains of

safety injection and charging systems to fail
8. AA' Failure in support system A train
9. BB' Failure in support system B train

Failures in categories AA and BB originate in the safety injection logic
(SILOGIC), the electrical power system (EPS), the protection set (PS), and
the component cooling system (CCS). Failures in AA' and BB' originate in
EPS, with CCS failures occurring only in the AA' category. Table 3-2
sumarizes all of the doubleton failure modes which appear in this case.
The pattern in the table is largely the manifestation of the S1LOCA success
criteria (Figure 2-4) which requires the integrity of the A and B trains of
SIPIS or the integrity of at least one train from each front-line system.
Each of the failure categorbs has singletons from several systems, making
for a great deal of systems interaction which results in doubleton
failures. Each of the failure modes will now be discussed by use of- the
success criteria diagram. In the figures that follow, the failure category
will be underlined and the propagation path of this failure will be traced
in heavy lines with tha affected systems shaded.
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Table 3-2 Characterization of the 12 Doubleton Failure
Modes Appearing in CASE I
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3.1.1 ~ Analysis of Failure Mode 1 ~
.

;n
( ; Failure mode 1-is a failure of a CCPIS-A singleton * with a BB singleton and -

is shown in Figure 3-5. Singletons to CCPIS-A include charging pump CCP1AA

and valves .in the component cooling system which would block injection _ pump
: heat removal . Without heat removal, a pump could fail in 5 to 30
minutes.** BB singletons exist in the safeguards actuation logic system
(SILOGIC), the electrical pow 4r system in both units (EPS), the protection
set vital instrumentation and control power system (PS), and in the
component cooling system (CCS). An example of a.BB singleton is the
failure of the train B safety injection signal., Failure of this signal to

be generated or transmitted will keep the B-trains in both front-line-
~

systems from actuating. The HPSIS doubleton results from both B-train
pumps not pumping coupled with the failure of the CCPIS-A train since the

'pressure from the remaining SIPIS-A train is insufficient for S1LOCA
injection requirements. Other BB singletons include FUSE 20IV in PS.
Should this fuse fail open, component cooling water pump.CCWPCS, the swing
pump, would not receive control power. This 'can be- seen from Figure B-10,
the digraph for the component cooling system. This pump is'not normally
running so receipt of the 125 vde control power is necessary for its
actuation. It is a BB singleton because, per FSAR Figure 9.2-19, only pump
CCWPCS is nomally aligned with both front line train B pumps. This pump _.
alone normally circulates cooling water through the pumps' lubrication heat
exchangers and therefore, the failure of CCWPCS to pump would result in the
overheating of those front-line pumps. The failure of fuse FUSE 20lV which
disables CCWPCS is an example of a failure of part of one support system
causing the failure of part of another support system to fail which in turn
causes a failure in part of a front-line system. FUSE 20IV is fuse #304 in
the vital battery board IV and is the nomal conduit for control power to
the hardware driven by the 480 vac shutdown board in Unit 2 mentioned

above. That shutdown board is the normal motive power supply to CCWPCS so

the board is also a BB singleton. The components in CCS, besides.the

I '****" singleto is a singig comgng gch gses a failure in the "****"
!!!3h Ch$S 0"k NN5il . " * ""

-

* As confimed by operators.
,
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L

- CCWPCS that are also BB singletons, are all valves or other hardware in the
-recirculation path from the CCWPCS to' the front-line pump heat exchangers.

j and back'to the CCWPCS. There are 26 BB singletons in CCS. The doubletons
resulting from interactions with the component cooling system are circled
in Figure 3-6.

|

3.1.2 Analysis of Failure Mode 2 !

I Failure mode 2 listed in Table 3-2 is a CCPIS-B singleton-failing with an
'AA singleton and is shown in Figure 3-7. The CCPIS-B singletons are, like
the CCPIS-A singletons, components which cause only one CCPIS train to
fail. Many valves in both trains have to actuate in the CCPIS to enable

' injection, because during normal plant operations the CCPIS is in a
recirculation mode with the boron recycle system (BRS). - Th.! recirculation
is used to control boron concentration in the coolant and to keep the4

coolant in the boron injection tank (BIT) from stratifying. Therefore,'

.

[ failure of a CCPIS train may not only mean failure of a pump, but perhaps
i failure of the automatic isolation of that system from the BRS or failure

; of the system to align for injection. The modeling assumption was made !

' that the failure of this isolation would cause a failure in high pressure
,

safety injection from the chargin:; pumps. Failure of this isolation would
cause a one-inch diameter opening to essentially atmospheric pressure in a
high pressure four-inch pipe. It was assumed for this analysis that such a
failure would lead to failure of High Pressure Safety Injection. At

complete hydrodynamic analysis would be needed to determine the effects of
this " break". In the absence of this analysis, a sensitivity of the total

system failure probability to this break was performed. It was found that

; removal of the doubletons which arise from this isolation failure will
' '

csuse the system failure probability to decrease less than 10%.
3

,

The doubleton of node 122 with 150 is a failure mode 2 doubleton. Node 122

',
represents only one component, 480MOV1 BIB, a 480 vac motor operated valve

board. It supplies power to 5 of the 7 B-train valves in CCPIS that must
reorient to enable injection. Node 150 is 6900VS1AA, a 6900 vac shutdown'

board, which supplies power not only directly to charging pump CCPIAA and
to safety injection pump SIP 1AA, but also to a motor operated valve board

J

75
9

v, r-e-g e- nga cw- - , - v------ .u-r e m--- y y wr- +w*<--g,--wew--w-y ew +--e - ,--e--- .**.n e- . . - - m. - e e e . - - - = ~w- .e +-- - - e=-*E h-



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

.

'c
@
c.,

O
b..... ...... ...... . . . . . . . . .. .. .. .. .. ................................ ..... . . . . . . .i .-.. . . ........... . . . .... . ..... .... .... .. ................. .. .......... g

............. ... . ........ ........ .. ............... ....(. ........... ....... .. ........... ............... ..... ........... . .. ... ... ........ . . . . . . . . . . . . . . . . . . e
i.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . a. .e3 . .q . . e .,33 . ..r M969 * *4* * * * * * * * b*J ** *

. 3 . 33 .m3 . . . . . . . ... ............. ...'*.. Ct. . . . . . . . . . . . . . . . . . . . . . .... .. . . . . . . . . . . . . . .

.. . . ............... . . . . .. ................ ..... .. . ....... ... ..............c, G.. . .... ..... ... . . . . . ........... . ...... . . ............. . . . . . . . . . . ...j g
. .ny3 .ee . . . . . . . . . . ... . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .............. ...... p

j . ... .. .......... . . . . .. .. . . . . . . . . ... ......... ... ...... . . . . . . . . . . . . . . ... W
hc.. . ................... . ........ . .. . ......... ... ..... ... ....... . . . . ..

V3f... .... ........... . . . . . . . .. ................ ............... ..... . ..... .........
g... .... .... ... ........ . ....... ...... . ........ ............ . ......... . . . . . . .. m
y .. .... ........ ... . . . . ... . . . . . .... .......................... ... . ....... ....... c |6.... .............. . . . . . . . ... . . . ... . .. . ............. . . . . . . . . . . . . . . . . . . . . . . . ** i

h. ..) . . 4pe . e . . . . .. e .m . ..wg .e .y3 . 63am . . . . *e '. *. * g* +. .*e*s3 69 * * * * * ****** =9'** *** ***<3.** ]*

3 6N3 69 * + * *** * * * * * * * * * * * * * = * * * * *g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . ..s. .e3 . .e . . g' g . .ary . .ssm39t9 . 3 . . . . o{. . . . . . . . . . . . . . . . . . . . . .... .. y.........
W. . $ . , . ( re) . .gg . . . . ..n .69 * -@ 9 +e G9 * M*) * * . . **It . * . . . a09 aiW9 ' * * * * * ******** 8)****** =)**.* i**

Et 4 . . .we. 6D * * * * =A.9 '*Is * 699 4 69, *J,*t33 * * * * 99 * * * * * -3,9 > W * * * * * ' ''*****'.89***** g
3 *-9**** M |

4 . . . . .e,...... . e.. ..., ,,.....e,........ . ....... ....... q.............>... ,.

ye . 9 . . deg . .eg . . . . . syg .gg . .e.yg ) .gg . 33 y.p,. . . . . .gg . . . . . .ep .69 * * * * * * *.****** e** *'*3 *'* c** *

d . g . 4ce . syg . . . . ..y, .syg . .sygg <g .g.) . 695'J9 * * *39 * ****59 89*************** e****'.' '****)** O*

4 0 . .
4.y. g . . 33 . . . . 633 yp . .gm .e .63, * mms = = < '.63 * * * * * 8J9 E6 ' *'819 E9 * * * * * ********* e.... ... aj.... Ch.65**'.a

. 4.. spx3. 419.....39.py. y g .e.,q ..egwy3........................................'*................ h*9 ****S******** ***** *****

t.. U .

. .. .. ...................... . . . . .

ie. ...... ............................ . . . . . . . ... .......... . . . . . . ............ .......... i

P.,.y .@ . . q.y3 . .syg . . . .e:ey m . .me .p9 g . geray q g
M .3 . . 9.gg . q, . . . . ..),3 .,ggg . .qy3 .e .g3 . jay 3,3 . . . . .gg . . . . . ;,py .e3 . . . . . . . . . . . . . . . .q . . . . . . . . . . . 3 . . . .3.... 3......eg.ga................e........ .. g.... ,,cy
j..... ................................. 9.m................................e...... ..%3..... W
g................... ...........3 g................................q........ 4...... .. . . . . . .

g:4, .4. . . 499 . .opy . . . . . s e .go . .eg.us) .e .up . .se.way9 . . . . yg . . . ..ac.eg... ............e.........49 g..

;s.# .. m ..e3.....33.e.e..33.s m ..gwg3#.....e9...g.233.g.33............... 3...... .... a.... .,4g....... . ... .... . . . . . . . . ...........).e..... ......................... 9.........q..... >

; .e se. . g . ..y9, . . . . yg q, . .,yygg .6 . . . * . . * . 839. Jag 3 . .sg .e3 . .e . . .e3 . .e,g . .sygygge.r3 ggsg . . . . . .e. . .e, . . . . . 'g"4re. .... x .... . . .. , ,, ........ .. . . .. . .. ,. ..ee...... .< .....

3. sy.. sy33..g3.....sgg.e.). fys).e m ..meeg.... 33 .....e5.e3............. .e............e.... g
( . ,. . 3,... mr . .. . .........m.. . -, . s) . 399 . e . .sp . . . . ..ye e . jsy.ng ,9 . . . . . . . . ..y.wys . .ega *C,. . .q . .

. . . my, .e, . . . . . .. . . . . . .

a.S * * e * dM9 * 8*g .ej . . .feg . ..e . . . . ..w var 3 . e.x, .e .syg . . syn . . . . .sy3 . . . . . .. e .se .'**. . . . . . . .'OMOBm 49f9 * * * =. 4..........'e***==..e. .. m....

}4 <3 . 4Ee . .te . . . . es .w3 . +ss e + e . .(q.ne . . . . .de . . . . . sa .ee . . . . . . . . . . . . . . .e . . . . . . . . . . . s . . . . y
. .. g.9..... . .. .... ... . , ....q........4.... .............. p

r5 ,G . gee * aie + * * * se te a .@ ...
g . . . . . . . . . . . . . . . . . . . . . . . . 'aste 49 se * *tEEJEe * * . . Ee . . . * . . 39 .fe, . . . . . . . . . . * . . . . 9 . . . . . . . . . . ,O.4.... ..........................fq . . . . . . . . . . . . . . . . . . . . ............
1..... ........... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ....e.e .................................. .C
a. ... . . . . . . . . . . . . . . . ..... .......... ........9g e

. . . . . . . . . . 3 . . e * * '.OS, * 'a99 'd*4988J8m, .* * e *. .* .* * . * * * * * * * * * * ,g1 ... .............. ................ . . , . . . . . . . . . . . . . . . . . .
. . . . ... .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.m..m ............................ .....j..
............. ... ...............3.. e.u,*****=.**........**.....e se.39........................'. ...

..... .. . . . . . . . .. . . . . . . . . . . .. ... . . a +.....*
3 .. ... . . . . . *y .....
g............. C.. . . . . . . . . ... ........... .... e.m ...... . ... . ................... Oi......................................... ....... 3. se.e g..ee............................. .g
g................. ............... ................a.m . 3.. 33..m ...p fygge..e............... p
g.. . ...... ............... ... . . . . . . . . . . . . . . .e . .@ . . e . . . sf . 6yg . .m (0

. . . . . . . . . . . . . . . 9. . us ' *e * *'.6.,.,* '83, . * e,8 erg 30 . . e . . . . . . . . . . . . . . .ABO 3 *e...*....+.***** 00g....... . . . . . . . . . . . . . . . . . . . . . .

3............... . . . . . . . . . . . . . . . . . . .m ..e... ..e ...m . m ,..e............... 3
......... . .

} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 .m . .e . . .m . .te . .an9syy.ye..e............... .e5....................... . . . . . ............................................................... 3t;............................................................................................
3
e...... ..........................................a.633..e...35. 39..e.w erpe..e............... C
i............................................. . . . 9 .c3 . .e . . .g3 . .e3 . .eesge . .e . . . . . a . . . . . . . .

f..... ...........................,............... .. n ay9.................................. O
g....................... .... . . . . . . . . . . . . . . . . . . . ..g . 9;3 . .e . . syg . .eg . .ggm9e . .e . . . . . . . . . . . . . . . *Z:
g... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..........re.eg......... ........................
g.................... . . . . . . ......................e.egyp ng.99..ey..egy nays..e.,............. yg.................... . . . . . .. . . . . . . . . . . . . . . . . . . . ..a .9.ygg.99e .cg . ..y3 . .e.g.ywae. . e * * * * * * * * * * = * * * *
g.................... . . . . . . .. . . . . . . . . . . . . . . . . . . . ..a .e333Mg .c3 . 69 * *O%IM9e* * e * * * * * . * . * * = = * *

i
'

2************************************************************************************* "* ****
. ..................................................................................... Ed..

g............ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . q .ege.ee .69 * *e3 * *SN)eE9e* *e . * * + * . . . * * = . . . * eg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .q .gg . .e . . . nej . . m . . epm.gyge . . e . . . . . . . . . . . . . . . g)
g.................................................... 3 .ge.................................. ,tg 1g........... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .e ,3gge sp .m . . m . 9............... V |
3*'**********************

* * * * * * * " * ' * * * * * * * * * '.9 ' {8')* 933 'e9 * *e3 . *ea *x*r9eO* *e . * * . . . . . . . . . . * E |
* *** 1 u

g.......................... ................... ........................................... c3
. .

g................. .......................................................................... Lp....... .. ............. . . . . ........ ....................................... ............. 44
-..............a.............. .......................................................... .................
3 ............................................................................. 03

g3'****** ****************** * * * * * * * * * * * * * *

* * * * 9 *L'N'K9 '89 ' .M *g . . . . . . . . . . . . . . . . . . . . . . . . . . .' ' * . . . . . . . . . . . . . . ". . . . . .p 'guggg3 .sg . 'eg . 'O*1M98* * 9 ' ' * * * * * ' .' "= * * ' ' O.. . . .esxpengeo. .e * . . * * .. . . * *= My.......................................... ................................................. O
~............................. , ................ .......... ............................... *

."D
*

g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..p .meergyp .e,3 . .<g3 . ex ggeeee. . e . . . . . . . . . . . . . . .
a

p:.................................................q.s3..e..6 a 69 * *eeewee . . . . . . . . . . . . . . . . . . og. ................... . . . . . .. . . . . . . . . . . . . . . . . . . . 9 99 . .e . . .eg . .ag . exig3rgege . . e . . . . . . . . . . . . . . Ag.......................... ........................sg.cg................................... .
jc..................................................... y$.m .................................. i

..................................................... 09 69.a.************..******.......**** c
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9 .e g..e ...eg..e g..cga m e s .. e ....... ... ..... g

............................. .................... ...m .ee.................................. cq

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .q .ep . . e . . 433 . . m . eF13e309 * * e * . * . . * * . . * * * . * *
0

*~ tv.:r; * t 33:3:3333 s t :2 s t* ** s !!333 E E EE E E 2 HEE ' E E H HI HE H E n'EEHIIUS HIE!! Em H E!H H 'o
76 00

.-
u.



]
1||| 1|\ |

J
-

.

~

T

_

'
'

A 6 "A

'

B AB _

- . B AB
S B - -

112 I
P P ppC . I
C S mm

uu
- ABPP

AB- - nn
11 oo

ii
ppt t
mmcc
uuee
PPjj 2nn
ggII
nn e

A B A iiyy d
A B A ggt t
I I I rree o

s P P P aaff M
C C I hh aa
C C S CCSS e

- - - - r
, ABAB u

ABAB l
I II1 i
PPPP
CCII a
CCSS F

.

7
-

_

3 .

_

e
.r _

u
S g
I

iP
I F
S
H
T

S A
I P ,*
P A
C I

C R
H E
T T

IA
P R

l C
A P

_ I
R

2 2
E
T
I
R
C
P

msm m
opo e
rmr t
f uf s1' .

P y
h h Sa -
t nt i i

aoa gr r
PiPsnee

t pi t t

wcwml iioeouor r
S l jl P oCC
C FnF C
R I g ee

t t nr rr
nyniouu
at agt ss
l el r css
of oaaee
oaoh err
CSCCRPP

- - - - -
I2

S S AA
I I II

P P RR
I C EE
S C TT
I H III

T T SRR
A A CCC
P P RPP

%

f r || l )| ||(|||||1
' |l||||||||||||||||



.. ..
. ..

- - - - - - - - - - -

that drives 5 of the 6 A-train valves in-CCPIS that must reorient. The
-result of the doubleton is that a path to the core through CCPIS is not
available and one of the two safety injection pumps, . SIP 1AA, is not
pumping. Flow from the single safety injection pump,.SIPIBB alone is
insufficient so HPSIS fails.

)
'3.1.3 Analysis of Fe.ilure Mode 3

Failure mode 3, shown in Figure 3-8, is failure of a SIPIS-A singleton with
-a -SIPIS-B singleton. . .These doubletons are_ front-line (safety injection
system) doubletons. For instance, the doubleton of node 8 with node 31 is ;

a failure of singletons to SIPIBB with some main line components downstream
of SIP 1AA. There are 12 components which compose node 8 including:
1) hardware within SIP 1AA which it needs to start and to keep running; and
2) valves in CCS near. SIP 1AA which, if closed, would prevent heat removal
from the pump. There are three components in node 31 including a gate
valve and a check valve downstream of SIPIBB which, if they were to block
flow, would disable the ability of that pump to inject. The doubleton of 8
with 31 therefore represents 36 individual doubletons which could cause
HPSIS to fail.

3.1.4 Analysis of Failure Mode 4

Failure mode 4, shown in Figure 3-9, involves the kinds of singletons just
described for SIPIS-A along with singletons to the path through the
charging pump flow path, CCPIS, to the core. The node name representing

,

" openness" of this path is called PATHCCPIS. An example of components

included in this failure mode is the doubleton of node 229 with node 61. ;

This doubleton is a combination of fuse and a header (junction of 3 or more
pipes) . Node 229 is FUSE 30,~ a singleton to the automatic actuation
. hardware in SIP 1AA. Its failure prevents SIP 1AA from turning or upon
receipt of the safety injection signal. Node 61 is HDR8, a piping header
through which the discharge of both centrifugal charging pumps flows. Its
blockage or rupture would cause the only discharge path to the core to
fail, thus causing PATHCCPIS to fail . Therefore, the HPSIS success
criteria would not be met since only one pump, SIP 1BB, would inject into
the core.
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RCS - Reactor Coolicg System CCPIAA - Charging Pump 1-AA
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Figure 3-8. Failure Mode 3
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- | 3 .'1' . 5 Analysis of Failure Mode 5

Failure mode 5, shown in Figure 3-10, again involves singleton failures to ,

SIPIS-A, but this time with BB singletons, that is, single components which
cause both front-line B-trains to fail. Most of these BB singletons arise
from the normal configuration of the component cooling water system as

described in the discussion of failure mode 1 above. Another cause of a BB
singleton is represented by node 203, RST. This is a switch through which
control power flows to components driven by 6900VS1BB, a 6900 volt shutdown

- board. - This switch, which appears in the pump unit model shown (Figure
B-9) is part of the vital instrunentation and control system, and is a-
necessary conduit for control power to' both front-line B-train pumps CCP1BB
and SIP 1BB. Failure of this switch to successfully enable control power to
these pumps would keep them from starting. Again, only one pump would be
functioning, CCP1AA, which does not satisfy the S1LOCA injection
requirements.

3.1.6 Analysis of Failure Mode 6

Failure mode 6, shown in Figure 3-11, involves singleton failures to
SIPIS-B (the train B in the safety injection system) and a singleton to
PATHCCPIS, the availability of a path to the core from the refueling water
storage tank, RWST, through CCPIS. Examples of such singletons have been

discussed above in failure modes 3 and 4. This failure mode cancels the 'i

contribution of the 2 pumps in the charging system and also the
contribution of train-B in SIPIS. The flow from the remaining pump in
SIPIS is insufficient by itself for high pressure safety injection for the
S1 LOCA.

3.1.7 Analysis-of Failure Mode 7

Failure mode 7, shown in Figure 3-12, is a doubleton between a singleton to
SIPIS-B and one to both A-trains. Like the BB singletons, there are single
components in the component cooling system which can disable both A trains.
Instead of 26 such components which are BB singletons, only 10 components
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in ths.weponent cooling water system, CCS, are AA singletons. This is
because there are nomally 2 component cooling pumps,' CCWP1AA and CCWPIBB,

dedicated to drawing heat away from the front-line A-trains (FSAR Figure
9.2-19) ~and one of these pumps, CCWPIAA, is already running during normal
plant operation. For the heat removal from the front-line B-trains, only 1
pump, CCWPCS, is dedicated and it must be turned on. Both CCWPIAA and

CCWP1BB share the same recirculation path and the 10 AA singleton
components include such hardware as the component coolant heat exchanger A
(CCHXRA), butterfly valve VB170510, and flow control valve FCV1702. There
is no single component in the systems studied which can defeat both CCWP1AA

and CCWP1BB. Failure of heat removal from both front line A trains
disables those trains' pumps. That failure, coupled with the loss of
SIPIS-B, disables three out of the four injection pumps and hence does not
meet the S1LOCA requirements.

3.1.8 Analysis of Failure Mode 8

Failure mode 8, shown in Figure 3-13, is a singleton failure to PATHCCPIS
with a singleton failure to both front-line A-trains. An example of a
singleton to PATHCc?IS is a blockage in the boron injection tank (BIT),
node 49. All flow to the core through CCPIS nomally flows through the BIT
and alternate paths must be manually enabled. Thus, in the fully automatic
mode, should a blockage occur anywhere in the BIT, from the sparger type
inlet assembly used to mix the flow to the tank's interior or outlet,
PATHCCPIS would fail . No. constraints are imposed as to the origin or
nature of the blockagc. Ali that matters is that flo'v through the BIT is
either blocked or reduced to an unacceptably low level. An example of the )
AA singleton is EINRLK1718, node number 769. This component (or collection
of components) is used in the transfer of power from the nomel 6900VS1AA

shutdown board feeder to an alternate feeder upon loss of normal power,
Its presence was deduced from the representation of electrical interlocks
between the feeders to the bus (FSAR Figure 8.3-16). Such an automatic
transfer device is an "auctioneering circuit" or hardware which, in this
case, would monitor voltages and/or currents. The auctioaeering circuit
can open and close any of the breakers to enable power to the bus. A

85
-4

*

- _ _ . . .f. -__ _



l
,l !

-,
,

m
m

.

_

A a _

A
_

m .

_
_

_
.

.

~
_

-

-

4B
ABB - -B 11

I
P ' pp
I mmS uu

ABPP
AB- - nn
11 oo

ii
ppt t

mmcc
uuee 8

' PPjj
nn eg gI I

nn d
A B A iiyy o

BO
A ggt t

rr ee MA
I II

P aaffPP
C I hh aa eC

C C S CCSS r
- - - - u

_' < -^ ABAB l
ABAB i

a I II I aPPPP
CCII F
CCSS

.S
I 3
P 1
C
C -
11 3
1
A
P e

r
u

S g
I iP FI
S
H
T
A
P 2

I AP IC RC EH TT I
A RP CI

A P
I

a ,R
E
T
I
R
C
P

msm m
opo e
rmr t
f uf s12

P y

h h Saa
t nt i i
aoa grr
PiPsnee

t pit t

wc wml i ioeouorr
S l jl PoCC
C FnF C
R I g ee

t t nrr r
nyniouu
at agt ss
l el rcss
of oaaee
oaoh err
CSCCRPP
- - - - -

I2
S S AA
I I If

7 P P RR
I C EE
S C TT
t

I III

iT T SRR
A A CCC
P P RPP

:

x
C

i I f)lI t L |ll|)\j I l1 l||j|[(|i llf11l1f



failure of this component which would result in all of the breakers being
opened will cause the entire bus to fail. Analogies to this kind of
possible failure can be found in systems ranging from a push button car
radio to the space shuttle. A typical push button car radio has a
mechanical interlock which allows only one button to be engaged at any
time. The failure of mechanical linkages i.. the interlock, i.e.,
auctioneer, could enable more than one button or no button to be pushed in.
In the space shuttle, three onboard computers monitor vehicle status and
input to an electronic auctioneer which decides if all three computers are
in agreement. The result is that the auctioneer is the single component or
network of components which is the singleton that defeats a perceived
triple redundancy. In the HPSIS, without more detailed hardware
descriptions it is impossible to determine the smallest section of the bus
auctioneer which is the singleton. The auctioneer has four feeder inputs
and a single output, the normally closed breaker. Should EINRLK1718 fail
by opening normally closed feeder breaker 1718 without closing any of the
redundant feeder breakers, the bus would fail. Failure of that bus would
keep the A train of the charging and injection pump systems from operating.
This, coupled with blockage ir. the BIT, would keep the HPSIS from meeting
the success criteria for the S1 LOCA.

3.1.9 Analysis of Failure Mode 9

Failure mode 9, shown in Figure 3-14, is a failure of PATHCCPIS with a BB

singleton failure. An example of this is the doubleton composed of node 46
with any of the BB singletons mentioned above. Hode 46 is check valve

VC63581 which is inside containment. All flow through the nonnal injection
path through CCPIS passes through this valve so if it were to fail shut,
CCPIS would fail. This, again, is only in the case where no positive human
intervention is allowed since alternate paths can be manually enabled.
Loss of CCPIS, coupled with the loss of safety injection pump SIPIBB due to
the BB singleton, leaves only one pump running which is inadequate.

L-

87

______ -___-_ _ _ _ _



.

j ' i| |

.

.

.

_

.

7- .
_

-

-

~

'
AB
ABB - -B 11

I
P pp
I mmS uu

ABPP
AB- - nn
11 oo

ii
pptt 9

^ mmccuuee ePPjj
nn d

g gI I o

A 0 ID'T
nn

A B A iiyy M
B A ggt t

rree eII
P aaffP P
I hhaa r

C C
C C S CCSS u

-l- - - -
i

= ,' A ABAB aABAB F1II I
. PPPP

CCIICCSS .

4
S 1
I s -P u
C m 3'C m
H a
T e
A r
P u

g
iS FI

P
I
S
E
1
AS P 2

I A
P I
C R
C L
H TT I
A R
P CI PA

I

A "
R
E
T
I
R
C
F

msm mopo e
rmr t
f uf s12

. P y
h h Saa
t nt ii

aoa grr
PiPsnee

t pi t t

wcwmliioeouorr
S l jl PoCC
C FnF C
R I g ee

t t nrr r
nyniouu
at agt ss
l el r css
of oaaee
oaoh err
CSCCRPP

- - - - -
12

S S AA
I I II
P P RR
I C EE
t

C TTS
i H II

T T SRR
A A CCC
P P R P l'

| | I: ! |i||||I l



, _ _ . _ . _ _ _ _ __ _____________._______ ____ _ _ _ _ _

,

E
3.1.10 Analysis of Failure Mode 10

|
(

Failure mode 10, 'shown in Figure 3-15, is an AA singleton failure coupled
with a BB singleton failure. Neither of these types of-singletons exist in
front-line systems. An example of each is given by the doubleton pair,

. nodes 164 and 192. These are two fuses in the vital instrumentation and
control system, respectively. Node 164 is FUSE 10I which is fuse #201 in
vital battery board I. It is the nomal control power to components driven -
by 6900VS1AA, such as CCP1AA and SIP 1AA. Failure of that fuse prevents
those- pumps from starting. Failure of FUSE 10II has the analagous effect on
the two train B pumps CCPIBB and SIP 1BB. FUSE 10II is fuse #?01 in vital
battery board II.

3.1.11 Analysis of Failure Mode 11

Failure mode 11, shown in Figure 3-16, is a doubleton composed of any of j
the BB type singletons mentioned thus far with AA' type sirgletons. Primed l

singletons by themselves do not fail a front-line train, but do fail a part
of a support system so that in ccmbination with another single component
failure (both support and front-line) can cause the system to fail. All
AA' singletons act to disable part of the component cooling system, CCS.
For instance, node 321 is a 480 volt shutdown board 480VS1A1A. It is the

nomal power supply to CCWP1AA, one of the two component cooling pumps
which supports both front-line A trains. Failure of that pump alone does I

not cause a front-line train to fail since the other pump, CCWP1BB, is
sufficient. However, should node 192, FUSE 1011 (fuse #201 in vital battery
board II), fail then not only doesn't CCWP1BB receive the control power it
needs for actuation, but neither do CCP1BB and SIP 1BB. The result is that

both front-line train A's lose heat removal and both front-line train B's
lose pump control power so that all four injection pumps fail.
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Figure 3-16. Failure Mode 11. Dotted lines represent connections I

through support systems which, together, cause SIPIAA
to fail.
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3.1.12 DAnalysis o'f Failure Mode 12 '

'

Failure mode 12 is a doubleton composed of a failure of a BB'' singletonL
.

with an AA' singleton and is shown in' Figure 3-17. An example of this I

- doubleton is that of node 742 with node 379, both .in _ EPS. Node 742 is
EINRui31, a manually actuated electrical interlock between the nomal and-
alternate feeders to 480 vac shutdown busilB1B (480VS181B). Should this-
interlock fail in such a way that disconnects the 'normas ' power supply to
the bus, there -is' no automatic means of-restoring that power or of

~

transferrint to the alternate power supply. Hence, everything supported by
that bus would fail . As it pertains' to this doubleton, those failed -
components would be found in 2 different systems, CCPIS and CCS. In CCPIS,

_

they would be all of the B-train motor operated valves that must re-orient
to isolate the: system from the boron recycling system for injection. In-
CCS, the affected component would be CCWP1B18,- the unit 1 B-train component-

cooling pump. 480VSIB1B is the power supply to the pump so the pump would-
fail to perform its task of circulating coolant to the two front-line

A-train pumps. That CCWP is redundant to another, however, namely CCWP1AA,

Like CCWP1BB, this pump derives its power from a 480 vac shutdown board,
480VS1A1A, node 379. Also in node 379 is the breaker in the path of the
normal feeder. The breaker is labeled R50-on the digraph of EPS shown in
Figure B-20 (no identifier was found on the P&ID). Should this breaker
have been opened, either-due to a mechanical failure or operator error,
then nomal power to the-bus would be lost and, as with the other shutdown
bus, there is no automatic way to restore power. Components affected by . i

loss of power to that bus are: 1) The A-train motor operated valves in
CCPIS which must re-orient to enable an injection path any 2) The
component cooling . pump CCWPIAA. The high pressure injection system fails

because, with both A and B-train valves in CCPIS unable to re-orient, that
system cannot be used for-injection. In addition, loss of both redundant
component cooling water pumps CCWPIAA and CCWP1BB used to cool the

front-line A-train pumps keeps SIP 1AA from functioning due to overheating.
The remaining pump, SIPIBB, is inadequate for injection.
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3.2 Results with Human Mitigation

When operators are allowed to act as backups to failed systems the
robustness of the plant improves dramatically. The doubleton array for
Case II is given in Figure 3-18. - Seventy percent of the singletons and 80
percent of the doubletons of the fully automatic case disappear when
positive human intervention is allowed. The only remaining singletons are

IRWST and HDR1. The 5 other singletons, HOR 2, HDR9, FCV635, VC63510, and

FCV6322, found in Case I can all be bypassed manually. The first two can
i - be bypassed by routing flow through the residual heat removal system. This

alternate route was validated by the operators. , The third valve
can be easily bypassed by opening either FCV63156 or FCV63157. These
valves require manual actuation and route flow into the hot legs of the RCS
rather than -the cold legs. . Although injection into the co'd legs is
preferred, injection into the hot legs is satisfactory.

The number of doubletons is 708, down significantly from the 4314 for the
case of total reliance on automatic systems. Ninety-four percent of the
2741 doubletons arising frcm the nomal configuration of the component
cooling water system, CCS, disappear since that system's piping is a

,

veritable switchyard, making it possible for the operator to work around
nearly any singleton failure. The many doubletons due to blown fuses in
the vital instrumentation and control system are easily manually
circumvented with backup nomal power, nomal emergency power or backup
emergency power. Failures of 480 volt shutdown and motor operated valve
boards can be overcome by transferring manually from normal to alternate *

feeders. Singleton failures to PATHCCPIS which occur downstream of HDR8

(see failure mode 4) can be bypassed by opening up the flow control valves
FCV6290 and FCV6291 for injection through the regenerative heat exchanger.
There is a lot of commonality between the failure modes which exist in Case
I and Case II. In both cases, doubletons due to failure modes 1-10 arise.
This is due to the presence of failure categories 1-7 in both cases.

[ Failure modes 11 and 12 do not arise in Case II since there are no AA' or
| BB' singletons in Case II. These singletons arose due to the nomal

dependence of the front-line systems on the component cooling system, CCS,
and are not consequential if alternate paths are enabled manually.

|
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Plositive operator intervention introduces new kinds of doubleton failures.
These arise from the enabling of alternate paths around what in Case I were->

singletons to the entire HPSIS. The alternate paths are in the manually-
enabled network between the RWST and the front-line pumps (RWST.DAT).; For
instance, in Case I, HDR2 was a singleton to. HPSIS. In Case II, however,-

it appears in 7 doubletons. In fact, all of the 5 nodes which are

singletons in Case I but not in Case II appear in the doubleton array for
Case II. . They contribute a total of 85 new doubletons. Given their. small
failure probabilities,-the new doubletons contribute much less to the
overall probability of system failure than the singletons they replace.

There is.a failure mode in Case II which doesn't occur .in Case I which
,

results from enabling alternate paths from the RWST to the front-line
pumps. Failure of HDR2 with either HDR4, FCV63177, or HDR3 keeps flow from
reaching both safety injection pumps.- These are not failures of a trained
system, but rather the failures of the normal SIPIS injection path combined

~

with a failure to use the crosstie connection between CCPIS and SIPIS.

~

Finally, in an effort to assess the aggregate impact of two groups of
operator inputs, two master nodes were created. OPRREMOTE connects to all

OPR operator inputs actuating components by remote control. These
actuations occur in the main and auxiliary control rooms. OPRLOCAL

connects to all OPR operator inputs actuating components locally (at the
component) . When these two master nodes are connected to the two operator

node groups, each group represents either a single operator or a group of
operators acting as one. The analysis of this case showed neither of the
master nodes appearing either in the singleton list or the doubleton array.
This implies the triple redundancy depicted in Figure 3-19 between remote
operators, local operators, and the automatic system. It means that none
of the redundancy (as. measured by singletons and doubletons) acquired by
allowing humans to mitigate positively is lost if the operator (s) are only
in the control rooms or only roving through the plant. There are two
caveats here. First, the roving operator (s) would be assumed to be aware
of the state of the plant by beiag dependent upon the same instrumentation
as the control room operator (s). Second, tnere may be coupling between the
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.two groups of operators which would arise if plant operational procedures
were included and modeled.

O ornatscrre

HPSISC: : O ora'oca'-

|
O aur0nx11c SvS1tnS

Figure 3-19.- Triple Redundancy of Automatic Systems and Local
and Remote Operators -

,
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3.3 Error Checking Using Failure Modes

Grouping the doubleton failures into failure catagories and failure modes
provides an opportunity for error checking. Based upon the logic of the
success criteria logic, certain kinds of doubleton failure modes can be
expected to occur and, conversely, others are not expected. Some failure
modes which would be expected can be detemined by calculating reachability
on the RCS success criteria alone. The results are a subset of the entire

,

set of doubletons possible since then e art many " master" nodes not in the
success criteria digraph which can cause more than one node in the success

i criteria to fail . An example of such a master node is 6900VS1AA, a common
power supply to CCPIAA and SIP 1AA. This is an AA singleton since its

i failure causes both front-line A trains to fail. Without modeling the
dependence of the nodes in the success criteria on other systems, this
doubleton can't be anticipated. On the other hand, if a doubleton occurs

,
between an AA singleton and possibly a CCPIS-A singleton, it would be

1

! expected to be erroneous. Referring to the success criteria, it can be
'

seen that the-failure of both front-line A trains with a CCPIS-A singleton
(e.g., CCP1AA) will not propagate through to RCS. Each of the failure
modes found in Case I and Case II were checked against the RCS success

: criteria logic for validation.

|
>

( To summarize, error checking using failure modes consisted of t1e following
steps:

1. Categorize the nodes in the doubleton array by the part of the
global system they can defeat. This defines a set of failure
categories.

2. Osnerate a list of all combinations of pairs of failure categories
that arise in the doubleton array. These pairs are the failure

! modes.

3. Compare failure modes to RCS success criteria logic for
;

validation.
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4. QUANTITATIVE ANALYSIS
-

As discussed above, two cases were analyzed. In the first, the fully

automatic case, 7 singletons and 4314 doubletons were found. In the
second, the constructive operator case, 2 singletons and 708 doubletons

,

were found. In order to determine the significance of these singletons and
doubletons a quantitative analysis was performed. This analysis was
conducted by assigning a failure probability to each component which was a
member of the failure sets. The data used for component failure
probabilities was taken from: WASH 1400 [15], IEEE Standard 500~[19], the
Zion Seismic Safety Study [17], the Indian Point-3 Probabilistic Safety
Study [20] and others [21, 22, 23, 24]. All component failures which
appeared in singletons or doubletons were treated as independent. This
independence assumption is accurate to the level of modeling detail of this
DMA. Any physical dependency which could be identified was included in the
DMA model except for the following:

Common Location

Common Maintenance

Common Manufacturer

Common Environmental Conditions.

Shared support systems which would make apparently independent components

dependent were explicitly modeled. For example, the failure of two
centrifugal charging pumps because of the loss of a common component in the
component cooling system would appear in a failure set with the ccmponent
cooling canponent as a singleton or as part of a doubleton. The pump which
fails due to the cooling failure would not appear in the failure set.
Figure 4-1 illustrates this situation for a simplified case.
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ELECTRICAL 1

PUPP 1

N ION

PUPP 2
m

ELECTRICAL 2

Figure 4-1. Simplified Example of Common Mode Failures

The failure sets for this case are:

Cooling Pump

Electrical 1 * Electrical 2
Pump 1 * Pump 2

Electrical 1 * Pump 1
Electrical 2 * Pump 2

Notice that the pumps do not appear in a cut set with the cooling pump.
The appearance of a pump in the cut set means that the pump itself fails
due to internal reasons not due to the failure of an external component.

The data bases used indicate that most components have several failure
causes. Each of these failure causes was taken as independent and combined
into a single failure probability for the component by the following
equation:

n

[(1-Pj)P=1-
-

1.,

where n is the number of failure causes of the component and Pj is the
probability of failure due to the ith cause.

The total probability of failure due to all singletons (cnd doubletons) was
computed using the SIGPI code developed at LLNL [25, 26]. In this code the
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cut sets are rtot assumed to be independent. The SIGPI program uses two
fast complementary methods of computing the probabilistic perfomance of
complex systems: the PI method and the SIGMA method. The fomer exploits
the fact that, when system variables are carefully defined, these variables
are often statisticaly independent conditional to the environment in which
they are embedded, a very convenient fact from a computational point of
view. The latter is used to compute the probability of combinations of,

events produced by the PI method by disjointing such events, thereby
allowing the exact computation of performance. The computational

,

complexity of the overall process is-a polynomial function of the number of
components. For very large problems, where costs of precise answers may be
prohibitive, a desired accuracy can be specified, and the SIGPI algorithms
will halt when that accuracy has been reached.

|

|

101

______ __--______ ___



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

i
a

4.1~ Quantitative Resul ts '

The quantitative results from the analysis of the-two cases . studied is '

given below in Table'4-1. It can be seen from this table that the
contribution from the'doubletons is slightly.largtr than the contribution-

- 'from the singletons in the fully automatic ' case.

Fully Automatic Fully Redundant

(Case 1) (Case II)~

DMA Singletons 1.8 X 10-2* 1.0 X 10-12 q

DMA Total 4.0 X 10-2* 4.9 X 10-3
(1.5 - 3.0) LOCA

I

WASti 1400 8.6 X 10-3
(1.5 - 2.0) LOCA

BNL [14] 3.1X10-3(p=0)
(1/2 SIP & 1/2 SCP) 1.8 X 10-2 ( p= 0.3)

Table 4-1. HP Safety Injection System Failure Probabilities-

|

As stated in an earlier section, the designers rely on the human I

operators as the ultimate backup. The ratio of the failure probability of
the fully automatic case to the failure probability of the constructive
operator case = 8.2 dramatically illustrates this.

The probability data base used includes a " failure probability" for the
component outage due to maintenance (0.80 x 10-2). This failure

probability is actually an unavailability which appears. to be the result of
the nomal availability calculation given by

,

l

*yEUcensi
'

A total to 2 X 10 ghe singleton probabil1ty to 1 XConditions lower
10 and the (see Section 4.2).

,

|
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A= MTBF

MTBF + MTTR

where:MTBF is the mean time between failure and MTTR is the mean time

to repair. Using these unavailability numters in the calculation of
the-high pressure safety injection system failure probability most
likely leads to a significant upward bias. It is likely that the

maintenance procedures require that bypass paths be enabled when a

component is down for maintenance. In the absence of the maintenance

procedures for the plant, it was assumed that this was not the case.
Thus, the failure probability has inost likely been overestimated.*
To quantify this effect a failure analysis was performed with the main-
tenance outage unavailability for components set to zero for all components
except the two charging and two safety injection pumps.** Table 4-2 '

compares the results of this analysis for the fully automatic case.

Outage Restricted Outage

-3Fully Automatic 4.0 X 10-2 3.2 x 10

Table 4-2. Effect of Maintenance Outage

There is a complicating factor in this analysis. There is a small, but i

possibly significant, probability that the bypass paths will not be enabled
during maintenance due to operator error. This could be modeled in DMA,
but given the constraint of no procedural information, was not.

A third quantitative analysis was perfonned wherein components in the
component cooling system were eliminated from the singleton and doubleton

failure sets. Elimination of these failure sets reduced the number of
doubletons fron 4314 to 1573. The correspanding system failure probability
changed from 4.0 X 10-2 in the complete case to 2.3 X 10-2 for the case
without the cooling system.

IScope 5 imitations on maintenance considerations have lead to overestimation
'

E*fthiscase
Included in the, t$e makntenance unavailabklity For this set has a very skSghtf ilur sets is a set whi h includes both safety injecti

Removal ofcumps.
{<1%) effect on the system unavailability.
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4.2 Discussion of Failure Probability Calculation

. As discussed above, the failure probability calculation was perfomed using
a new code, SIGMA PI [26], developed by Lawrence Livemore National
Laboratory. The inputs to this code are:

1) the failure sets generated by the DMA codes; and
2) a list of component names with associated failure

probabilities.

These failure probabilities were taken from a variety of references as
discussed in Section 4.3. The probability data base is given in
Appendix D.

All components which were not listed in the failure data base were assumed
to have a failure probability of zero. Thus, the failure probability of
any failure set which included an " unknown" component was zero. The data
base included data for 177 components. Approximately 2965 failure sets out
of 4314 doubleton sets were not evaluated due to missing data. In these
missing sets there was a total of 76 components which were not in the
probability data base. These components are listed below in Table 4-3,
where it can be seen that most of the components were parts internal to
motors and valves.

The quantitative result from the DMA of the fully automatic HPSIS case was:

4 x 10-2 for failure sets including
singletons and doubletons.

A recent study by BHL [14] reported that an apparently equivalent case was
studied using " conventional" fault tree techniques. The results of this
study indicated an unavailability of SI from 3.1 x 10-3 to 1.8 x 10-2

depending on the dependency factor, @ . The smaller number corresponded to

no dependency ( p = 0) and the larger to strong dependency ( f = 0.3). If

the assumption is made that the failure probability data bases used are

104
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MOT 2S COIL 2U
R2S TW170147B
C0!L2S TW170147A
TW170146B FE170147
TW170146A MOT 2V

FE170146 R2V
RST C0lL2V
MOT 2Y

. TW170148B
FE170165 TW170148A
TW17072 FE170148
TW70162 FE6320
TW70201 BIT
FE70201 FE6343
R2YS VC63572
C0lL2YS FE63170
MINRLKSWG1 VC62504
SWSI1YS SWSIIV
SWA3YS SWA3V
FUSE 3YS FUSE 3V
R5YS FE63151
125VVBII SWS11U
125VVBIV SWA30

MOT 2T FUSE 3U

R2T SWSIIS
C0!L2T SWA3S
TW170145B FUSE 3S

TW170145A SWSI1T
FE170145 SWA3T

RSS FUSE 3T

FE170159 X2
TW17070 MINRLK33
TW170161 MOT 2YQ
TW170199 R2YQ
FE170199 VC170504A
125VVBI X4
MOT 2U MINRLK53
R2U ONSITE

OFFSITE

Table 4-3. Components not in Probability Data Base
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-consistent, it appears that the quantitative results from the DMA of the
HPSIS are comparable .to those of BNL and indicate a high dependency.

It must be noted that the explicit modeling of all components in the DMA
removes the need for including any unknowable dependency factors.

The contributions from the singletons and doubletons to the failure
probability are given in Table 4-4. From this table, it can be seen that

only about 50% of the failure probability is due 'to the singletons. All of
the singletons identified by the DMA were identified by NRC in the
Evaluation Report [27] and special "means have been provided to '

preclude such spurious misalignment". The effect of these "means" would be
to effectively remove.the failure contribution from the singletons and thus
reduce the failure probability of HPSIS from 4 x 10-2 to about 2.2 x
10-2,

Fully Automatic
DMA Singletons 1.8 x 10-2

'

DMA Doubletons 2.2 x 10-2
DMA Total 4.0 x 10-2
DMA with License

Conditions 2.2 x 10-2

Table 4-4. Singleton /Doubleton Contribution

A sensitivity study was run with the failure probability (and
unc.vailability) of the following " locked off valves" set to 0 for the full
maintenance outage and no maintenance outage case. The valves which had
their failure probabilities set to zero were:

VGA 62509 FCV 6322

VGA 62510 FCV 635

VGA 63527

VGA 63525

The results from these sensitivity runs are summarized in Table 4-5.
|

,
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FULL MAINTENANCE RESTRICTED NO MAINTENANCE ;

UNAVAILABILITY MAINTENANCE UNAVAILABILITY

INCLUDED (PUMPS ONLY)
-3

-BASELINE- 4 x 10-2 3.2 X 10 2.7 x 10'
- LOCKED OFF 2.7 x 10-2 1.5'x 10-3
VALVES (P =0)f

Table 4-5. Effect of Locked Off Valves and Maintenance Unavailability

It'should also be noted that we did not include any failures due to
seismic, fire, or flood events, hence the failure probability calculated is
for a benign environment only.

4.3 Data Base l

The ccmplete probability data base used for this analysis is shown in
Appendix D. This data was extracted from WASH 1400 [153, IEEE Standard 500

[19), the LLNL Zion Seismic Safety Report [17] and others [20, 21, 22, 23,
24]. Care was taken not to include external causes in the failure
probabilities used for each component. Table 4-6 contains the generic data
base which was extracted from these sources and used to the full data base
listed in Appendix D. Negative signs were used in this table to indicate a
failure rate to the computer and were multiplied by 0.5 hours to obtain a
failure probability on the assumption that the safety injection phase would
last about one-half hour.

|
.

The first two components on the list are check valves that need to open and
to close respectively, The Iedian Point data base indicated a failure rate
of 1 x 10-4 per demand for a check valve to fail to open en demand and a
failure rate of 0.5 x 10-7/ hour for excessive leakage. The first active '

component in the generic data base was a motor operated valve which had to

open (VMDAO) for safety injection. The generic data base contained six
failure modes for this type of valve. These were:

107
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. Failure Mode Source Probability
(1) Failure to Operate on Demand IP 4 x 10-3
(2) Failure due to Closure

-8'

(or Plugging) IP 1.4 x 10
(3) Inadvertently Closed Zion 1 x 10-3
(4) Maintenance Error leads to

Blockage Zion 1 x 10-4
(5) Out of Service for Test Zion 7 x 10-4
(6) Out of Service for Maintenance Zion 8 x 10-3

As can be seen, the first two failure modes are due to mechanical failures,
whereas the last four are due to incorrect human interactions with the
val ve. These last tems were taken from the Zion SEISIM data' base [28].
If the six terms are taken as independent, the resulting failure
probability for the VM0A0 is

N

PH" l- (1 - P ) = 0.0137i

i=1

where Pt is the ith tem in the probability data
4 base.

If all four human interaction tems are dropped, the failure
probability is reduced to:

i

P .004=
NH

The bulk of the reduction in failure probability occurs due to the removal
of the "out of service for maintenance" term. The failure probability can
be recalculated i.,cluding only the first five tems and yields:

,

PHNA = 0.0058,

.

Thus, about one-half of the probability of valve failure is due to the

; unavailability due to valve maintenance and about one-half of the remaining
failure probability is due to other human interactions.
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~The fourth component in the generic data base (Table 4-6) was a motor )
operated valve (VM0AC) which had to close for safety injection. As can be
seen from the table, the first two failure terms were taken from the Indian |

Point data base and are hardware related failures. The remaining four
terms were taken from the Zion data base and are human failure related.
Except for the second term, the failure probabilities are identical to the
VM0A0, and the impact of removing maintenance, and human related terms is

about the same as'for the motor operated valve that needs to open.

There were two generic classes of pumps identified in this study, the pump
which was off and turns on at the receipt of the SI signal and the pump
that was already running at the time of safety injection. The safety
injection pumps fit into the first category (PUMPNO). The first two terms
in Table 4-6 for the PUMPA are terms due strictly to mechanical failure,
whereas the last two terms are caused by human error. The failure data for
the normally running pump does not contain a term due to failure to turn on
since it is already operating. The pump failure data is again dominated by
the " unavailability due to maintenance" term with the second largest effect
contributed by a human operator inadvertently turning the pump off.

Thus, the failure data used in the quantitative analysis of the
HPSIS appears to be dominated by failures due to incorrect human
interactions with the components of the system.

.-
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Negative probabilities represent probabilities per hour. References in parentheses are the entry number in
Table 1-5, 1-4 in IP2PRA, "IP2 Specialized Component Hardware Failure Data". References to Zion are from.
Table. D of SSMRP naming scheme and the SSMRP data base of random failures,

j

PROBABILITY , al
GENERIC FAILURE COMPONENT (FUNCTION) 0F FAILURE DESCRIPTION OF FAILURE REFERENCE |

VCAO CHECK VALVE 1.E-04 FAILURE TO OPEN ON DEMAND (3).
( ACTUATE TO OPEN)

VCNC CliECK VALVE -5.E-07 FAILURE TO SEAT / EXCESSIVE REVERSE LEAKAGE? (4)'
(NORMALLY CIASED)

VMOAO MUTOR OP VALVE 4.E-03 FAILURE TO OPERATE ON. DEMAND (6)-

5 (ACTUATE TO OPEN) -2.8E-08 TRANSFER CLOSED .. .~ ( 1 )
ZION1.E-03 INDAVERTENTLY. CLOSED (OD) ..
ZION1.E-04 MAINTENANCE ERROR LEADS TO BLOCKAGE (OK)

7.E-04 OUT OF SERVICE - TEST (ON) .
. ZION

8.E-03 OUT OF SERVICE - MAINTENANCE (00) ZION
I

VMOAC MUTOR OP VALVE 4.E-03 FAILURE TO OPERATE ON DEMAND (6).
(ACTUATE TO CLOSE) -1.E-07 TRANSFER OPEN/ EXCESSIVE LEAKAGE- (7)

1.E-03 INADVERTENTLY OPENED (OC) . .

ZION
1.E-04 MAINTENANCE ERROR LEADS TO LEAK (0J); ZION

7.E-04 OUT OF SERVICE - TEST (ON) . ZION.
8.E-03 OUT OF. SERVICE - MAINTENANCE (00) ZION

Table 4-6 Generic Failure Data Base
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CENERIC FAILURE DATA BASE (PACE 2)

PROBABILITY
-

GENERIC FAILURE- COMPONENT (FUNCTION) 0F FAILURE DESCRIPTION OF FAILURE REFERENCE-

VNO HMOR OP VALVE OR -2.8E-8 TRANSFER CLOSED (I)'

MANUAL VALVE I.E-3 INADVERTENTLY CLOSED (OD) ZION'
' ZION

(NORMALLY OPEN) 8.E-3 OUT OF SERVICE - MAINTENANCE (00) ,

VN01 MMOR OP VALVE OR -2.8E-8 TRANSFER CIDSFD - . (1) ..

MANUAL VALVE 1.E-3 INADVERTENTLY CLOSED (OD) ZION

(NORMALLY OPEN)

VMONC MMOR OP VALVE -1.E-7 TRANSFER OPEN/ EXCESSIVE LEAKAGE (7)'
(NORMALLY CLOSED) 1.E-3 INADVERTENTLY OPENED (OC) .

ZION:

1.E-4 MAINTENANCE ERROR LEADS TO LEAK (0J). ZION-

7.E-4 00T OF SERVICE - TEST (ON) ' ZION

8.E-3 OUT OF SERVICE '- MAINTENANCE'(00) ; ZION

VNC MANUAL VALVE -2.E-8 TRANSFER OPEN/ EXCESSIVE LEAKAGE .(2):
(NORMALLY CLOSED) 1.E-3 INADVERTENTLY OPENED (OC) ..

' ZION

C I.E-4 MAINTENANCE-ERROR LEADS TO LEAK (0J) : ZION

7.E-4 OUT OF -SERVICE - TEST (ON) ZION:
~

8.E-3 OUT OF SERVICE - HAINTENANCE (00) ' ZION-

PUMPA ANY PUMP 5.E-4 FAILURE TO START ON DEMAND -(I1)
(MUST ACTUATE) -2.E-S FAILURE DURING OPERATION .

. . (13)-(21)-
I.E-3 OPERATOR FAILS TO LEAVE RUNNING (OG). ZION

8.E-3 OUT OF SERVICE - MAINTENANCE (00) -ZION'

PUMPNO ANY PUMP -2.E-5. FAILURE DURING OPERATION' (13)-(21)
(NORMALLY ON) -I.E-3 OPERATOR FAILS.TO LEAVE. RUNNING (OG) ZION,

8.E-3 '0UT OF SERVICE - MAINTENANCE (00) (| ZION.

HXR HEAT EXCHANGER -4.56E-6 RUITURE/ EXCESSIVE LEAKAGE . ,
-(24)?

t

PROBABILITY OF EITHER THE SHELL SIDE OR TUBE SIDE OF A, HEAT EXCHANGER BEING
'

PLUGGED IS NEGLIGIBLY SMALL (25).-(26), ZION

OILCL OIL COOLER I.E-4 FOR PUMPS ONLY: FAILURE OF PUMP (SIP OR CCP)-
DUE TO INSUFFICIENT COOLING ' ZION

u ir r
- - - - -
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GENERIC FAILURE DATA BASE (PAGE 3) E7'

PROBABILITY
GENERIC FAILURE COMPONENT (FUNCTION) 0F FAILURE DESCRIPTION OF FAILURE ~ REFERENCE'

-

.

GNDSLA DIESEL GENERATOR 3.E-2 FAILURE TO START ON DEMAND (27)
(MUST ACTUATE) 2.E-2 FAIL DURING OPERATION

. (28)
,

1.E-3 OPERATOR FAILS TO LEAVE RUNNING ZION *|
8.E-3 OUT OF SERVICE - MAINTENANCE ZION *-

..

BKRAC BUS FEED BREAKERS 1.E-7 FAILURE TO CLOSE ON DEMAND (29)'
(ACTUATE TO CLOSE) -3.08E-9 TRANSFER.0 PEN '(31)'

l.E-3 INADVERTENTLY OPENED BY OPERATOR (OC) . ZION *

BKRA0 BUS FEED BREAKERS 2.27E-5 FAILURE TO OPEN ON DEMAND (30)
(ACTUATE TO OPEN) NO DATA ON PROBABILITY OF TRANSFER CLOSED

1.E-3 INADVERTENTLY. CLOSED'BY OPERATOR (OD) . ZION *

BKRNC BUS FEED BREAKERS -3.98E-9 TRANSFER OPEN (31)'
(NORMALLY CLOSED) 1.E-3 INADVERTENTLY OPENED BY.0PERATOR (OC) ZION *

AXPRA AUTO TRANSFER DEVICE 5.E-7 FAILURE TO TRANSFER ON DEMAND- (36).
(MUST ACTUATE)

BUS METAL ENCLOSED BUS -6.44E-10 OPEN CIRCUIT. (37)

HINRLKA. MANUAL TRANSFER 6 TRANSFER OPEN FAILURE PROBABILITY- (38)
MXFRf. DEVICE NEGLIGIBLY SMALL

'

FUSE 125VDC POWER FUSE -2.15E-9 OPENS PREMATURELY (46)

SIMRLY SAFEGUARDS ACTUATION 4.92E-7 FAILS TO ENERGIZE ON DEMAND -(47)'
HOTOR RELAY 1.E-3 INADVERTENTLY OPENED BY OPERATOR (OC) ZION
(ACTUATE TO CLOSE)

:

SIGRLY SAFEGUARDS ACTUATION -3.E-8 CONTACTS OPEN (48)
| GENERAL RELAY

(NORMALLY CLOSED),

~

| * FAILURES OF TIIIS COMPONENT NOT LISTED IN Tile STUDY. . FAILURE MODES AND ASSOCIATED.PROBABILTIES ASSUMED
DUE TO SIMILARITY OF COMPONENT ACTUATION TO OTHERS.

. - _ _ _ - _ _ _ _ - _ _
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GENERIC FAILURE DATA BASE (PAGE 4) - ,

PROBABILITY.
-

- GENERIC FAILURE CfHPONENT (FUNCTION) 0F FAltllRE DESCRIPTION OF FAILURE REFERENCE ,

PIPEI PIPE -3.E-12 PLUGS .- (4 3 ) '

STRANR STRAINER 8.E-3 OUT OF SERVICE - MAINTENANCE : ZION-

.(S!!OULD BE REMOVED)
-

XFRMR -TRANSFORMER -1.44E-7 FAILURE DURING OPERATION (32) ..1

(NORMALLY ON)

ZION.
OPW OPERATOR 1.E-3

(DOES WRONG ACTION)
-

@
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5. CONCLUSIONS

The objective of this report has been to demonstrate the capabilities of
Digraph Matrix Analysis to model and evaluate an accident sequence (which6

,

included its front-line and support systems as well as human actions) as a
single well-integrated logic model in order to identify and evaluate
functional systems interactions. We modeled the accident sequence for loss
of high pressure injection during the early stages of a LOCA. This roughly
corresponded to the loss of high pressure injection accident for PWR's in
the WASH 1400 [15] study and to a recent BNL study [14]. We utilized this
correspondence |to make qualitative and quantitative comparisons.

Der conclusions include:

1. DMA is highly capable of modeling and evaluating an accident
sequence (including front-line systems, support systems, and human
actions) as a continuous well-integrated logic model in order to
identify and evaluate systems interactions.

2. Numerous, non-intuitive systems interactions were found between
front-line and support systems that were collectively significant.

3. The operators can contribute a significant improvement in safety
when they correctly respond to a loss of a safety system or
component.

|

|
,

I
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ADDENDUM

Modeling Error Found During Review o1[ Report (11/30/83)

A flow control valve located upstream of SIPIBB was omitted from the
adjacency input for the model . This valve, FCV6348, is shown in Figure 2-6
between SIPIBB and DUM27 (see Figure LD-1). The impact on the system

pcrformance can be assessed exactly since, had the node been included, it
would have been condensed with DUM27 (for a discussion of condensation, see
Appendix A.6.2). Therefore, its reachability would be the same as for
DUM27, node number 92. Using the existing reachability output of both Case
I and Case II, reachability of node 92 to the RCS was found, resulting in
the following 28 doubleton additions to the failure sets of Case I (there
was no change to Case II results):

FCV6348 * FE63170 FCV6348 * OPWFSU

FCV6348 * HDR8 FCV6348 * FUSE 30

FCV6348 * VC62504 FCV6348 * FE170159

FCV6348 * HDR6 FCV6348 * FCV1702

FCV6348 * VC63504 FCV6348 * TW17070

FCV6348 * HDR7 FCV6348 * FCV708

FCV6348 * FCV6347 FCV6348 * TW170161

FCV6348 * SISIGA FCV6348 * CCHXRA

FCV6348 * HDR4 FCV6348 * VB170510

FCV6348 * 6900VSIAA FCV6348 * TW170199

FCV6348 * FUSE 101 FCV6348 * FE170199

FCV6348 * RSS FCV6348 * FCV7025

FCV6348 * SWSI1U FCV6348 * 125VVBI

FCV6348 * SWA30 FCV6348 * EINRLK1718

The addition of these failure sets to the Case I results will result in an
insignificant increase in the overall failure probability.

J

$
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APPENDIX A

DIGRAPH MATRIX ANALYSIS
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A.1 Overview of DMA

Digraph Matrix Analysis (DMA) is based on the use of directed graphs to
represent a physical network and a special purpose reachability code to
identify any component or pair of components that could cause network
failure. The DMA failure analysis of a system is composed of the iteration
of three major steps, as shown in Figure A-1. These are:

1. Construct the system digraph using plant schematics, piping and
instrumentation diagrams, operational procedures, etc.;

2. Process this digraph using the special reachability code; and

3. Expand the system digraph using unit models for each of the
components, thus creating a new system digraph.

Iterate

V
Construct xpandProgess

O{Sthhh Reac ability n d s
Code

Figure A-1. Overview of Digraph Matrix Analysis

The first of these steps involves the identification of all of the

components directly necessary for system operation. These components are

then represented by nodes in a graph. This digraph is constructed by using
AND and OR gates to explicitly model the logic relationships between
components required for successful system functioning. The following rules
are used for choosing the apprcpr iL:s gate for the schematic-criented |

graph.

If a component requires the successful operation of two or more
components that supply it, these supply components are connected to it
by an OR gate. For example, a pump may require both electrical power
and lubrication. The convention for the use of the OR gate is shown
in Figure A-2a. (It should be noted that no special symbol is used to

i
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represent the OR gate.)

If a component requires the successful operation of only one of a
group of components that supply it, these components cra connected to
it by an AND gate. For example, a pump might be supplied with
electrical power from the mains or from an auxiliary generator. The
use of the AND gate is shown in Figure A-2b. (The notation used is
that of the Petri Net [A-1].

ELECTRICAL POWER AC MAINS

,

Pump PUMP

1

LUBRICATION aux POWER

a) Use of the OR Cate b) Use of the AND Gate

Figure A-2. Conventions for the Use of AND and OR Gates in the Digraph

The arrows on the edges between the nodes which represent the components in
the system indicate the direction of flow or propagation of the effect of
information, physical movement, power, etc. The digraph thus contains all
tne components directly responsible for the functioning of the system along
with the logical relationships required for this func*foning. A simplified
system and its corresponding digraph is shown in Figures A-3a and A-3b. In

this example, water from RWST flows through two parallel paths to the spray
into CONT. The pumps (DMP1 and PMP2) will fail if either the supply of
water OR a control signal fails, thus there is an OR gate that joins the
filter (F*) and controller (C*) to the pump (PMP*). The spray into
containment will fail only if a spray from both paths fail; thus the spray
nozzles are joined to CONT by an AND gate.

The sets of single component failures (singletons) and sets of double
component failures (doubletons) for the example can be determined by
inspection of Figure A-3b. For example, RWST is a singleton since it
supplies both parallel flow paths. Any pair of caponents from each of the

126
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Figure A-3a. Simplified Corewater Injection System
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V5
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V6

RWST
V7 * Containrnent

V10 P4 SN2
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V8 ,
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Figure A-3b. Digraph of Corewater Injection System
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,

flow paths forms a doubleton pair except for the set of V5, V6, V7, and V8.

Each of the components of the system digraph is now expanded by the use of
a unit model . This expansion procedure identifies auxiliary components
whose operation may affect system operation.

9

2
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A.2 Expansion Via Unit Models
,

The basic digraph is expanded by replacing each component with a unit model
for that component. These unit models describe the direct dependence of a

' component on other components and thus their inclusion in the system
digraph will allow the analyst to uncover additional failures which are
introduced by support components. The expansion of the components in the4

digraph into their unit models will lead to the discovery of common mode
failures between components due to shared support components. A typical
unit model for an active component includes the power, control, lubrication )
and maintenance inputs. In addition, location of the component is
represented as an input to the component. The philosophy behind the
construction of the unit model is the identification of all nodes on which>

the component depends for operation, that is, the identification of direct
failures which would result in component failure. A simplified unit model
for a pump is shown in Figure A-4.

COOLING

N LUBRICATION

CONTROL
- 14 CATION

rme
OPERATOR

MAINTENANCE

Figure A-4. Pump Unit Model

In this model, failure of control, power, cooling or lubrication will cause
the pump to fail. Failure of the pump could also be caused by the
propagation of an effect from its location, by an operator turning it off,
or by incorrect maintenance practices. The failure due to location could
be an external event such as a fire or an internal event such as the
explosive failure of a component which shares the location. The discovery
of singletons and doubletons involving location is as significant as the
discovery of any other component failure sets. There are other possible
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f

inputs -to the unit model . For example, component manufacturer could be
included with.a resulting expansion of the failure sets to include common

'

manufacturer.

Most vital components such as pumps, valves, etc. are supplied from-
redundant power systems. Redundancy in the unit model is represented by
connecting the redundant supplies to the component via-an AND gate, as
shown in Figure A-5, where two power supplies and a manual control backup .
have been provided. Note that there are two operator inputs (nodes) in
this model, the operator who could mistakenly turn off the pump (OPW) and
the operator who could override a control failure (OPR).

ALUTMATIC
CONTROL OPR

($) ($)
POWER 2 3r ,,

POWER 1 MAIhTENANCE

LUBRICATION : OW

ruxP

COOLING IDCA 10N

Figure A-5. Pump with Redundant Power and Control

Each of the components identified in the system digraph is expanded by the
use of additional unit models. As this expansion proceeds, the generic
unit model which describes each component type can be reused (with

appropriate labeling changes). A partial first level unit model expansion
of the digraph of Figure A-3b is shown in Figure A-6. In general, complete
system digraphs, such as Figure A-6, will not be drawn by the analyst. The
complete system digraph is created by adding the data for each unit model
to the adjacency element list which describes the system digraph of ~the
previous expansion.
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Figure A-6. Partial First Stage Unit Model Expansion of
the Digraph of the Core Water Injection System
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New components which are identified by the unit model expansion procedure
now become the center for continued unit model expansion. For example,
power should be expanded to include each transmission line, switch, relay,

Itransformer, etc. As this expansion proceeds, components, locations,
operators and maintenance shared by systems will be discovered. As the H

expansion steps proceed, the digraph grows to a very large size (on the
order of 3700 nodes for the high pressure safety injection system analyzed
in the main body of this report). Singletons and doubletons which arise
through this expansion will not be apparent to the analyst or team of
analysts constructing the model . To' uncover these dependencies, a special
computer code is used. This code is based on a reachability calculation,

which will be explained in a following section ( A.5).

The large size of the complete digraph model also requires a procedure to
divide this digraph into s:'ialler units, each of which can be processed
independently. This procedure is called " partitioning"; the results from
the processing of each partition are then costbined to yield the global
digraph results. The partitioning procedure is described in Saction A.7.

.
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A.3 Modeling the Effects of Breaks in the System

The digraph modeling procedure described tc this point is valid only for
j the propagation of the effects of component blockage or break d_oynstream.

That is, in the model as described, a pipe break will affect the flow
through components which are downytream, but not upstream of the break.
Since a pipe break acts as a sink for fluid flow, it should also affect the

operation of upstream components. For exampic, the pipe break shown in
Figure A-7 between valve 1 and pump 1 would provide a drain for the water

.

in the RWST and would ultimately affect the flow through the alternate path
composed of pump 2 and valve 2.

BREAK
PUMP 1 VALVE 1

V |O @T

RCS

PUMP 2 VALVE 2

Figure A-7. Effect of Pipe Break

A procedure whict' extends the digraph model to include the effects of the
propagation of breaks upstream will now be described. This extension
propagates the effects of a break both downstream and upstream while
propagating the effects of a blockage downstream only. The digraph which
propagates the effect of breaks both upsteam and downstream is shown in
Figure A-8a. In this figure the primed components (e.g., PIPEl') represent
the failure of a component in the break mode and the arrows on both ends of
the edges between the nodes indicate bidirectional flow. It can be seen
from this digraph that the effect of a break failure anywhere in the system
will propagate to all other components. The block model digraph is shown
in Figure A-8b with the combined block / break digraph given in Figure A-8c.
It should be noted that the nodes which represent component failure as a
break are connected _to, the nodes which represent component block failure,
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but the reverse is not true.

The addition of a break node for each component will approximately double
the size of the system digraph. Fortunately, a group of bidirectionally
connected nodes can be combined into a single equivalent node reducing the
network size.* The effect of this reduction is shown in Figure A-9.

Any good system design w!11 have canponents which are used as break
mitigators. In fluid flow networks, automatically or manually operated
valves and check valves are used for this purpose. In electrical networks,

the break (short-circuit) mitigation function is performed by circuit
breakers or fuses. In DMA, these break mitigators are modeled by an AND

gate on the bidirectional edge between adjacent nodes which represent the
component break modes. The modeling of a typical break mitigating
component is shown in Figure A-10. In this figure, the valve, V1, can be
used to limit the effect of a pipe Dreak, PIPE 1', from affecting upstream

components. The use of the valve as a break mitigator is indicated by the
double prime in the symbol for the valve, V1". It should be noted that a
break in both PUMP 1' and V1' will still propagate downstream. The nodes
which represent components used for break mitigation are now candidates for
unit model expansion following the procedure described in the preceeding

section.

___ _ _ __

*{e r ph theory terminolggy, a grouping of bidirectionally coupled nodes isca strong component
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|
I A.4 Modeling Complex Networks with Bidirectional Flows

Front-line safety injection systems and component cooling system contain
piping networks which enable operators to configure alternate flow paths
should normal paths fail. This design feature incorporates positive
human intervention to increase, somewhat dramatically, the robustness of
these systems.

The number of possible flow paths is strongly dependent upon the number of
switching junctions in the network and can quickly become astronomical. In

the case of piping networks, these switGes are the pipe headers (pipe ,

junctions) where the flow direction is controlled by external pressure
conditions. Two approaches can be used to model the potential use of all
of the possible paths. The first is a global method whereby an exhaustive
list of all possible paths through the network from source (s) to sink (s)
would be generated. Such a global approach would require substantial ,

effort due to the large number of paths. The second approach is a local
method whereby the network is modeled length by length and header by header

using a simple digraph algorithm to capture the switching behavior of the
headers. This was the procedure used in the analysis of the high

pressure safety injection system and which will now be explained.

Consider the network shown in Figure A-11. Flow must pass from the RWST to

pumps P1, P2, and P3. Crosstie valve V3 is nomally closed so, under
normal conditions, should valve V1 fail closed, P1 and P2 would not have an
open path from RWST and so those injection paths would fail. However,

allowing the operator to open V3 changes the outcome since flow through V2
could supply all three pumps (provided that the pipic.g has been sizod to
allow for this contingency). The digraph for this network is shown in
Figure A-12. The network was considered as consisting of headers and

connections between them. The digraph was constructed a header at a time
without the need to consider global path searches. The algorithm which was
used is as follows:

At each header, flow can exit through each of the pipes which fom the
junction (unless a check valve or pump constrains fluid from flowing
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.

away from the header in a given pipe). Considering each exit
independently, the possible sources of flow to it are AND-ed together
and input to a dummy node. The sources are nodes adjacent to the
header. The node representing the header OR's into this dummy node .

and represents the necessity of an open path through the header to i

'

enable flow through the exit path being considered. This process is
repeated for each output from the header and the entire scheme is
repeated at each header throughout the network.

An example of this modeling is shown by the model for flow through header
HDR2. This header is the junction of three pipes and fluid can flow away -

from the header through any cf the three paths. These paths are considered
,

one at a time, in any order, and the status (success or failure) of each
path is embodied by a dummy nede. Dummy nodes in this example all begin
with D. Node DHDR2A is the status node for flow away from HDR2 and toward

P2. Flow to it can come from either of the two other entrances to the
'

header, so these two flow paths are AND-ed together and input to the status
node. One of these flow paths originates at DHDRIB and the other at DV3A.
The first is the flow away from HDR1 in the pipe connecting it to HDR2.
Inputs to DHDRIB will not be developed until modeling has progressed to
HDR1. Node DV3A is flow away from valve V3 in the direction toward HDR2. *

As before, inputs to that node will be developed when modeling has
progressed to V3. Node HDR2 inputs to DHDR2A since integrity of a path

~

through the header is needed with either of the two flow paths for the flow
to reach out of the header toward P2. Once this simple analysis has been
applied to the other branches out of HDR2 and to the other components
through which flow can pass in more than one direction, the digraph is
compl ete.

The support needed by V3 is OR'ed in and the effect of the failure of that
valve can be ascertained visually by propagating it's "true-ness" through

) the digraph or analytically by processing through the tripleton
f reachability code. Reachabiluv is an analytic operation on the adjacency *

input which computes single and do31e dependency from anywhere to anywhere

in the network. The avoidance of path searching to determine dependence
allows the modeling and analysis of very large and complex networks.

,
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Examples of this modeling in HPSIS can be found in the CCS networks and in
the network RWST.DAT which connects the refueling water storage tank RWST

to the two front.-line injection systems. RWST.DAT was initially traced
from TVA P&ID 47W811-1 and then modeled. Adherence of the digraph to the

original P&ID greatly facilitates generation, debugging, and auditing of
these network models.

.
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| A.5 Adjacency &_ Reachability [A-2]

The connectivity of a network can be represented as a graph (partially or
completely directed), G, or equivalently as an adjacency matrix, A. Figure g

A-13 shows a typical graph and its adjacency matrix. The rules that define
an adjacency matrix are as follows:

ajj = 1 if node i and node j are directly connected
0 otherwise.

,

8 Tn
A B C D

bb bA C From B
C 0 0 0 0
0 0 0 1 0 <

D

Figure A-13. Graph and' Corresponding Adjacency Matrix
'.

The adjacency matrix can be viewed as describing the possibility of flow
from node i to node j. One-way flow in a network from node to node is
representeu by following the above definition, that is, for a pair of nodes
(1,j) for which flow is allowed from i to j but not from j to 1:

,

ajj = 1
ajj = 0.

The connectivity between all pairs of nodes in a nstwork is contained in
the reachability matrix. The detennination of whether any arbitrary node
is reachable from any other node can be made by Boolean manipulation of the
adjacency matrix. This reachability matrix can be derived from the
following property (transitive property):

Connection from element k to element n = akn
~

Connection from element n to element 1 = a l-n

Hence, element akl is composed of two terms, akn and a l, both ofn

which must be nonzero, that is; akl = akn*a 1 Using the Boolean
,n

product operation (Boolean AND function),
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1*1 = 1

aki = akn*a 1 where 1*0 = 0n

0*1 = 0
0*0 = 0

In matrix notation, for a network containing n nodes
-

-

.,.- >> n- 2-
.,, .,, . . .

. .
_

- -
,

-
..

,
"'

R2 = [A] * [A] = , . .;.

,l ,2
~

, , , ,
*

- "
2n

* *. * 4

where R2 represents the reachability matrix for all paths that require
exactly two steps between all pairs of nodes.

For connectivity in exactly m steps, the reachability matrix becomes
[A]m,R =

m

Thus, the reachability matrix for connections of all lengths between node
pairs of any number of steps is given by

/.

{ AmR=
m=1

where the summation represents the Boolean sum (logical OR) operation,
i.e.,

'

1 +.0 = 1
0+1=1
1+1 1

0+0=0
It can be shown that the R matrix converges to a steady-state value, that
is,

m

R = lim A"
'

ss
m +.o n=1

.
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This procedure is computationally inefficient and many algorithms have been
developed to efficiently perform the reachability calculation, two of the
more efficient being algorithms developed by Warren [A-3] and Warshall
[A-4]. The present version of the DMA reachability code is based on the
Warren Algorithm.

One of the authors, I.J. Sacks [A-2] has extended the concept of
reachability to conditioned graphs * where a conditioned graph is to be used
as a representation of logical network. This extension forms the basis of
DMA. The weighted graph of Figure A-14a is equivalent to the logic network
of Figure A-14b where the weights a and b are taken as binary variablu.

C D C

A B) A B

b

D J D

(a) Weighted Graph (b) Logic Network

1

Figure A-14. Weighted Graph and Equivalent Logic

|The weighting in the graph represents a control on the connectivity of the
graphs. The conditioned graph can be represented by an equivalent matrix
representation. Figure A-15 shows the logical AND symbol, along with the
Boolean equation that it represents rnd an equivalent conditioned adjacency

matrix. (The notation used is that of the Petri Net [A-1] where the bar
represents a controlled transition.)

* Titis' technique is somewhat similar to that proposed by Chamow [A-5].
'

i~
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(a) AND Gate (b) Boolean Equation (c) Matrix Representation
Figure A-15. ' Representation of ~an AND Operation

The matrix of Figure A-15 is read in the same from-to manner as before,
that is, to get tfL C from A requires B. Node C can be' reached from either
node A with B or from node B with A. :These two adjacencies are equivalent.

Figure A-16 thows the logical OR symbol, along with the Boolean equation
that it represents, and an. equivalent adjacency matrix.

A
A B C

A 0 0 1
C C=A+B B ggg

B

(a) OR Gate (b) Boolean Equation (c) Matrix Representation
Figure A-16. Representation of an OR Operation

The matrix is read in the same from-to manner as above, that is- node C can
be reached from either node A or node B.

Combinations of AND and OR gates are easily represented in the conditional
adjacency matrix format. Figure A-17 is a logic network composed of two CR
gates and one AND gate.

,

e
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AC D F-
BG / U '

E

8UQ N Gn |
~U

Figure A-17. Example of Multiple Gate Logic Network

The individual component logic adjacency matrices for this network are
given in Figure A-18.

A E. F r G E C 5 G

G d8 b b0 LB b b L.
F 0 0 0 E 0 0 0 G 0 0 0

Figure A-18. Component Matrices

These matrices can be combined into the single adjacency matrix shown in
'

Figure A-19, which represents the entire network of Figure A-17.

A B C D E F G
A 0 0 0 0 0 0

8 88888o 9
2 8 8 8 8 8 8.o
5 8888988

Figure A-19. Adjacency Matrix for Logic Network of~ Figure A-17

The reachability calculation procedure described above can be applied to
this adjacency matrix to yield all singletons and doubletons for the
network of Figure A-17. The question we are attempting to answer is: Can
we reach node E from any single node alone or any combination of two nodes
alone?

|
If the adjacency matrix of Figure A-19 is Boolean AND'ed with itself and |

the result then OR'ed with the original adjacency matrix, the conditioned
reachability matrix of Figure A-20 results. This matrix is read in the
same manner as the adjacency matrix, for example node E can be reached from;

node A with node G. Substitution for G by all nodes which reach node G
then yields network connectivity to E.

,
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Figure-A-20. Reachability Matrix for the Example Logic Network

' When this substitution process is ~done, it is seen that the pairs
A, G
A C

h0
F C

* *

are doubletons to node E.,

The process described above was implemented in two computer codes, CLAMOR
and SQUEAK, at Lawrence Livermore National Laboratory [A-6,A-7]. Both

codes are capable of finding reachability sets of any order which reach any
node. These codes reqitire a 1.arge computer (CDC7600 or equivalent) to
process problems of about 200 nodes. Processing times are on the order of
30 minutes. By restricting the analysis to singletons, doubletons, and
special case tripletons, a faster set of codes which run on a minicomputer
and are capable of processing problems containing thousands of nodes was

j; developed. These codes are described in the next section.

.1

-
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A.6 Efficient DMA Codes

The present version of DMA utilitizes a family of computer programs which
work together to find singleton, doubleton, and specified tripleton
cut-sets of a digraph. Figure A-21 shows the data processing flow used for
the present implementation of DMA. A brief description of the operation of
each program will now be given:

A.6.1 ADJ

Program ADJ converts alphanumeric adjacency element data into a numeric
' input and provides a list of the number of variables used in the
alphanumeric input data. Example input to and output from ADJ is shown in
Figure A-22.

A B A 1 1-1
2,t:,1
31

8:,,8 1:t 1o =o m o,:,o o:.ooD

g:gf
CO

a) Digraph b) Adjacency c) Variable d) Adjacency

List List List

(input) (output)
{
i

Figure A-22. Input / Output for Code ADJ

The 0,0,0 at the end of the alphanumeric data is used to-indicate the end
of data.

A.6.2 CONDENSE

Program CONDENSE removes redundant node numbers from the numeric adjacency

element list by a process of forward condensation. The rule for forward
condensation is:'

149
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INPUT DATA > ADJ j

v

-CONDENSE

t

v

COMPRESS

" ',-
-

#

A- v

TRIPLET 0N REACHABILITY 3 VERSIONS AVAILABLE

CODE CODE FASTBIT
'

's | VBITs
'
's WVBIT

's
A

se N/ %/

SHORT NEW2 MATRIX
.

Figure A-21. DMA Data Processing Flow
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If a node is adjacent _tc only one other node, its number can be
replaced by the adjacent node.

This step is equivalent to Boolean absorption. The digraph of Figure A-22a
condenses into the digraph of Figure A-23a. The condenser program also
renumbers the nodes, eliminating any repeated numbers in the numeric
adjacency input. Typical output is shown in Figures A-23b and A-23c.

I

B k_ * 2' ,1 1-1
2 2-A

-*O D 4' *'4
--

2 2-B
O ,0 3-D

4-C
A

1

a) Condensed Digraph b) Adjacency List c) Variable List
Output

Figure A-23. Condensation Progra- Operation

Condensation has a high payoff in the use of a matrix reachability code
since processing time is approximately proportional to the third power of
the order of the adjacency matrix and the computer memory requirement is
proportional to the square of the order. Condensation typically reduces
problem size by about 1/3. For example, an early version of the safety
injection pump injection system (SIPIS) condensed from 1004 nodes to 625
nodes.

A.6.3 REACHABILITY

The reachability code finds all of the singletons and doubletons of the
system digraph. This operation is performed using the logic shown in
Figure A-24.

|

All unconditional adjacency data (e.g., A,B,1) is processed by a f t
binary reachability algorithm. To conserve storage and enhance speed, each

element in the reachability (or adjacency) matrix is represented by one
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Figure A-24. Reachability Code Flow
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I

bit, and computer hardware Boolean logic operations are used on words
containing N bits. Thus, a reachability matrix of 16 elements would take 1
x 16 words of storage in a computer with a 16 bit word size. The Warren.
Algorithm [A-3] is now being used for the reachability calculation. This
algorithm appears to be more efficient for sparse matrices than the
Warshall Algorithm and is given below.

1

Warren Algorithm (Taken from [A-8])
S1 (initialization) A is the adjacency matrix of G.
S2 Do S3 for 1 = 2,...,n.

,

S3 Do S4 for j = 1, 2, . . . , n. I

S4 If A(1,j ) = 1, then Do SS for k = 1, 2, . . . , n.
SS A(1,k) = A(i,k) + A(j,k).
S6 Do S7 for i = 1, 2,..., n-1.
S7 Do S8 for j = i+1, i+2, . . . , n.
S8 If A(1,j) = 1, then Do 59 for k = 1, 2,. . . , n.
S9 A(1,k) = A(1,k) + A(j,k).
S10 HALT.

Note: + represents the Boolean OR operation.

The result of this binary reachability calculation is the set of singletons |

for the digraph with all AND gates removed. Figure A-25 shows this case. |

A B A B A B C D

| ||||
C C-*<3 D 0 *O oD

@ O D 0 0 0 0
c c

a) Digraph b) Deconditioned Digraph c) Reachability
Matrix

Figure A-25. The Deconditioned Graph

The reachability code then performs an inner product operation on each
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-conditional adjacency entry. This inner product AND's the columns given by
the two input' entries (8 and C in the-exam. 'e)-and places the result in the
column indicated by the output entry (D). Each conditioned entry-is
processed through this inner product.

The reachability matrix which results from this inner product process is
then processed through the Warren algorithm to " connect up" all of.the new
partial paths fcund by the inner product operation. .This inner
product /reachability loop is repeated until the reachability matrix
converges. The resulting matrix is the Sirjle Dependency Reachability
Matrix which contains all singletons of the system digraph.

' Double _ dependency is found in a similar manner with one difference. One of
the nodes in the problem is " turned on" and the single dependency
calculation is repeated. -The resulting " single dependency matrix" is
conditional on the " turned on" node. Thus, the process identifies double
dependencies (doubletons). Each of the nodes is " turned on" and the
corresponding single dependency matrix generated. Thus, the output will
ultimately contain all singletons and all doubletons.

,
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A.6.4 0UTPUT CODES

.There are three types of output codes presently used. These codes
generate:

.I'. A list of the singletons and doubletons (SHORT); |

!

.2. A set of conditional Reachability Matrices (MATRIX); and

3. . A Single /Doubleton' Matrix (NEW2)

Program SHORT allons the user to search the output file generated 'n the
~

reachability code for specific " reaches" either from or to a node. Using
this code, it is possible to find all singletons and doubletons to a-
specific teminal node and to .detemine why they have occurred. A typical ~

.cutput from SHORT is shown ::: Figure A-26. Program MATRIX presents the

reachability output file in conveni.ional adjacency matrix format. The
output from this program is composed of N+2 matrices. The first two of
these are the deconditioned adjacency and. single dependency reachability
matrices, respectively. The other N matrices are the conditional " single
dependency" reachability matrices for each of the N components taken one at
a time. Typical output from MATRIX is shown in Figure 27. Program NEW2
generates the singletons and doubletons in the most useful and compact
format (Figure A-28). The singletons are listed below the doubleton
matrix. The doubleton matrix is read as follows:

Each i,j element with an asterisk presents a doubleton composed of
component i and component j.

,
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Figure A-26 Output from Code SHORT Figure A-27 Output from Code MATRIX
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1

1 PROGRAM NEW2
run 'ile:rg|prt.dat
vara $ef' e! NNb. $t*

REACH PAIR: 1, 4

:: h
NtMBER OF VARIABLES = 5
NO SUPPRESSION CHOSEN

NUMBER OF RECORDS = 7
R0W NUMBER = 3

2 3 5
*_ _

*
* * _

*** SINGLET 0NS***
4 0

1

Figure A-28. Output from Code NEW2
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' A.7 ' Partitioning

Once the global digraph has been constructed it is possible to identify
complex modules that can be' replaced by much simpler digraphs which, to the
rest of the global digraph, act like the original module. The process of j
identifying and replacing these modules is called partitioning and the

'

result is a reduction of the number of nodes ir. the global digraph.

Partitioning . therefore, is a two step process: 1) Identification of the
modules to be. partitioned; and 2) Generation of an input / output equivalent
digraph to replace the module. A simple approach to the first step is to
select unit models as partitions. While this approach most likely wouldn't
result in the greatest possible reduction of nodes, it makes unnecessary -
the development of sophisiticated global search and partitioning

i

al gorithms. For the global model of HPSIS, using the valve unit models as
partitions reduced the problem size by about 50%.

The second partitioning step requires consideration of how the connections
into the partition can affect the output of the partition. The valve
partitlen contains 8 nodes which have inputs from outside the unit model.
These 't,oundary nodes" are inputs from support systems for power and
control as well as from human operators. The question that has to be
answered is what combinations of these boundary nodes can cause the single
output node to fail? This is answered by tying each of the 2**8-1
combinations to a corresponding master node and then calculating the single
dependency reachability for the new network. Each of the master nodes
which can reach to the output of the partition represents a particular j

combination of boundary nodes which can cause the valve to fail. Since

this combination could arise when the valve is integrated into the global
model, the effective digraph which will replace the valve must contain that
reachability information. If, for instance, the valve will fail if the

master node connected to boundary nodes 1, 3, 4, 6, and 7 fails, then the
effective digraph must contain the 5 input AND gate with those nodes as >

inputs and the valve output node as the output. No information internal to
the valve need be carried thus reducing the size of the global model.
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Furthermore, if it can be proven that, for a given boundary node, there are
no singletons in the global model which can cause it to fail, then it
needn't be included in any sets of combinations containing more than itself
and one other boundary node. Also, if that same node cannot fail due to a
singleton or doubleton in the global model then it needn't be considered in
any of the combinations. The caveat here is that the resulting partition -

cannot be used to calculate tripletons to the valve output, but this can be
bypassed by generating partitions with boundary node combinations of

i desired degree of reachability.

After processing the g'obal partitioned problem, it may be necessary to
include details of the valve interior depending upon whether a partitioned
valve output appears as a singleton or in a doubleton pair. In the first

case, those components within the valve which are singletons to the output
node must be included in the global singleton list. Also, those components
within the valve which are doubletons to the output are added to the global
doubleton array. For the second case, nodes within the valve which are
singletons to the partition output must be included along with the output
node in the global doubleton array. This post-processing requires a
reachability calculation on the valve unit model alone.

<
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- A.8 Tripleton Code
,

,

The DMA model provides a rich basis for investigation of the effect of
( various component or system failures. For example, the effect of the loss
: of offsite power could be investigated by " turning on"-the node which

represents offsite power. A special version of the reachability code was
designed and is:used to allow these. investigations. This code functions in
a manner similar to-the reachability code described earlier with one
difference. After the single dependency reachability calculation is
performed, a double dependency reachability calculation is performed using
the node to be "tcrned on" as the firct KKK (Figure A-24). The

'

reachability result of this calculation is then used as the result of the

single dependency calculation for all subsequent KKK (doubleton)
calculations. The resulting doubletons are doubletons if, and only if, the
" turned on" node is true (in the failed state). Thus the doubletons are
tripletons with the turned on node.-

..

~'

This technique allows a simulation study of the impact of specific failures
on the system. For example, the loss of onsite power could be investigated

I by creating a master node for onsite power and making it adjacent to all

{ onsite power sources. This master node would then be turned on for a
'

tripleton run.

.
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