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Control failures in the Oconee-l Nuclear Plant were examined to determine the
extent of which such failures can impact plsnt safety. Plant systems capable of
initiating plant overcooling and undercooling were identified, as well as those
with potential for overfilling events in the steam generators.

Failure mode and effects aralyses were conducted on these candidate plant
systems, with computer analysis applied where appropriate. This latter process
utilized a detailed hybrid computer model of Oconee-l, developed as part of this
program. Where failures with safety consequences were found, probabilities of
the pertinent scenarios were developed. Recommendations for corrective actions
complate the report.



Executive Summary

1.0 INTRODUCTION

1.1 OBJECTIVES

The overall program is intended to assess the safety implications of nuclear
power plant control systems by examining the consequences of control system
failures and action, both planned and unplanned. Criteria will be developed for
estatlishing the relative importance to safety of control systems; design and
opera:ion criteria will then be recommended for these systems based on their
relative importance to safety.

In performing these tasks, a major cbjective is to assist in the resolution of
Uaresolved Safety Issue (USI) A-47 on Safety Implications of Control Systems.
The Task Action Plan for that USI states that its objective "...is to perform an
indepth evaluation of the control systems that are typically used during normal
plant operation and to verify the adequacy of current licensing design require-
ments or propose additional guidelines and criteria to assure that nuclear power
plants do not pose an unacceptable risk due to inadvertent non-safety grade
control system failures."

This study embodies all of the objectives of USI A-47. It goes beyond the
objectives of A-47, however, since this study addresses operator errors,
sabotage, and harsh environments to a degree not included in the guidelines for
A-47. It is intended that this work shall be done in a plant-specific fashionm,
and the first task (described in this report) provides a careful examination of
reactor transients in one specific plant of Babcock and Wilcox (B&W) designm,
i.e., Oconee,l.

1.2 APPROACH

A Failure Mode and Effects Analysis (FMEA) is the standard method used for a
systematic qualitative search for significant failures and their consequences.
It has commonly been applied to elements of the reactor protection system, and
it is this same formalism that we are extending to failures in control systems.
In this process we identify a failure class and then define broad functional
conditions which must occur to produce the problem under consideration. Each
system is then examined for modes of failure and for the effects of each such
failure mode. It is from this part of the study that we identify the failures
which produce the broadest effects, or define the minimum set of failures that
leads to certain kinds of consequences. Many of the failures treated in the
FMEA can be disposed of on an a priori basis. Other events will be found to be
already considered elsewhere (e.g., in the PTS program, or in Chapter 15 studies
for licensing reports).

There will remain some residuum of system failures with potential safety
consequences. These will be addressed through computer simulations in an
activity referred to as the "augmented FMEA." Two criteria musc be satisfied
for a scenario from the FMEA process to be selected for the computer program:
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A. There must be potential for overfilling, overcooling, or over-
heating, as determined by the broad FMEA, but without certainty
as to the extent of the consequences

B. There must be no satisfactory alternate source (e.g., the PTS
program or Chapter 15 studies) for computations from whi-zh the
consequences in question can be determined.

1.3 LIMITATIONS OF THE STUDIES

No external events have been considered in this controls study of the Oconee-l
NSSS. The neglected categories include earthquakes, fires, and floods (external
and internal to the containment), as well as sabotage. These initiating events
are important, and they will be addressed in a later extension of the program
but are cutside the scope of the present report. Actions that the operator
could take were identified. However, all possibilities were not studied nor, in
general, were alternatives beyond the first identified.

In part because disclosures of controls dynamics and configurations have not
been required for licensing or for other regulatory overs.ght, the controls data
required for this study have not been routinely available. Though the final
computer model is exhaustively complete, some exacerbating or ameliorating
features may be missing from some transients through lack of information or the
time to acquire it.

It must be recognized that the effects of control system failures during
accident or normal plant operation will differ from plant to plant, and
therefore it may not be possible to develop generic solutions to such problems
as are found on a plant-specific basis. It is reasonable, however, to expect
generic criteria that can be used for the plant-specific reviews.

2.0 SUMMARY OF RESULTS

2.1 BROAD FMEAs

The plant systems comprising the Oconee Nuclear Station have been identified and
evaluated to assess potential impacts of system failures on three plant failure
modes: Steam Generator (SG) Overfilling, Reactor Coolant System (RCS) Overcool-
ing, and Insufficient Core Cooling. The systems and impacts of their failure
modes were evaluated in three tasks. The first task consisted of performing a
preliminary screening of the plant systems to select those systems whose failure
could cause or exacerbate the plant failure modes. The effects of support '
system failures on systems directly affecting RCS response were considered
specifically in the selection of systems.

The screening process was undertaken by mapping the systems which had functional
interfaces to the coolant system primary and secondary. Then systems with
interfaces to those systeas were mapped. Functional relations across interfaces
vere examined to determine which systems had controls whose ‘ailures might
impact system cooling.

In the ease of steam generator overfill the problem was simplified because it
had been reduced to a single kind of functional failure in a single sub-system,
the steam generator. A top down analysis was made to identify all control
system failures which might impact such a failure.
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2.2 STEAM GENERATOR OVERFILL /

Steam generator overfill comes about when the feedwater flow rate overbalances
the inflow heat rate to the steam generator. Heat input can be diminished by a
drop in feedwater temperature or a drop in core power. Water flow can be
increased by failures in the steam generator/feedwater control system. Our
studies indicate that credible decreases in main feedwater temperatures are well
compensated by control system action and that substantial additional failures
would be required to bring on a serious safety problem in the primary. Decrease
in core power can aggrivate steam generator overfill. Further, such a decrease
will occur in most important overfills because scram is expected to occur. We
have found that excess water feed, as a result of improper actions of steam
generator or main feedwater controls, may induce serious overfill with a
credibly small number of control failures.

Steam generator overfill is a concern because it appears to have the potential
to

a. produce secondary side damage which might compromise safety equipment or
produce a cascade of events which might have primary side effects including
radiological leakage,

b. cause densification of primary coolant, reducing pressure, possibly losing
pressurizer control, possibly vapor-locking the primary flow path, possibly
introducing excess reactivity from cold flow, and

¢. provide excess cooling which might in some cases contribute to PTS.

We have found that a number of control system failure scenarios can lead to
water entry into the steam line. In one case a single failure causes this; in
several other cases, a preexisting undetected failure and one additional failure
can bring on the event. Such events have occurred and have caused extensive
damage to the affected steam system. Items which can be damaged include turbine
drives on main feedwater and emergency feedwater pumps, turbine bypass valves,
steam safety valves, steam iine supports and the steam line itself. If we
assume a steam lire, which is not qualified for this environment, could rupture,
then a cascade of dependent events might follow, including multiple steam
generator tube rupture with small break LOCA vented direct to the atmosphere.

2.3 OVERCOOLING OF PRIMARY COOLANT

Conditions that cause RCS temperature to drop l00°F or more in an hour are
considered to be overcooling. Also, tentatively, RCS cooling to a degree that
causes system variables to assume values that should cause ESPS actuation is
considered overcooling. For purposes of performing the system FMEAs, less
restrictive criteria have been followed in proposing failure sequences to ensure
that potentially significant sequences would not be excluded prematurely. The
selection criteria were accordingly expanded to include transients whose post
reactor trip development might include unusual decreases in RC pressure and
inventory as well as temperature,
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To aid in subsequent analyses, the overcooling criteria were related to RCS
transient classes. These classes were (1) a release of reactor coolant from the
RCS, (2) opening the pressurizer spray valve, and (3) increased heat transfer
thro' th the steam generator tubes.

Failures judged to be significant include:

Class 1 - (a) PORV fails open or fails to close, producing a small break LOCA.
(b) RC pump seaks fail.
(¢c) Steam generator tube ruptures.

Class 2 - Pressurizer spray valve fails open or fails to close.

Class 3 - (a) Steam generator overfills - see steam generator overfill sectionm.
(b) Turbine bypass valve or main steam safety valve fails open or
fails to clese.

Two failure modes resulting from failures of CS Panelboard KI branch circuits
have been identified as having multiple effec.s. The redundant pressurizer
level, steam generator level and steam pressure transmitters are powered from
branch circuits HEX an HEY. A single failure of branch circuit HEX or HEY can
result in overfeeding the pressurizer and either or both steam generators. If
manually selected, deenergized steam pressure transmitters could result in the
turbine bypass valves closing and remaining closed, challenging the main steam
safety valves.

Failure of branch circuit H or Hl (ICS Auto Power) results in transferring many
ICS controls stations to manual and freezing the controlled components in
position, including the turbine bypass valves and main feedwater control valves.
1f the auto power failure occurred followed by a reactor trip, a steam geuerator
overfeed transient would occur with the turbine bypass valves remaining closed.
However, if the auto power were to fail following a turbine trip (possibly in
response to the same initiating failure), both the turbine bypass and feedwater
control valves may be held open resulting in a combined steam generator overfeed
and steam generator depressurization transient. Although this sequence appears
unlikely, similar sequenced power failures have occurred.

2.4 OVERHEATING PRIMARY SYSTEM /

Plant systems potentially affecting the ability to replace reactor coolant lost
from the RCS or affecting the ability to remove heat through the steam
generators were selected for detailed FMEA. These systems included the coatrol
system portions of the HPI system, the pressurizer, steam generator and RC pump
subsystems of the RCS, the main feedwater and condensate system and the main
steam system, Instrumentation and systems supporting the operation of these
systems were included in the analysis.

Several failures were found to result in a loss of reactor coolant or a loss of
main feedwater flow to the steam generators, Most of these failures resulted in
automatic initiation of HPI safety injection or emergency feedwater injection
which would prevent the insufficient core cooling failure mode. Three failure
modes, however, were found to create a situation where operator action would be
required to prevent insufficient core cooling.
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The first two failure modes comprise failure of two ICS power supply branch
circuits either (1) auto power or (2) hand power, which result in loss of
automatic control of main feedwater flow. In this condition, the operator may
manuslly block feedwater flow to prevent overfeeding the steam gencrators. In
the case of hand power failure, the main feedwater pump speed is reduced and may
develop insufficient head to pump feedwater to the steam generators. In either
case, main feedwater flow may cease without tripping the main feedwater pumps
and consequently without automatic initiation of emergency feedwater flow. If
the steam generators are allowed to boil dry, core decay heat will be removed by
boiling in the RCS and rejection of steam and/or liquid through the pressurizer
PORV and/or safety valves. If the operator fails to manually initiate main or
emergency feedwater flow to the steam generators early in the transient and
fails to manually initiate HPI prior to losing reactor coolant inventory in the
core region, insufficient core cooling will occur.

The third transient consists of a letdown cooler tube failure combined with
operator failure to maintain adequate flow to the HPI pumps. Following a tube
failure (an isolatable small LOCA or RCS leak), the operating HPI pumps will be
transferring the inventory of the letdown storage tank (LST) to the RCS. To the
extent the operator fails to recognize the failed tube or fails to isolate the
leak once recognized, the reduction in LST inventory will continue. This
transient may result in ESPS actuation which would automatically terminate the
transient. However, if it does not and the operator allows the LST to drain,
the operating HPI pumps will be damaged.

3.0 HYBRID COMPUTER SIMULATIONS

A simulation program for the Oconee-l system was developed on the ORNL hybrid
computer. This was a necessary step in order to study control system functions
which are central to this task. Existing simulations do not deal with control
systems with sufficient detail and fidelity. A number of transients have been
simulated and the results are included in the preceding discussion of results.

4.0 RECOMMENDATIONS

Several suggestions have been offered which could make the plant less
susceptible to unacceptable control system failures. Most important of these
would make the high level main feedwater pump trip less apt to fail. Other
suggestions included (1) greater use of the plant computer to identify
inconsistent sensor readings, and (2) classification of emergency procedures to
call upon the operator explicitly to consult backup instrumentation in certain
situations.
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1.0 INTRODUCTION

1.1 OBJECTIVES

The overall program is intended to assess the safety implicatious of nuclear
power plant control systems by examining the consequences of coantrol system
failures and action, both planned and unplanned. A properly pe:forming control
system can correct for failure in other parts of the plant, thus aborting a
challenge to the safety system; contrarily a malfunctioning control system can
create such a challenge. A principle of nuclear plant design is that the safety
system must be capable of countering any conceivable action or inaction of the
control system without danger to the plant or to the public. These concepts are
being examined in practice by means of a thorough analysis of coatrol/safety
dynamics and interactions from a plant system perspective. Criteria will be
developed for establishing the relative importance to safety of control systems;
design and operatiom criteria will then be recommended for these systems based
on their relative importance to safety.

In performing these tasks, a major objective is to assist in the resolution of
Unresolved Safety lssue (USI) A-47 on Safety lamplications of Control Systems.
The Task action Plan for that USI states that its objective "...is to perform an
indepth evaluation of the control systems that are typically used during normal
plant operation and to verify the adequacy of current licensing design require-
ments or propose additional guidelines and criteria to assure that nuclear pover
plants do not pose an unacceptable risk due to inadvertent non-safety grade
control system failures,"

"...During the 'icensing process, the staff performs an audit revievw of the non~
safety grade control systems, on a case-by-case basis, to assure that an
adequate degree of separation and independence is provided between these non-
safety grade systems and the safety systems, and that effects of the operation
or failure of these systems are bounded by the accident analysis in Chapter 15
of the plant's Safety Analysis Report."

",..0n this basis it is generally believed that control system failures are not
likely to result in loss of safety functions that could lead to serious events
or result in conditions that the safety systems are not able to mitigate.
Indepth studies for all the non-safety grade systems have not been performed
however, and there exists some potential for accidents or transients being made
more severe than previously analyzed, as a result of some of these control
system failures or malfunctions."

"...Two potential concerns have already been identified in which a failure or
malfunction of the non-safety grade control system can (1) potentially cause a
steam generator or reactor vessel overfill, or (2) can lead to a transient (in
PWRs) in which the vessel could be subjected to severe overcooling. In
addition, there is the potential for an independent event like a single failure,
(such as a loss of power supply, a short circuit, open circuit, control sensor
failure) or a common mode event (such as a harsh environment caused by an
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accident or a seismic event) to cause a malfunction of one or several coutrol.
systems which vould lead to an undesirable control action, or provide misleading
information to the plant operator. These concerns will be reviewed and
evaluated..."

This study embodies all of the objectives of USI A-47, as described above in
quotations from the Task Action Plan. It goes bdeyond the objectives of A-47,
however, since this study addresses operator errors, sabotage, and harsh
environments to a degree not included in the guidelines for A-47.

1.2 SCOPE OF PROGRAM

As described above, the objectives of the overall task define three interrelated
goals:
® To assess the safety implications of control systems by examining the

effects of control system malfunctions on plant dynamic behavior and by
investigating the interactions of such malfunctioning controls with other
plant systems.

To formulate a method for assessing the failure mode and effects oi
control systems ou tne basis of common cause, common mode, and other
multiple failures such as cascade failures.

To develop criteria for establishing the relative importance of control
systems important to safety and to recommend importance to safety classi-
fications and any changes to regulatory requirements as may be indicated
by the results of this work.

In its approach, this task 13 specifically responsive to the four principal foci
of NRC Task Action Plan A-47:

l. Evaluate control system failures that could lead to steam generator
overfill transients. (Reactor vessel overfill is also an A-47 concern
but is & nonissue in the pressurized water reactors (PWRs) of the ORNL
study.)

2. Evaluate control system failures that could lead to reactor overcooling
transients.

3. Evaluate other control system actions that have safety implications.

4. Evaluate the effect of loss of control system power sources (ac, de,
pneumatic, and hydraulic).

It is intended that this work shall be done in a plant-specific fashion, and the
first task (described in this report) provides a careful examination of reactor

transients in one specific plant of Babcock and Wilcox (B&W) design, i.e.,
Oconee 1.

1.3 APPROACH

A Failure Mode and Effects Analvsis (FMEA) is the standard method used for a
systematic qualitative search for significant failures and their consequences,
[t has commonly been applied to elements of the reactor protection system, these
being considered not only necessary but also sufficient for the security of the

plant. It is this same formalism that we are extending to failures in control
systems,
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The standard FMEA* provides an orderly method for studying the possible failure
modes of a single component in an important system, treating all the causes and
consequences of each such failure mode. 1In a plant with components numbered in
tens or hundreds of thousands it is manifestly impossible to cover each of them
in such a study. Accordingly, 2 number of steps are taken to pre-focus the
effort, Some systems are excluded from consideration by the scope of the study,
e.g., safety systems. Some classes of events are excluded because they are
studied elsewhere, e.g., ATWS. The most important focusing is accomplished by
categorizing the kinds of system failures that we search for: steam generator
overfill, primary coolant overcool, ovecheat.

Given a failure class, for example steam generator overfill, we then define
broad functional conditions which must occur to produce the problem under consi-
deration. Such broad conditions are: too little primary side pover for the
secondary vater flow, or said the other way, too much secondary side water flow
for the available primary heat. We then identify the subsystems and components
(and the systems which contain them) which can bring on any of these functional
conditions., We also identify those subsystems and components, largely trips and
controls, which are provided to give protection against these functional
failures.

Next we identify any subsystems or components which significantly interface any
of these subsystems and components., This procedure is the system survey.

Chains of interfacing components are thereby identified where each member of the
chain has some significance to the failure understudy.

Each component of each chain is then examined for modes of failure and for the
effects of each such failure mode. It is from this part of the study that we
identify the failures which produce the oroadest effects, or define the minimum
set of failures that leads to certain kinds of consequences.

The first step in performing an FMEA is to define the system to Le analyzed. In
the present case, this has meant an exhaustive listing of every system in the
nuclear plant under study. Until the systems under consideration are narrowed
to the fine details of specific designs, all PWRs involve much the same
functions, This has permitted us to create a so-called generic systems list,
These descriptions and interface identifications are prepared for each system,
On a plant-specific inquiry the listing continues to the finest system level.
Such lists and interfaces are crucial to the FMEA process.It is unlikely that a
serious failure mode will be uncovered if the system affected is omitted during
system definition,

Having defined the plant systems and described their operation, it is necessary
to limit the cases examined to a manageable set by identifying the failure
categories vhich will be examined. This process will in general use the
selection criteria identified above to eliminate broad classes of systems which
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are not involved in the failures of coucern. Moreover, in the systems which are
of concern, selection of specific failure classes will limit the scenarios which
must be examined and hence remove from consideration large classes of failure
modes. In limiting anotherwise unmanageable task this is a vital step.

At this point in our description of the FMEA process we have identified all of
the systems in the plant, described their functions and interfaces, and selected
the classes cf failures which will be addressed. This is the point at whick the
first judgmental decisions are made. Those systems without input to the failure
classes of interest are eliminated, using as basis the previously developed
functional descriptions, interfaces, and criteria.

Here the FMEA process continues by conceptually failing each of the systems
potentially contributory to one of the three classes of safety consequeaces,
with the results determined (so far as this is possible) on an a priori basis.
This process is referred to as a "broad FMEA." At th's stage both single and
double failures are postulated. Probabilities of these events will be estimated
at a later time, but only for those which prove to be of ioterest.

Many of the failures lead to events which are clearly benign. These will be
dropped from further consideration. Other events will be found to be precursors
for accident sequences already considered elsewhere (e.g. in the PTS program,
or in Chapter 15 studies for licensing reports). Where such cases have
safety-related consequences the precursor events will be documented, but no
further computer analysis need be done.

There will remain some residuum of system failures with potential rafety
consequences. These will be addressed through computer simulations in an
activity referred to as the "augmented FMEA." As outlined above, two criteria
must be satisfied for a scenario from the FMEA process to be selected for the
computer program:

A. There must be potential for overfilling, overcooling, or over=-
heating, as determined by the broad FMEA, but without certainty
as to the extent of the consejuences

B. There must be no satisfactory alternate source (e.g., the PTS
program or Chapter 15 studies) for computations from which the
consequences in question can be deterwined.

The above sequence is the primary approach to the FMEA process, i.e., an orderly
assessment of the failure consequences of each identified sy<tem in the plant.
Where failure of a control element produces actual or potential compromises to
safety, interfacing systems are examined for contributions to the failure o* to
the consequences. Where a double failure is required to produce the hazard in
question, common sources for the two failures will be sought, particularly in
control logic seq ence,

Systems which have a capability to impact the chosen failure classes are
systematically examined for failure modes and the resulting first order effects.
"First order” refers to those consequences which can be determined by logical
inspection., For example, on a systems basis we may postulate a malfunction in
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which a turbine bypass valve fails opew, allowing (e full stecam flow to bypass
the turbines. The effect on a first order basis will be loss of pressure iz
the steam generator with possible overcooling. There may be other effects
related co the condenser. Quantitative outcomes describing specific pressures
and temperatures in various parts of the system will not in general be avail-
able from this type of deductive analysis. For quantitative resulcs, particu-
larly for scenarios in which the affected system feeds back altered input
conditions to the initiating event, failure effects must be determined by
computer analysis.

The modality for computer analysis of the Oconee-l plant is a hybrid computer
model developed at ORNL. Before modeling or analysis could start, it was
necessary to obtain detailed design information regarding the plant to be
studied. The first task was to establish a collection of drawings and reports
on each assigned plant. The information was obtained from the following
sources:

the applicable atility, where possible
various dockets and resources of the NRC
other ORNL projects

staff experience

subcontractors and their sources

The data collection effort was an extensive one in which the available material
was examined as it came in, with requests made for additional material where
gaps were indicated. Plant data were then input to a hybrid computer model
whose methodology generally follows the structure of RELAP-4. The plant model
is in general digital, the control model, analog.

Cases selected as requiring analysis were prioritized in order of estimated
importance, grouping theu in lots of similar runs to minimize programming
changes. The results of these runs were then fed back to the (thus) augmented
FMEA process for the final determination of the consequences of controls
failures. Fig. 1.l shows the overall flow chart for the entire process.

1.4 LIMITATIONS OF THE STULIES

No external events have been considered in this controls study of the Oconee-l
NSS5. The neglected categories include earthquakes, fires, and floods (external
and .nternal to the containment), as well as sabotage, These initiating events
are important, aad they will be addressed in a later extension of the program
but are outside the scope of the present report, Actions that the operator
could take were identified. However, all possibilities were not studied nor, in
general, were alternatives beyond the first identified. Fully developed, this
additional study could be a project in itself.
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PROGRAM FLOW FOR STUDY OF SAFETY EFFECTS OF

NUCLEAR POWER PLANT CONTROL SYSTEM FAILURES

Figure 1-1
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Any nuclear power station system-level analysis performed by itself will miss
some system failure modes and interactions. Only two-at-a-time multiple
failures were considered in the initial broad FMEA. Obviously, extension is
possible, but this may not be meaningf:l (deterministically or stochastically)
or practical for all combinations. Only single rfailures were considered in the
se~ond- and third-level FMEAs.

In part because disclosures of controls dynamics and configurations have not
been required for licensing or for other regulatory oversight, the controls data
required for this study have not been routinely available. Collection of this
information has been a costly and time-consuming operation, and though the final
computer model is exhaustively complete, some exacerbating or ameliorating
features may be missing from some transients through lack of information or the
time to acquire it,

This report does not refle:t the results of sensitivity studies; these have been
planned but not yet undertakem. The objective is to determine the effects of
variations in input data, plant conditions, or parameter values (trip points,
for example) on our conclusions and results. These variations can reflect
limitations in detailed knowledge of the Oconee-l plant but, more importantly,
should allow for differences between Oconee-l and other plants in its class.
This latter requirement may be important when our major conclusions are examined
for generic implications.

Lt must be recognized that the effects of control system failures during
accident or normal plant operation will differ from plant to plant, and
therefore it may not be possible to develop generic solutions to such problems
as are found on a plant-specific basis. It is reasonable, however, to expect
generic criteria that can be used for the plant-specific raviews.



1.5 SUMMARY OF RESULTS

1.5.1 Systems Selected

The plant systems comprising the Oconee Nuclear Station were identified and
evaluated to assess potential impacts of system failures on three plant failure
modes: Steam Generator (SG) Overfilling, Reactor Coolant System (RCS) Overcool-
ing, and Insufficient Core Cooling. The first task consisted of performing a
preliminary screening of the plant systems to select those systems whose failure
could cause or exacerbate the plant failure modes. The effects of support
sy.tem failures on systems directly affecting RCS response were considered
specifically in the selection ot systems.

The screening process was undertaken by mapping the systems which uad functional
interfaces to the coolant system primary and secondary. Then systems with
interfaces to those systems were mapped. Functional relations across interfaces
were examined to determine which systems had controls whose failures might
impact system cooling.

In the case of steam generator overfill the problem was simplified because it
had been reduced to a single kind of functional failure in a single sub-system,
the steam generator. A top down analysis was made to identify all control
system failures which might impact such a failure.

1.5.2 FMEA for Steam Generator Overfill

Steam generator overfill comes about when the feedwater flow rate overbalances
the inflow heat rate to the steam generator to the degree that insufficient
steam is formed and the water inventorj rises. Heat input can be diminished by
a drop in feedwater temperature or a drop in core power. Water flow can be
increased by failures in the steam generator/feedwater control system. Our
studies indicate that credible decreases in main feedwater temperatures are well
compensated by control system action and that substantial additional failures
would be required to bring on a serious safety problem in the primary. Decrease
in core power can aggravate steam generator overfill. Further, such a decrease
will occur in most important overfills because scram is expected to occur. We
have found that excess water feed, as a result of improper actions of steam
generator or main feedwater controls, may induce serious overfill with a
credibly smal! number of control failures.

Steam generator overfill is a concern because it appears to have the potential
to

a. produce secondary side damage which might compromise safety equipment or
produce a cascade of events which might have primary side effects including
radiological leakage,

b, cause densification of primary coolant, reducing pressure, possibly losing
pressurizer control, possibly vapor-locking the primary flow path, possibly
introducing excess reactivity from cold flow, and

¢. provide excess cooling which might in some cases contribute to PTS.
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We have found that a number of control system failure scenarios can lead to
water entry into the steam line. In one case a .ingle failure causes this; in
several other cases, a preexisting undetected failure and one additional failure
can bring on the event. Such events have occurred and have caused extensive
damage to the affected steam system. ltems which can be damaged include turbine
drives on main feedwater and emergency feedwater pumps, turbine bypass valves,
steam safety valves, steam line supports and the steam line itself. If we
assume a steam line, which is not qualified for this environment, could rupture,
then a cascade of dependent events might follow, including multiple steam
generator tube rupture with small break LOCA vented direct to the atmosphere.

1.5.3 FMEA for Overcooling the Primary System

A number of failure modes have been identified which could cause the RCS
temperature to decrease. The rate and amount of such decreases and their
possible subsequent effects require simulation of the system's response to the
control system failures. RCS overcooling is not of interest in this study until
it approaches an amount which can have safety implications. Cooling associated
with normal shutdown procedures, for instance, within Technical Specifications,
is of no concern.

Conditions that cause RCS temperature to drop l00°F or more in am hour are
considered to be overcooling. Also, tentatively, RCS cooling to a degree that
causes system variables to assume values that should cause ESPS actuation is
considered overcooling. For purposes of performing the system FMEAs, less
restrictive criteria have been followed in proposing failure sequences to ensure
rhat potentially significant sequences would not be excluded prematurely. The
selection criteria were accordingly expapded to include transients whose post
reactor trip development might include unusual decreases in RC pressure and
inventory as well as temperature.

To aid in subsequent analyses, the overcooling criteria were related to RCS
transient classes., These classes were (1) a release of reactor coolant from the
RCS, (2) opening the pressurizer spray valve, and (3) increased heat transfer
through the steam generator tubes.

Failures judged to be significant include:

Class | - (a) PORV fails open or fails to close, producing a small break LOCA.
(b) RC pump seaks fail.
(¢) Steam generator tube ruptures.

Class 2 - Pressurizer spray valve fails open or fails to close.

Class 3 - (a) Steam generator overfills - see steam generator overfill section.
(b) Turbine bypass valve or main steam safety valve fails open or
fails to close.

Three failure modes were identified which resulted in more than one eftect on
the RCS. Failure of the RCS narrow range pressure signal would result in both
the PORV and spray valves opening and deenergizing the pressurizer heaters. The
differences between this transient and the effects of the open PORV alone are
not expected to be significant,
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Two failure modes resulting from failures of ICS Panelboard KI branch circuits
have been identified as having multiple effects. The redundant pressurizer
level, steam generator level and steam pressure transmitters are powered from
branch circuits HEX and HEY. One of the redundant transmitters is selected
manually for each parameter for input to the control circuitry. Based on the
transmitter selection, a single failure of branch circuit HEX or HEY can result
in overfeeding the pressurizer and either or both steam generators. If manually
selected, deenergized steam pressure transmitters could result in the turbine
bypass valves closing and remaining closed, challenging the main steam safety
valves.

Failure of branch circuit H or Hl (ICS Auto Power) results in transferring many
ICS controls stations to manual and freezing the controlled components in
position, including the turbine bypass valves and main feedwater control valves.
1f the auto power failure occurred followed by a reactor trip, a steam generator
overfeed transient would occur with the turbine bypass valves remaining closed.
However, if the auto power were to fail following a turbine trip (possibly in
response to the same initiating failure), both the turbine bypass and feedwater
control valves may be held open resulting in a combined steam generator overfeed
and steam generator depressurization transient., Although this sequence appears
unlikely, similar sequenced power failures have occurred.

1.5.4 FMEA for Overheating the Primary System

Plant systems potentially affecting the ability to replace reactor coolant lost
from the RCS or affecting the ability to remove heat through the steam
generators were selected for detailed P™MEA. These systems included the control
system portions of the HPI system, the pressurizer, steam generator and RC pump
subsystems of the RCS, the main feedwater and condensate system and the main
steam system. Instrumentation and systems supporting the operation of these
systems were included in the analysis.

Several failures were found to result in a loss of reactor coolant or a loss of
main feedwater flow o the steam generators. Most of these failures resulted in
automatic initiation of HPI safety injection or emergency feedwater injection
which would prevent the insufficient core cooling failure mode. Three failure
modes, however, were found to create a situation vhere operator action would be
required to prevent insufficient core cooling.

The first two failure modes comprise failure of two ICS power supply branch
circuits either (1) auto power or (2) hand power, which result in loss of
automatic control of main feedwater flow. In this condition, the operator may
manually block feedwater flow to prevent overfeeding the steam generators. In
the case of hand power failure, the main feedwater pump speed is reduced and may
develop insufficient head to pump feedwater to the steam generators. In either
case, main feedwater flow may cease without tripping the main feedwater pumps
and consequently without automatic initiation of emergency feedwater flow. If
the steum generators are a.lowed to boil dry, core decay heat will be removed by
boiling in the RCS and rejection of steam and/or liquid through the pressurizer
PORV and/or safety valves., If the operator fails to manually initiate main or
emergency feedwater flow to the steam generators early in the transient and
fails to manually initiate HPI prior to losing reactor coolant inventory in the
core region, insufficient core cooling will occur.
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The transients resulting from these power supply failures are expected to
proceed relatively slowly. The operator is expected to have approximately
one-half hour to reestablish steam generator cooling or approximately one hour
to initiate HPI safety injection to avert insufficient core cooling. However,
the transients are important for two reasons. First, the transients include
inoperability of the operating system (main feedwater) simultaneous with the
loss of autowatic actuation for the emergency back-up systems. Second, both
power supply failure cases result in numerous spurious control rooam alarms and
indications. While these failures would not prevent successful operator action
(e.g., defeat all indications of steam genmerator level and reactor coolant
subcooling), they would tend to distract the operators and make successful
ooperator actior less likely.

The third transient consists of a letdown cooler tube failure combined with
operator failure to maintain adequate flow to the HPI pumps. Following a tube
failure (an isolatable small LOCA or RCS leak), the operating HPI pumps will be
transferring the inventory of the letdown storage tank (LST) to the CS. To the
extent the operator fails to recognize the failed tube or fails to isolate the
leak once recognized, the reduction in LST inventory will continue. This
transient may result in ESPS actuation which would automatically terminate the
transient. However, if it does not and the operator allows the LST to drain,
the operating HPI pumps will be damaged.

Although recovery, even with a damaged HPI pump, is likely due to the HPI pump
redundancy (three pumps), the transient does represent a case of a small LOCA
potentially including degraded HPI safety injection. Furthermore, the transieat
does present the operator with the situation of decreasing pressurizer level and
degraded makeup flowrate and the potential for a serious error. If the operator
wistakenly starts the second or third HPI pumps, these pumps also would be
damaged and the transient risk significantly increased.

1.5.5 Recommendations

Several suggestions are offered which could make the plant less susceptible to
unacceptable control system failures. The most important of these would make
the high level main feedwater pump trip less apt to fail. Other suggestions
irclude (1) greater use of the plant computer to identify inconsistent sensor
readings, and (2) classification of emergency procedures to call upon the
operator explicitly to consult backup instrumentation in certain situations.
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2. SELECTION OF PLANT SYSTEM FOR DETAILED EXAMINATION

2.1 CRITERIA FOR SYSTEM SELECTION
For this work the initial tasks are:

* Selection of nuclear plant systems with potential to initiate or
aggravate over-filliag of the st-wm generator

* Selection of nuclear plant systems with potential to initiate or
aggravate overcooling the primary system

* Selection of nuclear plant systems with potential to initiate or
aggravate core damage through overheating.

The selection criteria for steam generator (SG) overfill ideatify those conmtrol
systems whose failure or misoperation can introduce feedwater in amounts
sufficient to fill the SG to the degree that water eniLers the steam lines.

The criteria for primary overcool identify those coantrol systems whose failure
or misoperation can lead to uncontrolled primary heat removal at rates greater
than the rate of heat production, to the extent that conditions inimical to safe
operation may be produced,

In NSSS plants with vulnerable pressure vessels, the study of pressurized
thermal shock (PTS) provides the most critical index of overcooling. This
subject is separately addressed by the NRC as Unresolved Safety lssue A-49 .,
Plant-specific overcooling criteria have been developed for each of the four
auclear plants examined in detail by the TS program. These criteria are
functions of the metallurgy of the reactor vessel concerned (particularly of the
welds), of the radiation history (fluence) of the critical regions of the vessel
at risk, of the internal vessel pressure at the time of the overcooling event
and of the minimum temperature reached at the conclusion of the transient.

Given these input parameters, a series of PTS fracture mechanics calculations
has provided tables of maximum permissible rate of exponential temperature decay
versus pressure and temperature. Both of the nuclear plants studied in the
controls program have been subjects for PTS ianvestigation, and for these plants,
detailed and specific quantitative definitions are available for overcooling in
a PTS context (ref, ™=7931). Although these PTS calculations quantitatively
define the overcooling concerns for the Oconee-l and Calvert Cliffs~l auclear
stations, they are based on the unique metallurgy of two specific pressure
vessels, and 30 are plant-specific rather than generic in nature, For a newer
reactor vessel with a low accumulation of neutron fluence and/or negligible
contents of nickel and copper, PTS concerns may be virtually nomexistent. In
such a plant, overcooling limits will be dictated by loss of pressure, loss of
volume, or cold slug reactivity considerations, and not by concern for vessel
embrittlement. Even ia the older plants, non-PTS concerns may supply the
bounding limits for overcooling due to controls failures. Both PTS and non-PTS
overcooling concerns will be addressed in the present study. In general, the
control systems of concern are those which match steaming rate to power
production, and comprise systems in both theprimary and secondary circuits.
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Criteria for primary overheating are similar to those for primary overcooling,
with the pec-tinent comtrol systems being those whose failures result in heat
rate inbalances wherein heat removal rates are less than the rate of powes
production to the extent that conditions inimical to safe operation (e.g., fuel
melting) may be produced.

Because overcooling events are crucial determinants to the issue of pressurized
thermal shock (PTS), and because steam generator overfill contributes to this
chain as one potential instigator of overcooling, the first two tasks above
interact strongly with the ongoing PTS program. Overfilling and overcooling
scenarios developed in this program have been used as early inputs to PTS;
dominant overccoling event sequences developed by the PTS program will be
facto.ed into the program for safety implications of control.



2.2 INPUT FROM THE HISTORICAL FAILURE RECORD

NRC IE Information Notices, LERs, and other historical records were examined and
used to provide a background of comtrol failure expectations. Under subcontract
with ORNL, The University of California (UCLA) provided an extremely thorough
background search, visiting seven plant sites ir the procesa. The remainder of
this section describes the data gathering dome by UCLA.

A data base on control system failures was developed by a search of LER files
for the period 1969 through 1981. This vas supplemented with data derived from
NUREG reports on Nuclear Power Plant operating experience such as plant outages,
aad other operating experience gleaned from a sampling of station records for
several specific LWRs. Plant visits generated reasonably detailed information
concerning the plant operating history, and for suck plants the data is
considered to be "complete”. For the other plants, the information is partial,
in that it is LER-based. UCLA accumulated 190 events that occurred at PWR
plants in the period 1969 through 1981, of which oaly 94 are represented by LERs.

Through the cooperation of Combustion Engineering (CE), UCLA personnel were able
to obtain information on shutdown and power reductions attributed to selected
systems and components, extracted from CE's Reliability Data System (RDS). This
system compiles information on PWR plants only.

Seven plant specific studies were made by visiting each site for several days.
Each plant's operating and maintenance experience were reviewad by examining

documents such as: s
® Plant Iocident Reports
® Abnormal Occurrences Reports
® Shutdown and Power Reduction Reports
® System Hirtories for Abnormal Occurrences
L]

Camponent Maintenance Logs

and a sample of six months' station logs to assure that the above mentioned
reports reflect all the related occurrences. Each plant study has added new
data to that which were obtained before; 41 new events at the + PWR plants and
25 new events at the 3 BWR plants vere obtained.

Plant visits have generated the most detailed set of data of the visited plant
operating history and this information is considered to be "complete", while for
other plants, informarion is partial ("official") data in the sense that it is
LER-based.

The Nuclear Safety Information Center (NSIC) compiled LERs for the purpose of
this study. Bearing in mind that the definition of what is a safety-grade or
non-safety-grade control system has changed with time, the NSIC search of LERs
was made as general as possible and includes all the events that are related to
control systems in general. The non-safety-grade control system failure avents
were sorted by hand.



The Nuclear Safety and Analysis Center (NSAC) search, which was done for the
purpose of checking the NSIC search for completeness, generated new events and
led to a problem in finding the proper keywords for the use of the NSIC data
bank. It should be noted that the NSAC file is based on post 1977 events; thus,
the NSIC search was checked vs. the NSAC file for the time period 1978 through
1981, and conclusions were drawn over the extrapolated time period of interest.

New searches with additional keywords for the following search were done at
NSIC, exhausting this scurce of information. This entire process has accumulat-
ed 93 LER events that have occurred in PWR plants.

Control system failures do not necessarily require am LER if the Technical
Specifications (TS) of the plant were not violated because either the plant
protection system or the operator acted properly to overcome the transient
condition. Potential failure of the protection or the heat removal systems may
result in an occurrence vhich develops into a core integrity threat and thus
must be included in our study. Thus other sources of information were needed.

The LER computer searches were supplemented with information derived from
published reports The only germane information is a list of forced outages and
their causes regardless of whether the causes are attributed to safety-grade or
non-safety-grade equipment failure. The sources of this information are the
plant monthly operating reports. Unfortunately, if a non-safety failure does
not result in a shutdown, it is not mentioned in the report. For the purpose of
our study, the "Nuclear Power Plant Operating Experience for 19XX" reports
summarizing forced outages and their causes for the years 1973 through 1980, are
the most useful of all references analyzed. This source has added, as expected,
new events to the data base because many outages are 3ot necessarily LERs.

The tables in the NUREG reports include short descriptions of the events which
are insufficient for the purpose of analysis. UCLA requested additional infor-
mation from 22 PWR utilities (38 PWR plants), since there is no requirement to
publish this information under the current USNRC rules and regulations. These
requests resulted in selective cooperation from the utilities, and generated 42
new events that have occurred in PWR plants.

Based on the investigation described, a complete listing of controls - induced
challenges to safety was provided to ORNL. This was used as a data base for
possible candidate scenarios for safety analysis.

2.3 SELECTION OF PLANT SYSTEMS FOR THE STUDY OF OVERFILLING/OVERCOOLING EVENTS

Overfilling and overcooling events were first addressed in the context of
pressurized thermal shock (PTS). Ianformation on the resulting system selection
process is presented in Appendix B. The systems selected as possible contribu~-
tors to overfilling/overcooling are shown in Table 8.3, reproduced for
convenience below.



Table B.3. Generic Systems Involved inm Overcooling Events

NO34 Reactor coolant system

NO& Reactor coolant system

NO7 Nuclear instrumentation system

NO8 Residual heat removal/low-pressure safety injection system
$02 Engineered safety features actuation system
S03 Safety injectinn system

S05 Auxiliary feedwater system

cl0 Containment spray system

EO03 Instrumentation and control power system
POl Main steam system

P02 Turbine generator system

P0O2.A% Electro-hydraulic turbine control subsystem
PO3 Tur>ine bypass system

P04 Condenser and condensate system

PO58 Feedwater system

wo3 Cooling water systems

Wo4 Service water systems

WO5 Refueling system

qntertaces with B&W's Integrated Comtrol System.



2.4 SELECTION OF PLANT SYSTEMS FOR THE STUDY OF INSUFFICIENT CORE COOLING AND
RCS OVERCOOLING EVENTS

The impact of many plant systems on insufficient core cooling or RCS
overcooling transients is expected to be minor. Thus, the purpose of a plant
specific system list with clearly identified interfaces is to aid in the
selection of only those systems having a potential impact on reactor coolant
system (RCS) in general and these transients in particular. Due to the large
number of systems and components in a nuclear power plant, this preliminary
screening is necessary to determine which systems require detailed analysis.

An insufficlent core cooling transiesnt is defined, for purposes of this
report, as a transient significantly impacting the ability of the RCS to
remove the heat generated in the reactor core following reactor trip. RCS
overcooling i3 defined as a transient resulting in an excessive rate of heat
removal from the RCS. Since the response of the RCS to postulated initiating
transients is integral to either the insufficient core cooling or RCS
overcooling transients, it was concluded that, as a first screening criterion,
any system having a direct interface with the reactor coolant system wculd be
a candidate for further analysis., Specific selection of systems related to
insufficient core ccoling and RCS overcooling is described in Sections 2.4.3
and 2.4.4.

2.4.1 Qcopee 1 Jvstems LISt
Based on the previously developed generic list of pressurized water reactor
systers list (Appendix A) and the Oconee Unit 1 Final Safety Analysis Report
(FSAR), an Oconee systems list was developed to identify all systems which
might contribute to insufficient core cooling or RCS overcooling transients.
The systems and their associated subsystems are grouped according to six major
functions:
te Nuclear Systems include the reactor core and those systems and
subsystems which monitor and control ccre reactivity, remove
heat from the core, and otherwise directly support the safe
operation of the reactor.
p Engineered Safeguards Systems include those systems, other than
containment systems, which are used to mitigate the effects of

reactor accidents such as those specified in the FSAR.



3. Containment Systems include the reactor building and those
systems needed to prevent reactor building overpressure, to
prevent excessive leakage from the reactor building to the
environment, and to provide a habitable atmosphere inside the
reactor buildiug.

4, Power Conversion Systems include the systems and components
that transform, or support the transformation of, heat energy
produced Ly the reactor core into electrical energy.

5. Process Auxiliar-y Systems include those systems and subsystems
that support the plant systems directly involved in the
operation of the reactor coolant systems.

6. Plant Auxiliary Systems provide support to other plant
activities and personnel.

The systems inciuded in each grouping are shown in Tables 2.4.1 - 2.4.6. A
system identification was assigned to each system in order to simplify the
subsequent interface analysis. Note that electrical systems have not been
included; the effects of electrical system failures on the plant are being
analyzed separately from this study (References 3 and 4).

After the systems lists were generated, specilic interfaces were identified,
based on the system descriptions in Reference 2. Interfaces were identified
for every system and include the direction (e.g., System A affects System B
only, System A affects System B and System B affects System A, etc.) as well
as interfacing system identification.

2.4.2 Systems Affecting Core Cooling

Based on the systems lists and interfaces, specific systems were identified as
having a potential impact on insufficient core cooling or RCS overcooling
transients. The selection criteria used are not specific to either transient;
systems potentially affecting reactor coclant system transients, in general,
are selected. The following criteria were used to identify these systems:

Te All systems having a direct (first order) interface with the
reactor coolant system (including the pressurizer and the steam
generator) were listed. These systems are shown in Table
2:0.7.

)
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TABLE 2.4.1. OCONEE 1 NUCLEAR SYSTEMS (Nxx)

System ID System Name

NO1 Reactor Core 3

NC2 Regulation Systems

NO2.A Control Rod Drive Control System

NO2.B Integrated Control System

N02.C Non-Nuclear Instrumentation System

NO3 Incore Monitoring System

NOu4 Reactor Coolant System (including reactor vessel and
internals)

NO4.A Pressurizer

NO4.B Steam Generator

No&.C Reactor Coclant Pumps

NO4.D Control Rod Drive System

NOS Makeup and Purification Systems

NO5.A Chemical Addition and Sampling System

NO5.38 Coclant Storage System

NOS5.C Coolant Treatment System

NOS.D Post-Accident Sampling System

NOS.E High Pressure Injection System

NO6 Low Pressure Injection System

NOT Reactor Protective System

NO8 Nuclear Instrumentation System



TABLE 2.3.2. OCONEE 1 ENGINEERED SAFEGUARDS SYSTEMS (Sxx)

System ID System Name

S01 Engineered Safeguards Protective System
S02 High Pressure Safety Injection System

S03 Low Pressure Safety Injection System

S04 Core Flood System

S05 Reactor Building Spray System

S06 Reactor Building Emergency Cooling System
S07 Reactor Building Penetration Room Ventilation System
S08 Reactor Building Isolation System

S09 Control Room Habitability System

S10 Emergency Feedwater System

S Emergency Feedwater Control System

)
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TABLE 2.3.3. OCONEE 1 REACTOR BUILDING/CONTAINMENT SYSTEMS (Cxx)

System ID System Name
Co1 Reactor Building/Containment and Penetrations
co2 Reactor Building Hydrogen Purge System

co3 Reactor Building Ventilation System



TABLE 2.4.%. OCONEE | POWER CONVERSION SYSTEMS (Pxx)

System ID System Name

P01 Main Steam and Turbine Bypass System
P02 Turbine Generator System

P02.A Turbine Gland Seal Subsystem

P03 Main Condenser System

P03.A Main Condenser Evacuation System

P04 Condensate and Feedwater System
PO4.A Condensate Cleanup System

POS Auxiliary Steam System



TABLE 2.8.5. OCONEE 1 PROCESS AUXILIARY SYSTEMS (Wxx)

System ID System Name

W01 Radiocactive Waste System

woz Radiation Monitoring System

W03 Reactor Building Component Cooling Water System
Wo4 Cooling Water Systems

WO4.A Condenser Circulating Water (CCW) System
WO4.B High Pressure Service Water (HPSW) System
woa.c Low Pressure Service Water (LPSW) System
Woas.D Recirculated Cooling Water (RCW) System
W0sS Fuel Storage and Handling System

W05.4A New Fuel Storage System

W05.B Spent Fuel Storage Systenm

wos.C Spent Fuel Pool Cooling System

W05.D Fuel Handling System

Woé Auxiliary Service Water System

W07 Compressed Air System

WUT.A Service Air System

WO0T.B Instrument Air System

W08 Plant Gas System

A%



TABLE 2.3.6. OCONEE | PLANT AUXILIARY SYSTEMS (Xxx)

System ID System Name

X01 Potable and Sanitary Water System

X02 Fire Protection System

X03 Communications System

X04 Security Systenm

X058 Heating, Ventilating, and Air Conditioning Systeas
X05.A Turbine Building Ventilation System
X05.B Reactor Building Purge System

X05.C Aux: . iary Building Ventilation System
X05.D Spent Fuel Ventilation System

X05.E Reactor Building Cooling System

X06 Non-Radioactive Waste System



TABLE 2.4.7. FIRST ORDER REACTOR COOLANT SYSTEM INTERFACES

Oconee Criteria

System ID System Name Direction® for Elimination

NO1 Reactor Core 2 -

NO2 Regulation Systems 3 -

NO3 Incore Mcnitoring 1 Interface is
away from RCS

NO4 Reactor Coolant System - Included

NOS Makeup and Purification 3 -—

NO6 Low Pressure Injection 3 Operates during
shutdown only

NOT Reactor Protective 1 Safety system

NO8 Nuclear Instrumentation 1 Interface is

away from RCS

sXX Engineered Safeguards Systems 1 Safety systems
co1 Reactor Building/Contaimment and 3 Safety system
Penetrations
co2 Reactor Building Hydrogen Purge 1 Interface is
away from RCS
Co3 Reactor Building Ventilation 2 --
PO1 Main Steam and Turbine Bypass 3 -
POY Condensate and Feedwater 2 -
W01 Radicactive Waste System 1 Interface is
away from RCS
W03 Reactor Building Component Cooling 3 -
Water
W05.D Fuel Handling 3 Operates during

shutdown only

#1 = Interface frog reactor coolant Lo interfacing system.
2 = Interface o reactor coolant from interfacing system.
3 = Interface Lo and from reactor coolant.



2. From this list, several systems were eliminatec for reasons
described below and shown in Table 2.4.7:

(1) Only non-safety-qualified control systems have been
selected. Safety systems were not included because these
systems are being analyzed in detail under separate NRC
programs (Reference 5).

(2) Only those systems in operation or standby during normal
plant power operation were included. Systems such as
those required for refueling or shutaown decay heat
removal thus were not included. These systems are
manually placed in operation only after a controlled
shutdown of the reactor coolant system to less than 300°F
and less than 300 psi.

(3) Only those systems directly affecting reactor coolant
system response were selected. Those interfacing systems
affected by but not affecting reactor coolant systenm
response were eliminated. (It should be noted that scme
systems eliminated for this reason may be selected as an
interfacing system - see Item 3 below.)

3. For the remaining systems, all systems interfacing with the
systems selected in Table 2.4.7 were identified. This list of
second order interfacing systems, excluding those also selected
in Table 2.4.7, is shown in Tabl . 2.4.8.

The list of systems initially selected for analysis includes all control
systems which potentially affect reactor cooclant system response during plant
transients and all systems which potentially affect the response of these
first order systems. The specific impact of failures of these systems cn
reactor core coocling are cvaluated in this report,

To ensure completeness and to verify the adequacy of the selection procedure,
each of the systems eliminated was briefly evaluated again to assess their
potential impact on reactor core cooling.



TABLE 2.3.8. SECOND ORDER REACTOR COOLANT SYSTEM INTERFACES

First Second
Order Order
System  System Criteria for
ID ID System Name Direction®* Elimination
NO1 NO4 Reactor Coolant 3 -
NO3 Incore Monitoring System 1 Interface is
away from
Reactor Core
NO02.A N02.B Integrated Control 2 -
N02.C S04 Core Flood 2 Safety system
co1 Reactor Building 2 Safety system
Wo1 Radiocactive Waste 2 -
NCS woa.C Low P=essure Service Water 3 Safety system
wW0T7.B Instrument Air System 2 --
co3 S07 Reactor Building Penetration Room 3 Safety system
Ventilation
S08 Reactor Building Isolation 3 Safety system
X05.E Reactor Building Cooling 3 -
PO1 NO2.B Integrated Control 2 -
P02 Turbine-Generator System 3 -
P06 Auxiliary Steam System 3 Operates during
shutdown only
P04 NO2.B Integrated Control 2 -
P03 Main Condenser 3 -
PO4. A Condensate Cleanup System 3 -
wWo7.B Instrument Air System 3 -
W03 wo4.C Low Pressure Service Watar (LPSW) 3 Safety System

Systen



TABLE 2.4.8. (Continued)

First Second
Order Order
System  System Criteria for
ID ID System Name Direction®* Eliminaticn
W04.D NO5.D Pest Accident Sampling 3 Cperates during
shutdown only
WOu4.A Condenser Circulating Water 2 -
wW05.C Spent Fuel Pool Cooling 3 Operates during
shutdown only

#1 = Interface from first order system £o second order systea.
2 = Interface Lo first order system from second orcar system.

3 = Interface Lo and frog first order systeam.
Interfaces with direction = 1 have not been included.

Note:



2.4.3 Systems Affecting Insufficient Core Coollins

In Section 2.4.2, the systems which potentially affect the response of the
Reactor Coolant System (RCS) have been identified. Of these systems, those
potentially affecting core cooling are identified. Section 2.4.3.1 presents
the definition of insufficient reactor core cooling for purposes of this
analysis., In Section 2.3.3.2, the functions of the systems identified in
Tables 2.4.7 and 2.4.8 are evaluated to identify those systems potential
affecting core cooling cooling as defined.

2.4.3.1 Definiticn of Insufficient Reactor Core Cooling

The removal and transport of the heat generated in the reactor are the direct
or indirect functions of most systems comprising a nuclear power station.
Several operating modes can be defined to describe possible core removal

processes:

: 8 Power Operation: With the core producing up to 103% of rated
thermal power,® the plant operating systems transport the heat
from the core to produce electric power and waste heat. This
operating mode requires the proper operation of most plant
control systcas.

- 48 Normal Hot Shutdown: Failure of one or more operatiag systems
can result in the Reactor Protection System (RPS) initiating a
reactor trip which terminates critical operation of the core,
The plant operating systems normally transport the core decay
heat (<7% of rated power) to the condenser where it is rejected
to the environment.

Failure of the plant to trip (achieve core suberiticality)
involves a failure of a safety system. This accident condition
has been studied extensively in the Anticipated Transients
Without Scram (ATWS) program and is considered beyond the scope
of the insufficient core cooling analysis.

#1038 of rated power is a control system limit, Safety system reactor trip

limits up to 1129 of rated power are possible.



3. Emergency Hot Shutdown: In the event the normal operating
s/stems fail to transport the decay heat to the condenser,
emergency systems, including the emergency feedwater (EFW)
system, can continue to provide a heat removal path through the
steam generators. If the main condenser is unavailable, the
heat will be rejected to the atmosphere via the main steam code
safety valves,

4, Degraded Safe Shutdown: Achieving one of the hot shutdown
operating modes is desirable in terms of recovery from the
initiating failure and reestablishing power operation.
However, adequate core heat transfer from a suberitical core
only requires a sufficient inventory of reactor coolant in the
core region. If a hot shutdown mode cannot be maintained, the
heat transfer from the core to the reactor coolant will
continue in a pool boiling mode. The heat will be rejected to
the containment atmosphere via the pressurizer relief (PORV) o
code safety valves. Reactor coolant inventory can be
maintained in this mode from the high pressure injection (HPI)
system.

From the above descriptions of the operating modes, insufficient core cooling
can only occur if:
A hot shutdown mode (steam generator heat transfer) cannot be
maintained.
2. Reactor coolant inventory is not maintained by the HPI system.

Although sufficient core cooling can be ensured by maintaining reactor coolant
inventory regardless of the steam generator function, adequate steam generator
cooling can eliminate the need to inject coolant with the HPI system. The
exception to this is a transient involving a net loss of reactor coolant from
the RCS. Loss of coolant requires HPI in the long term even if the steanm
generators are removing heat from the RCS. The correlaticn of the
insufficient core cooling characteristics and possible system failure modes is
outlined in Table 2.4.9.



TABLE 2.4.9.

INSUFFICIENT CORE COOLING AND POTENTIAL INITIATING CAUSES

Insufficient Cooling

Characteristics

Principal Causes

Secondary Causes

1.

2.

Loss of Steam
Generator Cooling

Insufficient
Inventory of
Reactor Coolant
in the RCS

1.1

‘.2

2.1

Loss of Main and
Emergency Feedwater
Energy

Net Release of
Reactor Coolant
from the RCS

Failure of the HPI
System following a
LOCA (Including a

Transient Induced

LOCA)

1.1.1

1'1.2

1.2.1

2'1.‘.

Trip of Main
Feedwater Pumps and
Failure of
Emergency Feedwater
Systenm

Isolation of Main
Feedwater Flow and
Failure of Operator
to Manually
Initiate Emergency
Feedwater

Failure of the HPI
System following a
Loss of Coolant
Accident (LOCA)
(Including
Transient Induced
LOCAs)

Failure of the HPI
following Control
System Induced
LOCAs:

1. PORV Opens and
Remains Open

2. Pressurizer
Safety Valve
Opens and
Remains Open

3. Net Release of
Reactor Coolant
from the RCS to
the Makeup and
Purification
(MU&P) System

4, RC Pump Seal
Failure Occurs



TABLE 2.4.9. (Continued)

Insufficient Cooling
Characteristics Principal Causes Secondary Causes

2.2 Fallure to Manually 2.2.1 See Item 1.1 above
Initiate HPI
following a Loss of
Steam Generator
Cooling Transient



These failure modes define transients of potential significance to
insufficient core cooling. Transient conditions defined by these failure
modes (which are subsequently expanded in detailed failure mode analyses) will
be functionally analyzed using the Cconee hybrid computer model to predict the
resulting RCS response and the impacts on plant safety.

The characteristics of insufficient core cooling as described above and in
Table 2.4.9 involve failures of safety systems. Although safety system
failure modes are beyond the scope of the present study, the influence of
control system failures on possible sequences of events leading to
insufficient core cooling would be useful in assessing the impact of control
system failures on plant safety.

As discussed above, control system failures can contribute to the initiation
of both the loss of steam generator cooling sequences and the small LOCA
sequences. Furthermore, control system failures may affect the ability of the
safety systems to perfora their function. The extent to which these control
systems interactions affect the insufficient core cooling sequences in the
Oconee design is the subject of this analysis. With respect to the failure
modes identified, the control systems listed in Tables 2.4.7 and 2.4.8 have
been reevaluated to assess their potential impact on insufficient core
cooling. Those systems which cannot be axcluded from contributiag to
insufficient core cooling, as showa in Table 2.4.10, are identified for
further analysis. The results of the detailed FMEA of these systems are
discussed in Section 3.3.

2.4.4 Qgystems Affecting Reactor Coolant Jvstem Overcooling

In Section 2.4.1 and 2.4.2, the systems which potentially affect the response
of the RCS have been identified. Of these systems, those potentially
affecting RCS overcooling are identified and discussed in Section 2.4.4.
Section 2.4.4,1 presents the definition of RCS overcooling for purposes of
this analysis. In Section 2.4.4.2, the frnctions of the systems identified in
Tables 2.4.7 and 2.4.8 are evaluated to identify those systems potential
affecting RCS overcooling as defined.



TABLE 2.3.10.

System ID

System Name

Potential Impact on
Insufficient Core Cooling

NO1

NO2

mz.‘

NO2.B

No2.C

NO&4

NO4.A

NO4.B

NO4.C

NO4.D

NOS

NOS.A

Reactor Core

Regulation Systems

Control Rod Drive Control

Integrated Control

Non-Nuclear Instrumentation

Reactor Coolant

Pressurizer

Steam GCenerator

Reactor Coolant Pumps

Control Rod Drive Mechanisms

Makeup and Purification

Chemical Addition and
Sampling

The respcanse of the reactor core
can inJluence insufficient core
cooling.

Control rod drive control systeam
has no function in the post-trip
mode.

Control signal failures
considered as part of fluid
systems controlled.

Control signal failures
considere-” as part of fluid
systems controlled.

Analyzed in detail.
Analyzed in detail.
Analyzed in detail.

Control rod drive mechanisms
have no function in the post-
trip mode.

Makeup and Purification
subsystems considered in detail
with the exception of the
sampling systems. The sampling
systems are intermittently used
under manual control with sample
flowrates less than 1 gpm.
Sampling system failures are not
considered to have any
significant impact on
insufficient core cooling.



TABLE 2.3.10. (Continued)

System ID

System Name

Potential Impact on
Insufficient Core Cooling

NO5.B
NOS5.C
NOS.D
NCS.E

co3

P01

PG2

PO4

W01

W03

Coolant Storage

Coolant Treatment System
Post Accident Sampling
High Pressure Injection

Reactor Building Ventilation

Main Steam and Turbine
Bypass

Turbine-Generator System
Main Condenser
Condensate and Feedwater

Radiocactive Waste

Reactor Building Component
Cooling Water

The effect of contairment air
temperature changes on heat
transfer from the RCS is
considered to be insignificant.
The effects of loss of
ventilation on component
operability is considered to be
beyond the scope of the study.

Power conversion systems and
subsystems analyzed in detail.

System was selected based on its
interface with the Non-Nuclear
Instrumentation. However, the
interface consists of providing
parameter signals for display
only. Failures of the
Radicactive waste system not
considered to have any
significant impact on
insufficient core cooling.

Potential impact due to first
and second order ianterfaces.
Cooling water failures
considered as part of the
process systems served.



TABLE 2.3.10.

(Continued)

System ID

System Name

Potential Impact on
Insufficient Core Cooling

Wo4.A

W04.D

wW07.B

X05.E

Condenser Circulating Water

Recirculated Cooling Water

Instrument Air

Reactor Building Cooling

Potential impact due to second
order interfaces. Cooling water
failures considered as part of
the process systems served.

Potential impact due to second
order interfaces. Cooling water
failures considered as part of
the process systems served.

Potential impact due to first
and second order interfaces.
Instrument air failures
considered as part of the fluid
systems served (see Section
2.5-3).

The effect of containment air
temperatures on RCS heat
transfer is considered to be
insignificant. The effects of
high air tempera:ures on the
operability is beyond the scope
of this report.



2.4.4.1 Defipition of Significant RCS Overcooling
RCS overcooling may be defined, in general, as a decrease in the RCS average
temperature. For purposes of this analysis, however, the definition of
overcooling should focus on the overcooling transients of potential
significance. Two basic criteria are proposed to define significant
overcooling for the purposes of systems selection and failure modes analyses:
1. Transients terminated by reactor trip and automatically
established stable conditions of post-trip RCS pressure,
temperature and reactor coolant inventory should be gxgcluded.
- Transients exhibiting the potential for continued post-trip
decreases of RCS pressure, temperature or reactor coolant

inventory should be ingcluded.

These criteria define transients of potential significance to RCS overcooling.
Transient conditions defined by these criteria and subsequent failure mode
analyses will be analyzed using the Oconee hybrid computer model to predict
the resulting RCS response and the impact on plant safety.

An RCS overcooling transient, as defined above, is characterized by
continuously decreasing RCS temperature, pressure or inventory following
reactor trip. These defined overcooling characteristics are interrelated
significantly as shown in Table 2.4.11.

In Table 2.4,11, the three defined characteristics of RCS overcocoling are
expanded in terms of possible functional causes. Following reactor trip
(which is an assumed necessary condition for an overcooling transient), the
heat input from the suberitical core to the reactor coclant (decay heat) is a
fixed decreasing function of time. To the extent heat is removed from tae
reactor coolant at a rate in excess of the decay heat, the total energy
content of the coolart and its temperature will decrease. As shown in Table
2.4,11, a net heat transfer from the RCS could result from increased heat
transfer through the steam generator tubes to the feedwater (secondary
coolant) or a direct release of the high temperature reactor coclant from the
RCS.



TABLE 2.3.11.

OVERCOOLING CHARACTERISTICS AND POTENTIAL INITIATING CAUSES

Qverccoling
Characteristic

Principal Causes

Secondary Causes

1. Decrease in
RCS Temperature

2. Decrease in
RCS Pressure

3. Decrease in RCS
Inventory

1.1 Net Heat Transfer
From RCS

2.1 Decrease in
Pressurizer
Temperature

2.2 Decrease in
Pressurizer Level

2.3 Release of Reactor
Cooclant From the
RCS

3.1 Release of Reactor
Coolant From the
RCS

1.1.1

1.1.2

2.1.1

2.2.1

2.2.2

2.3.1

2.3.2

2.3.3

2.3.4

Increased Heat
Transfer Through
Steam Generator
Tubes

Release of Reactor
Covlant From the RCS

Increase in
Pressurizer Spray
Flowrate

Release of Steam
(Reactor Coolant)
From the Pressurizer

Release of Reactor
Coolant From the RCS

Decrease in RCS
Temperature

PORV Cpens and
Remains Open

Pressurizer Safety
Valve Opens and
Remains Open

Net Release of
Reactor Coolant From
the RCS to the MU&P
System

RC Pump Seal Failure
Occurs

3.3.1 = 3.3.4
(See Items 2.3.1 -« 2.3.4)



RCS pressure is controlled by regulating the saturation temperature of the
pressurizer. The RCS pressure will decrease in response to a decreased
pressurizer temperature (assuming saturation). The pressurizer saturation
temperature can decrease in response to an increase in the pressurizer spray
flowrate which condenses steam in the pressurizer or a direct release of steam
from the pressurizer. A decrease in the pressurizer liquid level also may
result in reduced RCS pressure due to the expansion of the steam volume. The
pressurizer level can be reduced in response to a decrease in the reactor
coolant temperature and resulting decrease in coolant volume or a direct
release of reactor coolant from the RCS.

Decreases in RCS inventory results from a net release of reactor coclant from
the RCS as discussed above.

Based on the functional expansion of the RCS overcooling characteristics,
three functional causes can be identified:
Increased heat transrer through the steam generators in excess
of the decay heat generation rate.
- 8 Opening the Pressurizer Spray Valve.
3. Net release of Reactor Cooclant from the RCS.

These three overcooling characteristics are discussed in Sections 2.4.4.1.1,
2.4,4,1.2 and 2.4.4.1.3 to relate the physical overcooling processes occurring
in the RCS in response tc RCS and interfacing equipment operating modes.

2.4.4.1.7 Increased Heat Irapsfer Through the Steam Ceperators

Following reactor and turbine trip, heat transfer from the reactor coclant
pumped through the steam generator tubes is regulated by the mass flowrate and
temperature of the feedwater addition to the steam gererator "shell® side
(outside the tubes) and the saturation pressure maintained in the shell side.

The core power following reactor trip is below 5% full power. This heat is
removed, under normal conditions, in the two steam generators by regulating
the feedwater flowrate to maintain a feedwater inventory equivalent to
approximately 30" of water in the steam generators and regulating the

saturation pressure of %“he steam generators' shell side at approximately 1025



psia using the turbine bypass valves, Under steady state conditions, the rate
at which the feedwater is vaporized is proportional tec the small and
decreasing decay heat production rates. The reactor coolant temperatures are
within a few degrees of the saturation temperature of the shell sige cf the
steam generators.

The rate of hea transfer from the reactor coolant to the feedwater could be
increased by either of two mechanisms: reducing the saturation temperature of
the steam generator shell side or increasing the feedwater flowrate. A
reduction in the saturation pressure could occur by opening the turbine bypass
valves. This would result in a lower shull side saturation temperature, an
increased temperature difference between the reactor coolant and the boiliag
feedwater and consequently an increased heat transfer rate. The reactor
coolant temperature is expected to decrease under these conditions until a new
equilibrium is established. It should be noted that as the saturation
pressure is reduced the volumetric flowrate of steam will decrease.
Furthermore, at the reduced saturation pressures and temperatures, the energy
content per unit volume of steam released through the turbine bypass valves
will be reduced due to increased specific volume (decreased density) of the
steam. Due to these phenomena, the rate of reactor coolant temperature
reduction will decrease as the temperature decreases, However, reactor
coolant temperatures of less than 300°F are considered possible after several
hours.

An increase in the flowrate of feedwater also can result in a potentially
significant decrease in heat transfer from the reactor coolant. Followiag
reactor and turbine trip, the extraction steam to the feedwater heaters is
isolated and the feedwater temperature will begin to decrease slowly. As the
rate of feedwater injection increases, the rate of heat transfer from the
reactor coolant required to heat tho feedwater to saturation temperature
increases, Although the rate of steam production will be reduced, the net
rate of heat transfer from the reactor coolant can increase significantly due
to the large capacity of the main feedwater sy-tem.

In addition to increased heat transfer through the steam generators, increased

heat transfer through the letdown-makeup flowpath or increased convective heat



transfer to the reactor building air is possible. In either case, however,
the effects of these mechanisms on reactor coolant temperature are expected to
be negligible.

2.8.8.1.2 Increased Pressurizer Sorayv Flowrate

During operation, the RCS pressure is controlled by regulating the saturation
temperature in the pressurizer. Pressure is increased by heating the
saturated water in the pressurizer and decreased by spraying subcooled water
from the RCS inlet pipes into the saturated pressurizer steam space. A
continued spray flow, which could result from tne pressurizer spray valve
failing open, potentially results in a depresurization transient.

Following reactor trip, the RCS is contro.led to a temperature of
approximately S47°F and a pressure of approximately 2166 psig (pressurizer
saturation temperature of 6480F), If the pressurizer spray valve opened and
remained open, the S47°F water sprayed into the pressurizer steam space would
result in a decrease in the pressurizer saturation temperature and RCS
pressure. As the pressure decreases, the effect of the spray is counteracted
by the operation of the 1638 KW pressurizer heaters.

It should be noted that the effect of increased spray flow is a potential
decrease in RCS pressur~ with the RCS temperature remaining at S47°F. This
transient is of interest due to the potential for initiating safety injection
at the ESPS low RCS setpoint pressure of 1500 psi.

2.4.5,1.3 Release of Reactor Coolant

The release of reactor ccolant potentially involves a reduction of reactor
coolant pressure, temperature and inventory depending on the leak rate and the
operation of other systems. Continued power operation typically is allowed
with leak rates less than 10 gpm. Small and large loss of cooclant accidents
(LOCA's) in contrast, are significant hazards to nuclear power plant safety.

This study considers the effects of control systems failures. As such,
arbitrarily postulated piping failures are not considered. Release of reactor
coolant resulting from pressurizer relief or safety valves opening and

remaining open, a net release of release of reactor coolant via the letdown



piping or steam generator tube cracks is considered to the axtent suck a
failure may result from a control system misoperation. In general release of
reactor coolant falls in the category of RCS leaks or small LOCA's.

The response of nuclear power plants to a release of reactor coolant varies
considerably depending on the rate of loss. Miscellaneous plant leakage,
typically much lower than 1! gpm, 19 a normal occurrence. The operator
routinely monitors the makeup tank level to determine the leak rate from the
RCS. During the periodic adjustments to the reactor coclant boron
concentration, the operator replaces a volume of reactor coolant with
derineralized water. During this process, water would be added to the makeup
tank to replace RCS leakage.

If the operator detects an RCS leak rate exceeding 1 gpm, he must determine
the location of the leak or shut down the plant. Leakage through one or more
of the pressurizer relief valves, for instance, can be identified by high
temperature readings of the discharge line thermocouples. In additiom, if the
source of leakage exceeding 1 gpm is the steam generator tubes, the plant must
be shutdown. Steam generator tube leaks are indicated by the monitored
radicactivity level of the main condenser "air®™ ejector discharge. All RCS
leakage exceding 10 gpm requires plant shutdown.

RCS leak rates within the makeup capability of the makeup and purification
system (MU&P) are classified "RCS"™ Leaks.," RCS leaks exceeding the above leak
rate limits require shutdown of the plant to a "cold shutdown" state and

repair of the pressure boundary failure.

For RCS leaks in the presurizer water space or the RCS loops, the mass flow
rate from the RCS to the containment is balanced automatically by the makeup
mass flow rate from the makeup tank to the RCS. Under this condition, RCS
pressure is controlled by the operation of the spray valve and pressurizer
heaters. Prior to the draining of the makeup tank, the operator must initiate
makeup to the makeup tank or open the valves in the flowpath from the Borated
Water Storage Tank (BWST) to the makeup pump(s).



The shutdown operation with "water space®™ RCS leaks (as opposed to "steam
space"” leaks) is similar to norma! shutdown operations. The operator controls
the rate of cooldown and the rate of depressurization to maintain the RCS
within pre-established pressure and temperature limits for shutdown. The
cooldown rate is maintained by operator control of the turbine bypass valves
and the depressurization rate by operator control of the spray valve.

RCS leaks in the pressurizer steam space (>200 lbm/min) result in an initially
uncontrolled depressurization of the RCS even with the pressurizer liquid
level majintained. The operator is instructed to attempt to isolate the leak
by manually closing the PORV and/or the PORV hlock valve.

If the leak is not isolated, the pressurizer heaters are capable of
maintaining pressurizer pressure and temperature for leak rates less than 200
lbm/min. The reqrired zaieup rate for these transients is less than 27 gpm.
Makeup rates greater than 10 gpm would require shutdown with conditions
similar to "water space”™ leaks.

The operatgr can control the depressurizaticn by manually increasing the
makeup flow rate and filling the pressurizer. If the operator fails to take
this action, the RCS pressure will decrease to the safety injection setpoint
(1500 psi). At this pressure, the high pressure injection (HPI) mode of the
MU&P will be automaticaly actuated and the pressurizer will be filled. Once
the pressurizer is filled and the leak is in the water space, the RCS presure
is automatically controlled by the PORV and/or safety valves at approximately
2450 psi.

Once the RCS pressure is coatrolled, the operator can initiate shutdown
procedures. With the RCS subcooled by at least 50°F, the operator can
reestablish the pressurizer level vy throttling the makeup flow. When the
leak path is uncovered and steam discharged, the RCS will begin to
depressurize. The cooldown is controlled by manual control of the turbine
bypass valves., If the 50°F reactor coolant subcooling cannot be maintained
with a cooldown rate of 1009F/hour, the operator must increase the MU&P/HPI
flowrate until the required subcooling can be reestablished. During the

depressurization, the leak rate will cecrease due to the lower RCS pressures,



If an increased rate of depressurization is required, the operator can
manually open the spray valve or the PORV.

Breaks resulting in a leak rate in excess of the capacity of the makeup system
are classified Loss of Coolant Accidents (LOCA's). A small break LOCA, such
as a failed open PORV, generally will result in the RCS pressure decreasing
rapicly to the saturation presure (approximately 1200 psi) and then slowing
considerably (the pressure will rise following very small breaks and limited
steam generator cooling). At 1500 psi the HPI is automatically started and
begins injecting borated water from the BWST. The operator is instructed to
trip the reactor coolant pumps which results in the steanm generators being
automatically filled and maintained by the main or emergency feedwater systems
at the natural circulation setpoint.

Core cooling is maintained by the continued operation of the HPL Throttling
the HPI is not permitted since the reactor coolant will not be 50°F subcooled.
To enhance the RCS depressurization and cooldown, the operatcr may
depressurize the steam generators by manually controlling the turbine bypass

valves,

Small break LOCA's result in a gradual net lcss of reactor colant until the
RCS depressurizes to a pressure where the net loss is zero and refilling
begins., Typically, the reactor coolant rapidly saturates at approximately
1000 psi. The subsequent response of the RCS depends on the decay (residual)
heat generation rate of the core, the coclant mass and energy removal through
the break, the rate of coolant mass injection, and the rate of heat removal
through the steam generators. If the rate of core heat generation exceeds the
rate of heat removal through the break plus the heat removal through the steam
generators, the coolant presure and temperature will increase. This will
increase the heat lost through the break and result ir thermal equilibrium.
However, the increased pressure also results in an increase in the rate of
coolant mass loss and a decrease in rate of coolant injection. If more heat
is being removed from the RCS than generated in the core a reverse process
takes place. In addition to the above phenomena, the rate of core heat
generation is decreasing with time and the rate of heat transfer through the

steam generators varies with the RCS coolant inventory.



The RCS coolant inventory typically decreases over the initial period of the
LOCA, reaches as minimum and then increases. If this minimum inventory is
sufficient to maintain the core covered with coolant, the plant will recover.
However, if the minimum inventory results in a significant fraction of the
core being uncovered, core damage will occur. Typically, nuclear power plants
are designed to maintaion an adequate minimum inventory following small break
LOCA of any size even with assumed partial failures of the HPI and steam
generator cooling functions and a conservatively large core heat generation
rate.

In addition to the "classical"™ LOCA scenarios, a failure mode involving
brittle failure of the reactor vessel wall has been postulated and is under
investigation. In these Fressurized Thermal Shock (PTS) scenarios, a LOCA, or
other initiating accident, results in a low temperature, high stress condition
in the reactor vessel wall. The LOCA reccvery actions described above are
being analyzed to determine whether they produce conditions sufficiently
severe to result in a large through-wall crack in the reactor vessel.

PTS is of some concern following small break LOCA's. Following a LOCA, the
reactor coolant circulating pumps are tripped. Due to the net loss of reactor
colant inventory, natural circulation of liquid coolant from the reactor
through the steam generators will cease. The major flow into the RCS will be
from the low temperature BWST into the reactor inlet pipes. Over the course
of the accident, the RCS pressure will be slowly decreasing and the
temperature of the coolant in the vessel downcomer (which is thermally
separated from the core region follcwing outlet pipe and pressurizer breaks)
will be decreasing. The combination of the relatively high RCS presure and
relatively low vessel wall temperatures may lead to brittle fracture in
reactor vessels which are particulariy sensitive to radiation embrittlement.

One particular small break LOCA or concern is the failed open PORV. Assuming
the failed PORV remains unisolated for the initial phase of the accident, the
vessel downcomer temperature will be low. If the operator ‘hen isolates the
PORV, the continued injection of coolant and the heat generated in the core



will increase the RCS pressure to pressures of up to 2450 psi, which may be of
significant PTS concern.

The PTS phenomena is the subject of considerable curent research and analysis.
Detailed analysis to determine the pressures and temperatures occurring
following small breaks and the response of reactor vessels to these conditions
is required to assess the potential for vesel failure.

Detailed information describing the required equipment and operator actions
following system leakage and LOCA's is provided in each plant's LOCA emergency
procedure (e.g., Duke Power emergency procedure EP/0/A/1800/4, "Loss of
Reactor Coolant™ and OP/0/A/1106/35, "Inadequate Core Coolirg"). The response
characteristics of the RCS to LOCA's is described in vendor topical reports
referenced in each plant's FSAR (Reference 2).

2.4.4.2 Evaluation of RCS Overcooling Response to Jvstems Failures

Based on the definition of RCS overcooling, the systems potentially affecting
RCS response identified in Tables 2.4.7 and 2.4.8, were briefly evaluated to
assess their potential impacts on RCS overcooling. The results of this
evaluation are summarized in Table 2.4.12.

As indicated, most of the systems affecting RCS response have the potential
for affecting RCS overcooling. These systems are analyzed in detail using a
failure modes and effects analysis method to evaluate specific effects of
system failures on RCS overcooling (see Section 3). The systems not selected
for detailed analysis are discussed below.

The heat production rate of the reactor core will affect the course of an RCS
overccoling transient. However, the heat production rate will vary depending
on external factors affecting the core rather than possible core failures.
The potential effects of core failure mechanisms (e.g., cladding perforation,

gross core movement) are beyond the scope of this analysis.

The control rod drive mechanisms and the control rod drive control system

influence to rate of core heat production during operation. However, once the



TABLE 2.3.12.

POTENTIAL IMPACTS OF FIRST AND SECOND ORDER
REACTOR COOLANT SYSTEM INTERFACE SYSTEMS ON RCS OVERCOOLING

Potential Impact

System ID System Name on RCS Overcooling

NO1 Reactor Core The response of the reactor core
can influence overcooling.

NO2 Regulation Systems

NO2.A Control Rod Drive Control Control rod drive control system
has no function in the post-trip
mode.

N02.B Integrated Control Control signal failures
considered as part of fluid
systems controlled.

NO2.C Non=Nuclear Instrumentation Control signal failures
considered as part of fluid
systems controlled.

NO4 Reactor Coclant

NO&.A Pressurizer Analyzed 'in detail.

NO4.B Steam Generator Analyzed in detail.

No4.C Reactor Coolant Pumps Analyzed in detail.

NO4.D Control Red Drive Mechanisams Control rod drive mechanisms
have no function in the post-
trip mode.

NOS Makeup and Purification Makeup and Purification
subsystems considered in detail
with the exception of the
sampling systems. The sampling
systems are intermittently used
under manual control with sample
flowrates less than 1 gpm.
Sampling system failures are not
considered to have any
significant impact on RCS
overcooling.

NO5.A Chemical Addition and

Sampling
NO5.B Coclant Storage



TABLE 2.34.12. (Continued)

System ID

System Name

Potential Impact
on RCS Overcooling

NOS5.C
NOS5.D
NOS.E

co3

PO1

P02
P03
PO4

Wo1

Wwo3

WCH.A

Coclant Treatment System
Post Accident Sampling
High Pressure Injection

Reactor Building Ventilation

Main Steam and Turbine
Bypass

Turbine-Generator System
Main Condenser
Condensate and Feedwater

Radiocactive Waste

Reactor Building Component
Cooling Water

Condenser Circulating Water

The effect of containment air
temperature changes on heat
transfer from the RCS is
considered to be insignificant.
The effects of loss of
ventilation on component
operability is considered to be
beyond the scope of the study.

Power conversion systems and
subsystems analyzed in detail.

System was selected based on its
interface with the Non-Nuclear
Instrumentation. However, the
interface consists of providing
parameter signals for display
only. Failures of the
Radicactive waste system not
considered to have any
significant impact on RCS
overcooling.

Potential impact due to first
and second order interfaces,
Cooling water failures
considered as part of the
process systems served.

Potential impact due to second
order interfaces. Cooling water
failures considered as part of
the process systems served.



TABLE 2.3.12.

(Continued)

System ID

System Name

Potential Impact
on RCS Overcooling

WO4.D

wWo7.B

X05.E

Recirculated Cooling Water

Instrument Air

Reactor Building Cooling

Potential impact due to second
order interfaces. Cooling water
failures considered as part of
the process systems served.

Potential impact due to first
and second order interfaces.
Instrument air failures
considered as part of the fluid
systems served (see Section
2.5.3).

The effect of containment air
temperatures on RCS heat
transfer is considered to be
insignificant. The effects of
high air temperatures on the
operability is beyond the scope
of this report.



reactor is tripped (control rods inserted) neither the drive mechanisms nor
the drive control system can influenc: the resulting transient.

The reactor building ventilation system and the reactor building cooling
system control the air temperature in the containment. The effect of
containment air temperature or velocity changes are considered to have a
negligible effect on heat transfer from the insulated RCS and consequently a
negligible effect on RCS overcoling. Although it is recognized that long term
operation of components in an adverse (high temperature) reactor building
environment can effect their performance, the study of such effects is
considered beyond the scope of this analysis.

The radicactive waste system is monitored by the non-nuclear instrumentation.
However, the parameters monitored only are displayed and have no impact on the
development of none-nuclear instrumentation control signals. As such, the
radicactive waste system is considered to have no significant impact on RCS
overcooling.



2.5 PLANT SYSTEMS WITH POTENTIAL FOR COMMON CAUSE FAILURES
2.5.1 Rationale

Because control systems by their nature depend upon ex:ernal sources for
actuating energy, failure of a single energy source may lead to misope ation of
a group of coatrol devices. Systems commonly dependent upon these sour.es must
therefore be investigated ir order to determine those multiple failures which
can derive from a common lo s of power. This section develops the common ties
of control systems through electrical and pueumatic emergy sources.

2.5.2 Electrical System
2.5.2.1 Power Distribution

The Oconee Nuclear Power Station ac distribution system internals to the
units includes 6900V, 4160V, 600V, and 208/120V distribution buses. Mosc of the
plant ac loads have normal and alternate power sources with automatic or manual
transfer. The 600V MCCs have two self actuated breakers to protect agaiast
faults and overloads. There are lockout relays to prevent sutomatic transfer of
an MCC if it trips because of overload or fault current.

There are no single failures of equipment that would cause multiple MCC
failures, -but failure of a 4160V power source and failure of a dc panelboard
would result in a temporary loss of ac power to more than one MCC. Local,
manual transfer to an alternate source would remain functional. Protection of
the 600V MCCs is ‘n~dependent of dc control power.

Class lE MCC» are comnected through two normally open breakers, but admin-
istrative procedures are used to assure the three Class lE divisions are not
interconnected during normal operation. A common-cause failure potential exists
because of the interconnection feature, but common-cause failure probabilities
can be kept small by strong administrative procedures. With a few exceptions
such as connection betweer Class lE divisions, the Oconee electrical system has
features similar to many other plants now operating.

The Instrumentation and Controls dc power supply system at Oconee Nuc lear
Power Station is unusual in that dc supplies are shared between units at the
station and in that safety-related (Class LE) circuits are mixed with won-safety
circuits on the same buses and panelboards.

Although it is not clear whether these non-safety loads and their
installations would conform to the current concept of "associated circuits" as
defined in IEEE Std. 384, (Ref. 18), the overall effect of the configuration is
to provide for a highly reliable and flexible dc-powered supply system provided
that the components and installations of the non~safety related circuits are
qualified for, and protected from envirommental and other common cause stresses.

Although the sharing of batteries by three units is coantrary to current
regulatory concepts of ood design practice, the operating record appears to be
favorable and the isolating and transfer diode scheme of power sovrce auction=-
eering should be studied for applicability to other multi-unit plants.



2.5.2.2 Electrical System

A detailed analysis of the effects of ICS/NNI electrical power supply
failures was performed for the Oconee Unit 1 nuclear power plant.' This
analysis consisted of determining the response of ICS/NNI cutput signals
to single point failures in the power supply circuitry. From these
degraded signal combinations, the automatic response of the plant's

2o trolled component: and possible responses of the plant operators to
degraded control room parameter displays were evaluated.

The ICS/NNI is supplied with 120~V ac power through five major branch
eircuits from ICS Panelboard KI: auto power (branch H), hand power
(branch HX), emergency pover (branches HEX and HEY), emergency steam
generator level control power (branch H-EL)* and reactor control system
(RCS) narrow range pressure transmitter power (branch KI-10). Auto
power and hand power are distributed to ICS/NNI components through
branch circuits H1, H2, H4, HS, HB8, H1X, H2X, and H3X (see Fig. 2.1).
In addition, computer panelboard XU can provide power to selected NNI
eircuits by manual transfer or automatic transfer if paneldoard KI ls
deenergized.

The results of the study are summarized in Tables 2.5.! and 2.5.2 for
the power supply branch circuit or combinations of branch circuits
deenergized. Table 2.5.! lists the principal automatic control circuit
and plant responses to the power supply failures, The principal control
room parameter display fallures and possible operator responses result-
ing from power supply failures are listed in Table 2.5.2.

The conclusions resulting from the ICS/NNI power supply failure analysis are
summarized below:

| The automatic responses of the plant to power supply failures
were not found to be severe., In part, this (s due to the
post-TMI modifications--in particular, the automatic trip of
the main feedwater pumps on high steam generator level and
subsequent automatic initiation and control of the emergency
feedwater system. The principal spurious automatic responses
were found to be:

o Several power supply failures resulted in opening or
holding open the main feedwater control valves, which
may result in an automatic high steam generator trip of
the main feedwater pumps and automatic initiation and
control of emergency feedwater, Manual throttling of
main feedwater could avoid the high level trip in many
cases,

"The emergency feedwater control system is powered through the
vital bdbuses, not from H-EL.

‘A, F. McBride and C, W. Mayo, "Fallure Modes and Effecty Analysis
(FMEA) of the ICS/NNI Electric Power Distribution Circuitry at the Oconee !
Nuclear Power Plant," NUREG/CR=3991, ORNL, to be published.
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Table 2.5.1. Summary of spurious automatic system responses to ICS/NNI power supply fallures

Branch NN ICs

cirecult spur lous spur lous

fallure fallure response Transfer to msanual Automatic systesm response

H1 Yes No Reactor power Cont Inued short-term plant operation without
Turbline throttle aut mutic control. Reactor/turbine trip in
Maln and startup feedwater valves respouse Lo perturbations, with possible
Main feedwater pump nigh-5G-level feedwater pump trip.
Pressurlzed spray valves
Pressurizer heater
Makeup flow control

H2 Yes No Seal iInjection flow Interlock reactor coolant (RC) pumps from
belng started.

Ha No NO None Hone

s No No None None

H8 No Mo None None

H Yes NO Branches H1 through H8 denerglzed, Branches H1 through H8 deenerglzed.

see above. Hesponse described above.

HIX Yes Yes None Poasible closure of turbine throttle,
increase or decrease of reactcr power, and
reduct lon of feedwaler pump speed will
result in reactor/turbine trip., High-SG-
level trip of feedwater pumps possible.

H2x Yes No Ncne No ilmmediate plant transient. The power
supply for the letdown, makeup, and RC pumsp
seal Injection control valves electro/
pneumatic (E/P) transducers transfers suto-
matically to panelboard KU. Letdown trans-
ferred automatically to letdown storage tank.

Hix No No None None

HX Yes Yes None Branches M1X, H2X, and H3IX deenerglzed.

Hesponse described above.



Table 2.5.1 (continued)

Branch
clrecult
fallure

spur | ous
fallure

spur lous
response

Ics

Transfer to manual

Automatic system response

H-FL

Ki-10

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

None
None

Branches H, HX, HEX, HEY, and H-EL
deenerglzed. Letdown, makeup, and
turbine bypass valve controls trans-
feired Lo sanual and energlzed via
KU. Manual pressurizer spray and
heater controls also avallable at ASP.

Pressurizer level and SG startup level and
pressure transmitters are powered by
pranches HEX and HEY. If selected for

control, a deenerglzed pressurizer level

transmitter results in transferring coolant
from the letdown storage tank to the pres-
surizer . A deenerglized SG level trans-

mitter results In Increased main feedwater
flow to the affected SG(s). A deenerglzed
SG pressure transmitter results in loss of
automatic control of turbline bypass valves,

See HEX above.

No immediate plant transient. Startup
feedwater control valves "freeze" In
position.

Branches H, HX, HEX, HEY, and h-EL deener-
glzed. Automatic reacator, turbine, and
feeduater pump trip. Automatic control of
emergency feedwater and RC pump seal
injection flow.

If KU powered pressurizer level transsitter
selected, coolant transferred from letdown
storage tank to pressurizer.

RCS narrow range pressure transaltter
deenerglzed, resulting Iin a low indicated
pressure. Pressurizer heaters would be
energized and the pllot-operated rellefl
valve (PORV) and spray valves closed,
probably resulting in a high-pressure
reactor trip.




Table 2.5.2. Svmmary of control room parameters displays' response to ICS/NNT power supply fallures
Branch
circult NN L ICs Expected plant control
fallure response response Spurious alarms Deenerglzed indicatlons operator response®
W Yes Yes Hi, lo pressurizer level Cold leg dT Trip plant or manually attempt con~
Hi, 1o RC T, RCS loop A, Taug trolled runback.
Low SG A, B .!artup level ~ SG A wide range level
Loops A, B startup feedwater
flow rate
Digital Tg,g Indication
RCS Tyyg recorder
Loop A, B feedwater flow
recor der
n2 Yes No Lo RC pump seal aP Seal aoF Manual trip of reactor and RC puamp
L0, hi seal Injection and Seal Injection and outlet possible.
outlet flow rates flow
Letdown flow
Hy L) No Hi, lo (CFR) pressure One of two core flood Cont inued plant operation.
tank pressure meters
w5 NO No Hi quench tank T, P, level Quench tapk T, P, level Cont inued plant operation.
Hi, lo reactor bullding RB sump level
(RB) sump level Liquid, gaseous waste flow,
flow recorder
H8 NO No Hi1 reactor bullding RB pressure =:ler, recorder Continued plant operation.
Pressure
H No No Branches H1 through H8 Branches H1 through H8 Loss of branch H (auto power) alarmed.
deenerglzed, see above deenerglzed, see above ldentification of cause of spurious
indications increases likelihood of
effect ive manual control by operator,
including reactor trip and maln feed~
water control.
HIX Yes Yes i, lo turblne hdr. pressure Turbine hdr. pressure Manual trip of reactor/turbine, manual

Hi, lo pressurizer level
H1 SG level
Hi RCS temperature, dT

SG pressure

SG level

Main feedwater [low
RCS temperature

trip of maln feedwater pumps, and
possible iInitlation of HPI.



Table 2.5.2

(cont inued)

Branch
circull NN1 ICS Expected plant control
fallure response response Spurious alarms peenergized Indicatlons operator response®
H2X Yes NO Hi, lo letdown storage LST level LT-2 Opening flow path from borated
tank (LST) level water storage tank (BWST) to WPI
pumps possible.
H3X No No None One of two CFT A, B Cont inued pump operation.
pressure melers
HX Yes Yes Branches H1X, H2X, and H3X Branches H1X, H2X, and M3X Loss of branch HX (hand power)
deenerglzed, see above deenerglzed, see above alarmed. Operator expected to trip
reactor, tarbine, and feedwater pumps
and regain manual control of selented
) components by manually transferring to
KU power supply.
G HEX Yes Yes Lo pressurizer level If Lo pressurizer level If Loss of branch HEX (emergency power)
. selected selected alarmed. Operator expected to select
Lo SG level If selected Lo SG level If selected energlzed transmitters.
Lo SG pressure If selected Lo SG preasure Il selected
HEY Yes Yes Lo pressurizer level If Lo pressurizer level If Loss of branch HEY (emergency power )
selected selected alarmed. Operator expected to select
Lo SG level If selected Lo SG level If selected energlzed transmitters.
Lo SG pressure If selected Lo SG pressure If selected
H-EL No Yes None None Loss of branch H-EL (emergency SG
level control power) alarmed in
control room. No operator actlons
required during power operations.
Use of emergency feedwater may be
required following shutdown.
L8} Yes Yes Branches H, HX, HEX, HEY, Same as M, HX, HEX, HEY, Loss of panelboard KI (ICS panelboard)

H-EL deenerglzed, see
above

H-EL deenerglzed, see
above

alarmed iIn control room. Operator
expected to follow emergency procedure
EP/O/A/1800/31, loss of Kl bus.



Table 2.5.2 (continued)

Branch
circult NN ICS Expected plant control
fallure response response Spurious alarms Deenerglzed indicatlons oper ator
KU Yes No Lo pressurizer level If Pressurizer level IF Follow procedure for loss of xu
selected selected, all cosputer {computer panelboard).
out puts
KI-10 Yes No Lo RCS pressure RCS pressure ldentify spurious low RCS narrow range

signal from comparison with RPS
signals. Manually control pressurizer
neaters, spray valve, and PORV.

*0ther responses include the fdentification and repalr of power supply fallure.



2.

3.

[} Most power supply fallures resulted in the makeup
control valve freezing in position (with manual control
available) without significantly affecting RCS inventory
Failure of tha power supply for the selected pressurizer
level transmitter, however, opens the makeup valve. The
operator, in this case, must manually control the makeup
flow rate to prevent possible damage to the PORV and
the operating high pressure injection (HPI) puap.

o Several power supply failures resulted in the
pressurizer heaters remainin, on or the pressurizer
spray block valve remaining open If these components
were energized or open at the time of power failure.
The transient resulting is slow in either case; however,
manual control is required.

Specific alarms were identified for failure of paneldoard KI
and dranches H, #X, HEX, HEY, and H-EL. However, alarms for
failure of lower level circuits (H!, H2, H4,6 HS5, H8, HIX,
H2X, and H3X) were not identified from available information.
Alarms for these circuits, H! and H1X in particular, are
considered important to the rapid identification and manual
mitigation of the resulting transients.

Possible operator responses to spurious control room alsplays
resulting from power supply failures were evaluated
qualitatively. In general, possible operator actions (or
failures of the operator to perform an action) did not result
in significant transients. Two potentially significant
operator responses, however, were identified:

c Following branch H, H1, or selected HEX or HEY failure
at high reactor power and high steam generator level,
the operator may close the main feedwater control valves,
Due to the moderately long length of time that would
elapse prior to requiring additional feedwater and the
fallure of the low-le 2l alarm (spuriously energized Dy
the power failure), the operator may fail to reopen the
feedwater control valve prior to steam generator dryout.
In this case automatic initiation of emergency feedwater
is not expected since the main feedwater pumps are
operating.

o Failure of the selected pressurizer level transmitter
power supply will result in spurious low-level alarm and
indication of pressurizer level and opening the makeup
control valve, Although the operator should be alerted
to the power supply failure by the ICS/NNI emergency
power (HEX, HEY) failure alarms and should transfer to
an operable transmitter, other events may distract him,
The same power supply failure may result in reactor/
turbine trip, spurious low steam generator alarm and
indication, increasing steam generator level, and main
feedwater pump trip. If the pressurizer (s allowed to



£11l and liquid is discharged through the PORV, valve
damage could occur, Alsc, if the LST is allowed to
drain (LST level is separately alarmed) and an alternate
supply of water is not provided, damage of the operating
HPI pump would occur.

During the power supply failure analysis, several
modifications were identified which would prevent or moderate
the effects of power supply failures. These modifications
are suggested for review:

]

Transmitter selection relay power: The contact switches
used ty select one of two redundant transmitters
frequently are powered by one of the transmitters' power
supply in the ICS/NNI design. With proper selection, a
power supply failure will result in an automatic
transfer to the alternate energized transmitter,
Modification of the HEX, HEY powered pressurizer and
steam generator startup leve. transmitters' selection
switches to this configuration is recommended (i.e.,
change the power supply of the transmitter selection
relays to HCX or HEY and configure to allow automatic
transfer on power supply failwe, Also note, a more
elegant, double-switch arrangement is used for the
selection of the 5Cs’' operate range level transmitters,
This arrangement will allow automatic transfer on power
supply failure regardless of the transmitter initially
selected).

Automatic trip of feedwater pumps: Failure of branch H,
H1, HX, or H1X ls expected to cause a transient
resulting in main feedwater pump trip (on high steam
generator level), It (s recommended that the pumps be
tripped directly on loss of any of these power supplies
(as they are on loss of panelboard KI) to minimize the
effect of the transient,

Suppression of spurious alarms: The majority of alarm
contacts are configured to alarm on power supply fallure.
The resulting spurious alarms are not expected to aid
transient diagnosis and may mask operable alarms, It

is recommended that the signal monitor alarm contacts De
changed to an energize-to-alarm conflguration,

Power supply failure alarms: Alarms for fallure of
branch circuits H1, H2, H4, HS, H8, H1X, H2X, and H3X
were not identified from available information, If
these circuit failures are not alarmed, it is
recommended that alarms for branch circuits H! and H1X
be considered,

Power supply failure procedures: The "Loss of KI Bus"
emergency procedure is expected to be very useful In the
manual recovery from KI failures, particularly in the
identification of operable controls and indications, It
is recommended that the power supply faillure procedures



be reviewed to determine whether lower-level power
supply branch circuit fallures are addressed and that
specific instructions be added Lf they are not.



2.5.3 Pneumatic Systeam
2.5.3.1 tem Desi asis

The purpose of the compressed air system is to provide dry, oll=free air
as needed throughout the plant to pneumatic valves and instruments
(instrument air), and to various outlets for tools and miscellaneous
uses (service air).

The air compressors provide air at a pressure of 100 psig with pressure
reduced as necessary for the various service requirements.

2.5.3.2 System Description

The compressed air system at the Oconee station (s one large, integrated
system that supplies instrument and service air to all three units,

The compressed air system can be divided into four components:
instrument air supply, service air supply (which also serves as the
backup system for suppl ing instrument air), the instrument air
distridbution network, and the service air distridution network. The
servicd air distridbution network is of no interest to this study and
will not be considered further.

Instrument air supply

Figure 2.5.' shows in a schematic fashion the major components of the
instrument air supply. Three Worthington electric motor-driven
compressors provide the normal source of instrument air through three
alr intakes and silencers, Each compressor is powered from a different
600-V ac motor-control center, Compressors A and B receive electric
power from a unit ! motor=control center, and compressor C receives
power from a unit 2 motor control center., Each compressor is rated at
489 sofm at 100 psig.

Each compressor can be placed in either the BASE, STANDBY No, 1, or
STANDBY No.2 operating mcde. In the BASE mode, a compressor stops
compressing at 100 psig while increasing and starts compressing at
95 psig while decreasing. In STANDBY No.!', a compressor starts
compressing at 90 psig while decreasing and stops at approximately
100 psig while i{ncreasing. In STANDBY No. 2, a compressor starts
compressing at approximately 85 paig while decreasing and stops at
100 paig while increasing. Depending upon the amount of alr leakage and
the system load, it may be necessary to run two or even all three
compressors in BASE to maintain 100 psig. All three compressors are
oross connected at their discharges and connected by 8<in, lines to
aftercoolers. Each compressor can te ilsolated by manual valves,

The instrument air system has two alr compressor aftercoolers that cool
the compressed air leaving the station alr compressors, The
aftercoolers receive cooling water from the low=pressure service water
(LPSW) aystem,
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Fig. 2.5.1
The Insirument and Service Alr Supply Systems



From the aftercoolers, air passes to three 302-ft* alr receivers that
serve as air storage tanks to dampen system pressure variations. Each
receiver is equipped with a safety-relief valve that can arrest
sxcessive pressure increases in the system, The three receivers can be
oross connected or isolated at both their inlets and outlets by manual
valves. Three-inch lines pass from the receivers to the turbine
maintenance area.

After leaving the air receivers, air enters four interconnected air
,dryers that dry the air by means of electrically powered ch'llers. Both
inlet and outlet lines are 3-in., and each dryer can be isolated by
means of manual valves,

The above described compressors, aftercoolers, air receivers, and dryers
constitute the instrument air supply train. All of these components are
located in the turdine building basement between Units 1 and 2.

Service air supply

The service air system provides compressed air for miscellaneous uses at
the station (i.e., tools, cleaning). The service air supply subsystem
also serves as a dackup for instrument air supply. An air operated-
valve (1A=2324% in Fig.2.5.1) automatically connects the service air
system to the air receivers in the instrument air supply subsystem
anytime that instrument air pressure drops below 87 psig. Service alr
is supplied by two Sullair electric motor-ocperated compressors, each
with a capacity of approximately 730 scfm at 100 psig. Power for each
service air compressor and its controller is supplied by a different
unit 3, 600-V motor-control center. Both Sullair compressors are
located in the Unit 3 turbine building.

A third Sullair compressor i3 avallable to conrect to the service alr
system. This portable diesel-driven compressor i3 located outalde in
the vicinity of the service air electric compressors., It ls battery
started and Jonnects to the service air outlet lines by a flexible hose
and manual valve, It has the same capacity as the other Sullalr
compressors (approximately 730 sefm at 100 psig). This compressor must
the started, operated, and connected locally.

Instrument air distribution network

After exiting the air dryers, instrument air passes through one of two
4=in, lines that supply air to the three units, Figure 2.5.2 schemati-
cally shows the major interconnections and block valves in the distribu~
tion network, This drawing is greatly simplified, and all deadend
feeder lLines have been eliminated since the purpose of the drawing ls
solely to illustrate the interties of instrument air between units,
This drawing is from the Oconee "Plant Compressed Alr Procedure,”

ref. 3.

Alarms and gauges

Each unit has an alarm for low auxiliary duilding header (nstrument air
pressure, The alarms are set at 90 psig decreasing, and they print out
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on the alarm typer in addition to the control room annunciator panel.

In addition, Unit 1! has an alarm for low instrument air pressure in the
turdbine dbuilding. This alarm prints on the alarm typer and is displayed
as "1A System Trouble” on the Unit 1 annunciator panel. This pressure
switch is located on column L=32 in the turbine building, the alarm is
tapped off the outlet of the air receivers at the same location as the
compressor pressure switches and is set at 80 psig decreasing.

Furthermore, there is a turbine bypass control air failure alarm on the
control room annunciator panel. This signal comes from the pressure
switch that acts to close the turbine bypass valves on loss of air.

This pressure switch is set at 70 psig decreasing. Besides the alarm
described above, each unit has a control room gauge to monitor auxiliary
dbuilding instrument air pressure. This gauge taps off the 1A header at
the same location as the 1A auxiliary bduilding low air pressure alarm,
Also, Unit ' has a gauge which measures air pressure at the compressor
air receiver outlet, It shares the tap with the compressor control
pressure switches and the turbdine building low air pressure alarm.

2.5.3.4 Loads that Utilize Instrument Air

The instrument air distridution network previously described provides
air for operating valves and instrument: throughout the three Oconee
units. The loads using instrument air include the following (the list
was compliled from ref. 5 drawings):

1. primary coolant letdown system,

2. RC pump seal injection flow,

3. RC pump seal No. ! leakoff and bypass RB i(solation valve,
4, pressurizer makeup,

5. letdown storage tank,

6. coolant treataent,

7. coolant storage,

3. gaseous waste disposal,

9. demineralizer water,

10, 1liquid waste disposal,

11. reactor building purge system,

12. component cooling,

13, main feedwater,

14, emergency feedwater,

15. main steam,

'6. ocondensate,

17. recirculating cooling water,

18, low-pressure service water,

19. high=pressure service water,

20, auxiliary steam,

21, chemical addition and sampling,

22. air=conditioning system,

23. high=pressure injection,

24, high=pressure extraction (main turbine),
25. steam dump,

26. heater drain,

27. vacuum (main turbine condenser), and
28. low-pressure extraction (main turbdine).



While all of the above loads utilize instrument air for normal, routine
plant operation, most of the systems can be satisfactorily operated in
a manual mode should valves and instruments misoperate as a result of
instrument air failures. Further, not all of the above systems have a
direct input to plant response and are therefore not necessary for
control or mitigation of abnormal plant transients.

2.5.3.5 Lmpact of Air System Failures

Systems and Instrumentation Required for Transient Mitigation

In an attempt to evaluate the effects of loss of instrument air on the
NSS, the abnormal transient operating guidelines (ATOG) for the Oconee
station were studied., ATOC were prepared to assist in procedure
preparation and in the training of Oconee operators to cope with
abnormal transients (transients that might jeopardize plant safety).
This review of ATOG identified components and systems that are belleved
to be of prime importance in dealing with abnormal transients. These
system are

1. Main feedwater system
2. emergency feedwater system
3, steam lire components
+» main steam safety valves
+ atmospheric exhaust valves
+ turbine bypass valves
4, Emergency core cooling system
+  makeup
» HPI
« LPI
5§, Containment Cooling System
+« bulilding spray
+ building coolers
6. Containment {solation
7. Components for RC pressure control
+ pressurizer heaters
« pressurizer spray

ATOG were also studied to determine the instrumentation required to
permit proper operation of *he above systems. This study resulted in
the identification of a minimum set of instrumentation. This minimum
set includes the folilowing:

1, cold leg primary temperatures,

2. in=core thermocouples,

3. RC preasure,

4, pressurizer level,

5. SG levels,

6, MFW flow rates,

7. emergency feedwater flow rates,

8. HPI flow rates,

9. LPI flow rates,

10. borated water storage tank level, and

11, condensated tank level,.



;!gc of air system failures on required system

The systems, components, and instrumentation described above were
surveyed to determine the extent of their dependence on instrument air.
The following is a discussion of the results of this survey.

Main feedwater gronu-t,nn-\z-.

The MFW, condensates, and heater drain systems are heavily depencent
upon proper oneration of a number of pneumatic valves, pneumatic
instruments, and pneumatic controllers, Substantial pressure upsets or
loss of adequate instrument air pressure to all or a subset of these
values and controllers during power operation can result in significant
condensate and main feedwater upsets. Depending upon the instrument air
fallure assumed different transients can result. The following is a
brief discussion of two kinds of fallures

a. Total loss of air compressors or failure of the instrument air
%11 line so that instrument air pressure decrsases throughout the
entire instrument air distribution network. n low instrument air
pressure occurs, the {nteractions between the turbine extraction
system, feedwater heater drain system, condensate system, and main
feedwater system are extremely difficult to predict., A low 1A pressure
transient occurred at the Oconee station on October 13, 1983. A brief
description of the resulting nuclear steam supply transient was included
in the Duke Power Company information submittal of May 7, 1984 (ref. 6),.
Units ' and 3 were operating at power when the 1A pressure transient
began. Instrument air pressure dropped %o below 54 psig. Both Units !
and 3 condensate and feedwater systems experienced perturbations.

Unit 3 reactor tripped after the condensate booster pumps and MFW pumps

tripped. Unit 1 NSS avoided reactor trip although main FW upsets
occurred,

b. Loss of air to MFW control valves FW- 41, 44, These
four valves are fed from a common instrument air supply line (PO149-A)
and could lose air pressure due to a common failure, If these valves
lose air they lock up and hold their position., This probabdbly occurs at
70 psig. When the MFW control valves lock up, and If an NSS trip
occurs, an MFW over feed transient is possible., If MWF pump trip occurs
in conjunction with low instrument alr pressure to these valves, then no
overfeed will occur, in fact, a loss of MFW will result,

From the possibilities described, we can make several observations about
the relationship between the instrument air system and the MFW system
+ The MFW system cannot be depended upon for a rellable, controlled
source of S5C feedwater should and instrument air malfunction
occur, This L8 because of the complexity of the MFW system and
the large number of valves in the MFW system that depend upon
instrument air., Also, the performance of the MFW system ls very
closely coupled with the performance of the condensate and heater
drain systems, both of which depend heavily upon instrument air.
+ Performance of the MFW system following instrument air
malfunctions is difficult to predict since (t (s quite dependent



upon the particular malfunction assumed, the NSS operating
conditions, flow rates in the secondary plant, operator response,
and a hose of other variables. This was clearly pointed out by
the instrument air transient at the Oconee station that occurred
on October 13, 1983. |

Emergency feedwater system (PQ121A-1, 122A-1)

The EFW system depends upon 1A primarily through the two pneumatic
valves used to modulate EFW flow rates to the two steam generators.
These two valves, EFW=315 and EFW=316, have an automatic backup supply
of nitrogen for control purposes should a loss of 1A pressure occur (see
enclosure one to EP/0/A/1800/29, ref.2). If modulation of the EFW
valves cannot be accomplished following loss of 1A pressure in spite of
the nitrogen supply backup, steam generator level control can still be
accomplished by varying EFW pump speed or dy locally throttling EFW 315
and 316, Steam flow to the EFW pump turbine is controlled by pneumatic
valves MS-93 and MS-87. These valves fail open on loss of instrument
air, admitting steam to the EFW pump turbine stop and governor valves,

Normal EFW operation depends upon a continucus supply of air for the EFW
control valves., To ensure that air i{s always available, Duke Power
Company has provided a backup source of control air using bottled
nitrogen, If both the 1A and backup supply fails for any reason,
control of SC level can still be accomplished by varying EFW pump
turdine speed or by locally throttling control valves FDW=315 and 316.

Steam line components (PO122A-1)

After turbine trip, steam generator pressure is controlled by the
combined cperation of main steam safety valves, atmospheric exhaust
valves, and turbine bypass valves,

Main steam safety valves are mechanically operated and are independent
of the instrument air system. The atmospheric exhaust valves have
manual actuators and must be locally opened/closed by an operator {f
they are needed for pressure control. There are two atmospheric exhaust
valves and accompanying block valves: one set of exhaust and block
valves per steam generator.

The turbine bypass system is composed of two air-operated steam valves
per steam line for a total of four valves (MS-19, 22, 28, and 31)., The
four valves bypass main steam around the turbine to the condenser, The
turbine bypass valves are equipped with an automatic control loop which
can be used by the operator to set bypass valve position from the
control room or to specific set point steam pressure, When the operator
chooses to specify steam pressure, the automatic control loop modulates
valve position to attain tne desired pressure,

Low 1A pressure has no effect upon either main steam safety valves or
atmospheric exhaust valves; however, turbine bypass valves fail closed
on low 1A pressure (approximately 70 psig). If 1A pressure (s low, and
the turbine bypass valves fall closed, steam pressure cannot bde
controlled from the control room; it must be controlled by an operator




who is physically located at the atmospheric exhaust valves. Of course,
the main steam safety valves will open in a staged fashion when steam
pressure exceeds approximately 1050 psig.

Emergency core cooling (PO101A=1, 101B=1)

Makeup and letdown system. Loss of 1A pressure isclates the normal
RCS letdown and makeup paths because a number of valves in these paths
fall closed (HP=5, 6, 7, 8, 9, 13 in the letdown path and HP 120 in the
makeup (MU) path are most important). Also, RC pump seal injection flow
{ncreases tu 60 gal/min from 32 gal/min due to the fail open action of
HP=31, the seal injection control valve.

Because of the above misoperation of valves, the operztor must ranually
control RCS inventory by throttling letdown, makeup, and seal injection
flows Lf 1A pressure drops below approximately 70 psig. From *his brief
discussion, note that normal RCS inventory control depends upon 1A
availability, and although backup manual actions are possible, they are
demanding on the operator.

Hi ressure injection (PO101A-1, 1018=1). The high-pressure
injection system ZHP%g does not appear to have a direct dependence upon
instrument air; however, HPI pumps do require cooling water for the pump
lubricating oil cooclers, znd service water is also required for the
pump's water-lubricated mechanical seals. Alsc, the makeup pump speed
increasers require cooling water for the heat exchangers that cool the
oil used to lubricate the speed increasers' bearings. HPI pump motors
are air cooled.

Thus, the HPI pumps require a continuous scurce of HPSW and LPSW for
proper operation. These system were surveyed to determine their
dependence of the instrument air system, and results indicate that they
should be able to operate satisfactorily following loss of instrument
air.

Low-pressure injection (PO101B=1)

The low=pressure injection system also does not appear to have a direct
dependence upon instrument air; however, as was true for the HPI pumps,
service water (s required for oil cooling and seal injection flow. LPI
pump motors are identical to HPI motors and are air cooled.

2.5.3.6 Containment Cooling Systems
Reactor building spray (drawing No. PO103A=1, PO102A=1)

The reactor building spray system is designed to provide reactor
building atmosphere cooling by directing borated water spray inside the
reactor building. The system consists of two pumps, two spray headers,
{solation valves, and the necessary piping, inst-umentation and controls.
Upon initial actuation of the building spray system, due to either high
building pressure or operator initiation, the building spray oumps start
and take suction from the 3WST through the intertie with the LPI system.



If the BWST levei drops to a low limit, spray pump suction can b:
transferred to the reactor building sump.

The building spray system appears to be capable of normal operation with
out instrument air. Components and systems required for building spray
include the BWST, the reactor bullding sump, LPSW for the various
coolers associated with the system, and numerous ac and dc electrical
buses.

Building coolers (PO 1240)

The reactor building cooling systems are designed to remove heat from
the containment atmosphere following an accicent that releases energy
inside the containment. Each of the three cocling units consists of a
fan, a tube cooler, and ductwork. The fan circulates containment
atmosphere past the cooling tubes where heat is removed thus keeping the
atmosphere cool and preventing containment pressure from exceeding the
design pressure,

The building cooling units ure dependent upon the LPSW system to provide
water for the tuda cooler and upon several ac and dc electric buses,

The coolers appear to be capable of automatic start upon receipt of an
actuation sigral from the engineered safeguards actuation system and of
successful operation without dependence upon the instrument air system.

2.5.3.7 Containment [solation (Chapter 5 of Oconee FSAR)

The reactor building isolation system closes all fluid penetrations not
required for operation of the engineered safeguards systems to prevent
leakage of radiocactive materials to the environment in the event of high
containment radiation. Building isolation i{s accomplished by a large
number (approximately 82) of different types of valves (globes, gates,
tilting disk checks, swing checks, stopchecks, butterflies, piston
checks, turbine stops). Each reactor building penetration has one or
more isolation valve of the previously described types. The valves are
fitted with electric motor, pneunztlc, manual, or hydraulic operators or
in the case, of check valves, no operators. It should be noted that
only electric motor-operated or check valves are used inside the reactor
building.

Table 5, "Reactor Building Isolation Valve Information" in Chapter 5 of
the Oconee FSAR lists the penetrations, vaives, and actuators for the
building isolation system at the Oconee station. 1In all cases, when a
pneumatically actuated valve is used by the engineered safeguards system
to affect building isolation, the valve fails closed on loss of air.
Also, for all pneumatic valves actuated by the dbuilding isolation
system, the closed position is the post-accident and each valve is
equipped with position indication to assist the operator in malfunction
diagnosis,



2.5.3.8 Components for RC Pressure Control (PO 100A=1)

Pressurizer heaters

Pressurizer heaters are used to add heat to the RCS inventory, thus
causing the volume of a given mass of inventory to increase. The volume
increase causes compression of the steam bubble in the pressurizer
thereby increasing primary pressure,

Proper operation of the pressurizer heater banks depends only upon the
600-V MCC buses and RC pressure instrumentation: the pressurizer
heaters do not depend on the instrument air system directly.

Pressurizer spray

Pressurizer spray at Oconee I is accomplished by opening two
electrically operated valves in the spray line that connects RC pump IBI
with the pressurizer spray nozzle. Proper opa2ration of pressurize spray
depends only upon operation of RC pump IBI, opening of the spray valve
and the spray block valve, and operation of RC pressure instrumentation.

Pilot operate relief valve (PORV)

The PORV can be used to relieve excess RC pressure during certain
abnormal transients that result in insufficient primary-to-secondary
heat transfer. The PORV is electrically actuated and .s independent of
instrument air.

RC pumps (Chapter 4, Oconee FSAR)

The RC pumps are mounted in the cold leg RCS piping and circulate water
for removing heat from the reactor core. Proper operation of the RC
pumps requires 13,800 V ac power, LPSW for motor and pump cooling and
for oil cooling, HPI for seal injection, and various instrumentation and
control circuits as necessary to monitor pump performance; however, the
RC pumps do not appear to depend directly on the instrument air system.

2.5.3.8 Conclusions

Based upon a survey of the instrument air system as described above, the
following conclusions were reached

« The Oconee station has one large, integrated instrument air system
for all three units. Because of this interconnection it is quite
possible that simultaneous, quite involved transients could be
induced in more than one Oconee unit by instrument air
malfunctions.

« Because of heavy dependence of the main feedwater, condensate, and
heater drain systems on pneumatic valves and instrumentation,
instrument air malfunctions are expected to cause substantial MFW
upsets perhaps culminating in loss of MFW. Also, malfunction in
the 1A system can conceivably result in MFW overfeed. Further,
instrument air malfunctions in the MFW system can render the system
inoperable without substantial operator manual acticns.
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Normal operation of the EFW system is dependent upon a continuous
supply of instrument air. A backup supply has been provided to
allow continuous air in the event of loss of instrument air;
however, the reliability of this backup scheme is questionable.
Normal operation of the turbine bypass valves to control SG
pressure after reactor trip is quite dependent upon 1A availability.
Without adequate 1A pressure, steam generator pressure must be
controlled by an operator locally throttling the atmospheric
exhaust valves.

The drawings associated with the instrument air system are hard to
follow.

Study of the information and drawings on the 1A system provided by
Duke Power Company did not reveal and design features in the system
that act to isclate nonessential 1A lines on low system pressure.
This implies that a fault znywhere in the 1A system could affect
pressure in the entire system.
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3. BROAD FAILURE MODE AND EFFECTS ANALYSIS

3.1 PROCEDURE

Performance of complete third-level (compoient failure mode and effects
analyses (FMEAs) on all nuclear plant systoms is a Herculean task beyond
any current plant probabilistic risk assessuent (PRA) and certainly
beyond the scope of this study. Even with Lhe systems limited to those
with a major role in selected events, third-lcvel FMEAs present a
monumental task when multiple failures and possible operator actions are
considered. The approach taken here is a top-level (system) FMEA
relying on superposition principle to limit the number of cases to be
studied. This approach allows a large number of systems interactions to
be analyzed and identifies those systems whose importance dictates a
more detailed FMEA. Where more detailed FMEAs were warranted, they were
performed. However, only single fallures were considered at this time
in the second- and third-level FMEAs.

3.2 BROAD FMEA FOR OVERFILLING AND OVERCOOLING

3.2.1 Systems-level Failure Modes and Effects Analysis

3.2.1.1 Major Systems Interfaces

There are over 100 major systems in a typical nuclear power station
(Appendix A). Therefore, a selection criterion has to be used to limit
the number of systems far initial study. The interfaces of the major
systems pertinent to overcooling transients are shown in Fig. 3.1. Some
systems not originally selected for this study (Appendix B) are included
in this figure to provide a clearer interface definition.

Y. 202 Siggle Failures

The following table presents a 2ystems-level, qualitative,
loss-of-function, single~failure analysis. Functional definitions of
the examined systems are found in Appendix A of this chapter.

3.2.1.3 Multiple Failures

Table 3.2.3.1 presents a systems-level, qualitative, loss=-of-function,
double-failure analysis. Those combined failures, which produce effects
essentially equal to the sum of their single failures (superposition) or
are series failures dominated by the last one in the series, are not
presented. Such information is available from Sect. 3.2.2. Only those
failures which can produce significantly different states from the super-
position of the single failures are considered.

3.2.1.4 Cascades

The ultimate safety of a nuc.ear power station is in the hands of the
operator. As has been seen, most transients result in reactor protec-
tion system actuation after which the operator must keep the core from
overheating and the system from overcooling. He has many paths of
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Table 3.2.1.1, FMEA: Systems level asingle fallures

Effect and remarks

I1CS unit load demand Fail high Integrated master calls for more steam genera-
tion, more through turbine, without concomi-
tant increase in turbine i1oad. Probable
reactor trip at power levels other than 100%

Integrated master calls for less steam genera~
tion, less through turbine, without concomi-
tan. decrease in turbine load. Reactor
runback or trip

Turibine load could change without a corre~
sponding change in steam. Possible reactor
trip on load change

Speed limiter fallure Loa¢ demand could change faster than the
dqerivative 1imit, causing upsets to the
plant, probably leading tc reactor trip

I1CS integrated master Fail high to electro-hydraulic Integrated master calls for more steam genera-
control system/fall low to tion. more through turbine, without concomi -~
turbine bypass system tant increase in turbine load. Probable
reactor trip at power lewels other than
100%

Fail low to electro-hydraullc Integrated master calls for less steam genera-

centrol system/fail high to tion, leas through turbine, without concomi-

turbine bypass system tant decrease in turbine load, Reactor
runback or trip L

Stuck signal to electro-hydraulic Turbine ioad could change without corre=
control system sponding change in steam, Possible reactor
trip on load change




Table 3.2.1.1 (continued)

System

Fallure mode

Effect and remarks

1CS feedwater control

I1CS reactor control

Faill high to reactor control
system

Fall low to reactor control
system
Fail high to feedwater control

Fail low to feedwater control

Fail high

Fail low

Reactor coolant pump interlock

Reactor coolant pump interlock
off

Reactor run to full power, probabie high-
pressure trip

Reactor runback, probable low-pressure trip.
pPossible overcooling

Increase in feedwater flow, Might lead to
overcooling after reactor trip

Decrease in feedwater flow. Will cause
reactor trip, probably on high-pressure. Need
emergency feedwater system to prevent drying
steam generator

increase in feedwater flow. Might lecad to
overcooling after reactor trilp

Decrease in feedwater flow. Will cause
reactor trip, probably on high-pressure. Need
emergency feedwater system to prevent drying
steam generator

Would not allow startup of reactor coolant
pumps after they trip. Certain overcooling
events are mitigated by pump restart at 50°F
subcooling margin

Would allow start-up of reactor coolant pumps
at any power. Reactivity transient induced.
pProbably not significant



Table 3.2.1.1 (continued)

System

Fallure mode

Effect and remarks

Reactor coolant system

Nuclear instrumentation
system

Nonnuclear instrumenta-
tion system

Control rod system high

Control rod system low

Control rod system stuck

Pump(s) won't trip--high flowrate

Pump(s) won': start--low flowrate

Break

Variable

Reactor run to full power, leads to high~
pressure trip

Reactor runback, probable low-pressure trip.
Possible overcooling

Loss of power control., Probable reactor trip
on load change Coolant system could be

operated to ta e away proper amount of energy
and boron used for power control and shutdown

Control rods aid feedwater flow rate could be
adjusted to coapensate. Might result in over-
cooling and/or pump damage

Control rods and feedwater flow rate could be
adjusted to compensate. Might result in
undercooling or overcooling. See reactor
control

Depending on size, HPI pumps might compensate.
Leads to reactor trip. Could lead to over-
cooling or undercooling. Large and small
break LOCA have bteen extensively analyzed

Could cause control system to fail in any of
ways under reactor control. Probable reactor
trip

Not part of this s:tudy. Key candidate for
another study., Not effectively addressable at
a systems level. Likely to cascade



Table 3.2.1.1 (continued)

System

_ru lure mode

Effect and emarks

Control and instrumen-
tation power system

Main steam system

Turbine generator
system

Electro-hydraulic
control system

Turbine bypass system

Boundary violation; open safety/

rellef valve, break, etc.

Steam flow blocked

Boundary viclatlion
Calls for top turbine speed

Trips turbines

Fail open

L
Fall closed

part of SANDIA study. Has been extensively
analyzed by industry post-TMI and Rancho Seco

Broad effects depending on slze. Reactor trip
on low pressure; blowdown of steam genera-
tor(s); overcooling; loss o feedwater
heaters main feed pumps, turbine driven emer-
gency feed pump; physical sacondary loop
damage. Production of uninhabitable environ-
ment in containment or turb!ne building

Leads to reactor runback or trip. Steam flow
can go through tle turbline Lypass system and
atmospheric safety valves

Some loss of steam pressure. Breaks can be
isolated

Some 10ss of steam pressure. Can be isolated

Leads to reactor runback or trip. Steam flow
can go through the turbine bypass system and
atmospheric safety valves

Lets full flow bypass turbines. Loss of
pressure in steam generator could lead to
overcooling. See main steam system

No effect at power greater than 20%. May lead
to trip on high RCS pressure and opening of
atmospheric safety valves upon load rejection/
turbine trip

| - S—



Table 3.2.1.1

(continued)

System

Fallure mode

Effect and remarks

Condenser and condensate
system

Feedwater system

Emergency feedwater
system

Realdual heat
removal system

Condensate too cold

Loss of condensate flow

Boundary violation

Fail flow high

Fall flow low

Boundary violation

No flow

Falil on

Fail heat exchanger flow high

Fall heat exchanger flow low

Boundary violation

Might lead to overcooling. Heaters avallable.
Not significant

Lose main feedwater flow. Have emergency
feedwater system. Leads to reactor trilp

In addition to loss of flow, flooding of tur-
bine building. Can be isolated

Might lead to overcooling, steam generator
flood out

Have emergency feedwater system. Leads to
reactor trip

In addition to low flow, flooding of contain-
ment or turbine building. Can be 1solated

No effect in single fallure mode. Loss of
redundancy

May lead to overcooling and reactor trip

Might remove too much energy leading to over-
cooling

Might retard cooldown rate. Not a safety
problem

In addition to loss of flow, flooding of con-
tainment or auxiliary building. Can put water
on outside of vessel, Uninhabitable environ-
ment. Can be 1solated



Table 3.2.1.1 (continued)

System

Fallure mode Effect and remarks

Low-pressure safety
injection system

Chemical and volume
control system

High-pressure safety
injection system

Pump failure Common pumps with low-pressure safety
injection system. Degrade both functions

Fail flow low Inadequate circulation could lead to over-
heating post-LOCA

Boundary violation In addition to loss of flow, flooding of con~
tainment or auxiliary building. Can put water
on outside of vessel. Uninhabitable environ—

ment. Can be isolated

Pump fallure Common pumps with residual heat removal system.
g Degrade both functions

Low RCS coolant volume Low-pressure reactor trip

High RCS coolant volume Hign-pressure reactor trip. See high-

pressure safety injection system

Inadequate chemical control No immedlate damage. Possible primary coolant

boundary damage and loss of satem generation
efficiency will follow

Boundary violation Small break LOCA. Flooding of containment or
auxiliary building. Uninhabitable environ-
ment. Flow is limited and can be isolated.
Can put water on outside of vessel

Pump fallure Common pumps with high-pressure safety
injeution system. Degrade both functions

Fail on High-pressure reactor trip. Could lead to
overcool ing



Tablie 3.2.1.1 (continued)

System

Fallure mode

Effect and remarks

Englineered safety
features actuation
s;stem

Containment spray system

Fall flow low

Boundary violation

Pump fallure

Fall off

Fatll LPI sysatem on

Fall HPI system oOn

Fall emergency feedwater system on

Fall containment spray system on

Fail off

Fail on

Boundary violation

pPossible undercooling after small break LOCA

Small break LOCA, Flooding of containment or
auxiliary building. Uninhabitable environment.
Flow 1s limited and can be isolated. Can put
water on outside of vessel

Common pumps with chemical and volume control
system. Degrade both functions. Lose reactor
coolant seal flow; must be trip pumps or
physical damage can result

No effect in single-fallure mode

At high pressure, pumps deadhead into check
valves. May damage pumps

Borated water injected, decreasing power.
Coolan: pressure increased until safety valves
releas2. Causes reactor high-pressure trip
May lead to overcooling and reactor trip

Water in containment. May lead to overcooling.
Can put water on outside of vessel

No effect in single-fallure mode

Water in reactor building. May lead to over~
cooling. Can put water on outside of vessel.
Can be isolated

May flood auxiliary building



Table 3.2.1.1

(continued)

System

Fallwe mode

Effect and remarks

Cooling/service water
systems

Refueling

Fall low

Boundary violation

Fall on

Boundary violation

Inadequate cooling and/or water source for
residual heat removal, low-pressure safety
injection, high-pressure safety injection,
chemical and volume control, emergency feed-
water system, and the condenser

In addition to loss of fiow, flooding of con-
talnment or auxiliary building. Can put water
on outside of vessel, Can be isolated

Containment floor flooded with borated water.
Borated water storage tank empty. Lose source
for high-pressure safety injection and con-
tainment spray systems. Can put water on
cutside of vessel

Containment floor may flood with borated
water, Borated water storage tank empty.

Lose source for high-pressure safety injection
and containment spray system. Can put water
on outside of vessel




Table 3.2.1.2. FMEA:

Systems level multiple fallures

System

Fallure mode

Effect and remarks

1CS modules

ICS/reactor coolant
system

1CS/nonnuclear and
nuclear lustru-
mentation/control
and instrument power
system

1CS/main steam system

ICS/turbine bypass
system

ICS/high-preasure

safety injection
system

ICS/ESFAS

Various

S. G. overfeed/
LOCA

S. G. overfeed/
boundary violation

8. G, overfeed/
fails open

S. G. overfeed/
faill flow low

Various/fails to
actuate

The 1CS 1s designed to keep the plant in balance. There are
various combinations of module failures to produce imbalance.
The two of major importance are (1) pulling the control rods/
reducing feedwater or (2) inserting rods/increasing feedwater.
Yhese also result from massive nonnuclear instrumentation loss
such as power fallure. Both cases result 1in reactor trip:

(1) high-pressure, (2) low-pressure. The operator must
properly control the feedwater In both cases. He can elther
under- or overcool the system with improper action

A small break LOCA coupled with high feedwater flow can lead to
overcooling without operator action. Requires simulation

See ICS modules

Steam generator blowdown coupled with main feedwater overfeed
could lead to overcooling without operator action. Requires
simulation

Limited steam generator blowdown.
withou. operator action.

Could lead to overcooling
Requires simulation

Low-pressure reactor trip, possible loss of natural circulation,
loss of primary pump seal water, possible core overheating.
Operator may depressurize to restore circulation, might then
overcool vessel with core flood tanks/low-pressure injection/
flooded steam generator(s). Requires simulation

Lose autrmatic actuation of mitigating systems.
actuate all systems,

Operator can
ESFAS 1s designed to fail in the trip mode



Table 3.2.1.2 (continued)

System

Fallure mode

Effect and remarks

Reactor coolant system/
main steam system

Reactor coolant system/
turbine bypass system

Reactor coolant system/
feedwater system

Reactor coolant system/
high-pressure safely
injection system

Condenser and condensate
system/high-pressure
safety injection system

Conde:nser and condensate
ayaten/coollng-aervlce
water systems

Feedwater system

Feedwater system/high~
pressure safety
injection cystem

Break/break
Break/fall open
Break/rfail flow

high

Break/fall flow
low

Loss of flow/
fail flow low

Loss of flow/
fail flow low

Loss of flow

Fail flow high/
fail flow low

A small break LOCA coupled with main steam line break could
produce severe overcooling. Requires simulation

Similar to RSC/maln steam system with a 25% maln steam 1ine
break. Main difference is secondary loop remains closed

A small break LOCA coupled with high feedwater flow can lead to
overcool ing without operator action. PRequires simulation

A small break LOCA leading to low-pressure reactor trip.
Possible loss of natural circulation, loss of primary pump

seal water, possible core overheating. Operator may
depressurize to restore circulation, might then overcool vessel
with core flood tanks/low-pressure injection/flooded sisam
generator(s). Requires simulation

partial loss of primary heat sink. Loss of primary coolant pump
seal cooling. Operator will have to use emergency feedwater

to establish natural circulation if not depressurize to use low-
pressure safety injection system. Possibily of core overheating
and vessel overcooling. Requires simulation

partial loss of primary heat sink. Inability to cool reactor
coolant, HPI and LPI pumps, and containment. Operator will
have to use emergency feedwater to establish natural circula-
tion. Could lead to core overheating. Requires simulation

Has same systems coupling as condenser and condensate system.
See system inter~actions above

Low-preasure reactor trip, possible loss of patural circula-
tion. Loss of primary puap seal water, possible core over—
heating. Operator may depressurize to restore circulation,
might then overcool vessel with core flood tanks and low~
pressure injection. Requires simulation



Table 3.2.1.2 (continued)

System

Fallure mode

Effect and remarks

Feedwater system/
cooling-service
water systems

Feedwater aystem/
refueling system

Fall flow high/
rail flow low

Fall flow hign/
boundary violatlion

Low-pressure reacior trip, possible loss of natural circulation.
Inability to cool reactor coolant, HPI and LPI pumps. Could
lead to core overheating. Requires simulation

Loss of borated water storage tank could make HPI ineffective.
See feedwater system/high-preasure safety injection system.
Also possible loss of LPI effectiveness
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action and has been shown to take acceptable courses in the vast major-
ity of cases. The cases where cascading events have occurred coupled
with operator actions of commission or omission have been characterized
by equipment in the wrong state (e.g., valves closed); equipment in
"manual," preventing automatic action; failures which present incorrect
{nformation to the operatrr; and the operator's misinterpreting infor-
mation he is given. These are in addition to outright failures. The
number of combinations makes a complete study difficult. The most fruit-
ful approach might be to use FMEAs to select systems which are "criti-
cal™ and use event trees to include operator action when these systems
are in use or required.

3.2.2 Integrated Control System

3.2.2.1 System Description: Integrated Control System

The integrated control system (ICS) controls the reactor, steam genera-
tor feedwater flow, and turbine under all operating conditions. The ICS
attempts to optimize the generated power response to the unit load
demand while recognizing the capabilitlies and limitations of the
reactr, steam generator, feedwater system, and turbine. When any
single portion of the plant is at an operating limit or an operator
control station is in the manual mode, the ICS design uses the limit or
manual station as a load-limiting condition.

The ICS controls reactor coolant temperature for loads between 15 and
100% rated power to a constant average and maintains constant steam
pressure at all loads. Unit performance is optimized by kimiting steam
pressure variations; by limiting between the steam generator, turdine,
and the reactor; and by limiting the unit load demand upon loss of the
steam generator feed system, the reactor, or the turbine generator. The
1CS ensures correlation among the generated load, turbdine valves,
feedwater flow, and reactor power.

The ICS includes four subsystems as shown in the top level ICS logic
flow diagram (Fig. 3.2.2 foldout in pocket). The four subsystems are
the unit load demand, the integrated master, the steam generator
feedwater control, and the reactor control. Control of the plant is
achieved through feed-forward control from the unit load demand
subsystem. The unit load demand subsystem produces demands for parallel
control of the turbine, reactor, and steam generator feedwater system
through their respective subsystems.

The integrated master subsystem i3 capable of automatic turbine valve
control from minimum turbine load to full output., The steam generator
feedwater subsystem is capable of automatic or manual feedwater control
from astartup to full flow. The reactor control subsystem i{s designed
for automatic or manual operation above 15% full power and for mariual
operation below 15% full power. The dasic function of the ICS is to
match generated power to the unit load demand.



3.2.2.2 Oconee I Integrated Control System Logic Flow Diagram

An ICS analog flow diagram (Fig. 3.2.3 foldout in pocket) for the
Oconee I ICS has been prepared by Science Applications, Inc. from the
Bailey Meter Company (BMCo) drawings and system descriptions.? The
effects of the ICS transfer switches blocking certain signal paths under
various plant conditions are shown directly on the logic flow diagram in
order to aid in the interpretation of ICS functions during various
operating modes and transient conditions, All hand/aute control
stations are shown in order to assess the ability of the operator to
control the plant with failed ICS inputs, outputs, or modules. This
diagram i{s sufficiently detailed to serve as a bdasis for the ICS
modeling effort as well as the basis for propagation of signals through
the ICS for failure mode and effects analysis (FMEA).

3.2.2.3 Failure Mode and Effects Analysis for the Oconee I Inte ated
Control System

A FMEA has been completed for the Oconee I ICS as shown in the flow
diagram (foldout in pocket). This analysis consisted of a detailed
review and extension of the previous analysis of the ICS as performed by
B4W. This FMEA extends the B&W effort in the following ways:

1. addresses both 72§ and 820 series systems,

2. considers all inputs to and outputs from the ICS within the boundary
of the ICS,

3, considers zero output failures for each item as well as high and low
fajilures, and

4, considers multiple fallures for undetected module failures.

Utilizing the results of this analysis and knowledge of the ICS and B&W
nuclear steam supply system (NSSS) design details, fallures of the
{sllowing kinds were addressed:

1. Output was ~onsidered individually for each ICS input and output
signal, and hign, 'ow, or zero functional module fallure.
Consideration of the eric¢ct of zero failures led to the conclusion
that the transient induced will be no more severe th n those caused
by either high or low failure of the same item.

2. The effect of multiple failures was considered for modules whose
faiiure may have no immediate effect and, therefore, will remain
undetected until a subsequent event occurs. An example of this
module type is the Btu limit module, which limits feedwater demand
based on a set of limiting curves (see Fig. 3.2.4). If this module
is failed high, then a subsequent failure or transient requiring the
Btu limit on feedwater flow will have a different response than
intended

3
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3. Operator actions available to mitigate the results of the transient
are noted in the FMEA tables. Operability of the hand/auto control
stations after the failure was considered.

4, Common cause and common mode failures were not considered in this
analysis because of the time and budget constraints of the project.
In order to provide realistic asseasments of these types of events,
extremely detailed information such as the types of components used
in various modules, interconnections between ICS cabinets, and the
placement of sensors would be required.

Note that the ICS power supply has been extensively
studied as a result of IE Bulletin 79-27. This
bulletin has led to modifications designed to
mitigate the results of this type of failure.

Tables 3.2.2.1 through 3.2.2.3 contain, respectively, those failures of
the inputs to, outputs from, and modules within the ICS that potentially
lead to serious upsets in plant conditions or for which the consequences
could not be adequately assessed. Those failures that lead to reactor
trip without loss of normal ICS control action after trip are not
included.

3.2.3 Condensate and Feedwater Systems

3.2.3.1 System Descriptions: Condensate and Feedwater Systems
Condenser and Condensate System

The function of the condenser is to condense steam from the low-pressure
turbine exhausts, the feedwater pump turbines, and the turbine bypass
system, The condensate system takes condensed steam from the condenser
and heater drains and delivers it to the feadwater system. Along the
way, the condensate is purified and “eated., The condenser and
condensate system is a nonsafety svstem, Sae Appendix A for details.

The feedwater system takes condens:i2 from the condensate system, heats
it, raises its pressure, and delivers it to the steam generatorsz to be
boiled off as steam., The feedwater system is a nonsafety system tiat
penetrates containment., See Appendix A for getal. ..

3.2.3.2 Qconee I Functional Block Diagrams:
ndensate and Feedwater Systems

Figures 3.2.5 through 3.2.17 are the functional block diagrams for the
condensate and feedwater systems, The information was taken from
drawing numbers PO-121A-1, PO-121B=1A, and PO-121B-1B. The analysis was
done assuming full turbine trip conditions,

The figures labeled "COND. FED" are condensed block diagrams
incorporating the straight-line portions of the full diagrams into one
block, This facilitates later failure mode and effects analysis. Where
practical, the same block numbers were used, so that some condensed
blocks have several numbers.

('\
<
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Table 3.2.2.). FMEA:

ICS Inputs

Item

Fallure mode

Effects

Subsequent ICS
control actions

Remarks

Power supply fallure

Turbine header
pressure

S$.G. "A" outlet
pressure

$.G. "B’ outlet
pressure

Losa of power

Falls above set
point

Falls below set
polnt

Falls above set
polint

Falls above set
point

Loss of FW transient

Atmos. vent and turbine
bypass valves open fully
for later planta, For
earllier plants, including
Oconee, open twrblne
throttle valves only

Turbine throttle valve
closes. Atmos. vent valves
and turbine bypass valves
held closed; steam line
“wfety valve opens

Turbine bypass valve ‘A’
opens, reduction In F¥ "A*
flow due to Btu limit

Turbine bypass valve 'B*'
opens. Reducticn in FW
'B' flow due to Btu limit

IiCS control stations
inoperative

Manual control of valves
is possible

Atmos. vent (If present)
and turbine bypass valves
can be controlled
manually

Bypass flow can be con~
trolled by steam isclation
valves (if present) or
bypases valve control at
suxiliary shutdown panel

Bypass flow can be con~
trolled by steam isclation
valves (If present) or
bypass valve control at
auxiliary shutdown panel

System modifications and oper-
ating es wmodifled per
1E bulletin 79-27 to mitigate
consequences of this failure

Without operstor action primary
system overcooling will result,
Extent reguires simulation

Turbine throttle valve closure
will cause trip of resctor due
to high RC pressure

Mi electric tracks steas flow
down. Loop *A' bypass remains
open after trip

M elsotrioc tracks steam flow
down. Loop 'B' bypass remains
open after trip



Table 3.2.2.1 (continued)

Item

Falluv e mdde

Effects

Subsequent ICS
control actions

F¥ temperature

FW flow "A*

F¥ flow "B’

Startup S.G.
level *A*

Startup S.G.
level '8’

ULD rate of change

‘A* and 'B' loop
atmospheric sxhaust
valves (hand
station)

Falls low

Falls low

Falls low

Falls low

Falls low

Falls low

Fails high

Loss of FW due to Btu limit
reduct lon

Loop ‘A' MFWV opens fully.
Fill 018G *A' to high level
limit

Loop 'B' iFWV opens fully.
Fill 01SG 'B' to high level
limit

Opens both MFWV and SUFWV *A'
fully. Valves will remain
open and can lead to over-
cooling

poth MFWV and SUFWV
‘B' fully. Valves will
remalin open and can lead to
overcooling

Does not allow ULD to change

Atmospheric exhaust valves
open fully

Manual FW control possible

Unit response requires
sisulation

Unit response requires
simulation

Evaluation of severity of
overcooling transient
requires almulation

Evaluation of severity of
overcooling tranzient
requires simulation

F¥W demand is limited by Btu
limits following reactor
trip. Manual FW¥ control
possible

Control normal in sutomatioc
mode

Use of single 'averaged' or
selected FW temperature or both
loop feedwater temperatures Is
plant dependent

H/A station can be used to
control FW flow

H/A station can be used to
control FW flow

Manual control of F¥ valves is’
possible. Some units will trip
wain FW pumps on high SG level.
(Ocones 1, 2, and 3 non-ICS)

Manual control of FW valves is
possible. Some units will trip
main FW pumps on high SG level.
(Oconee 1, 2, and 3 non-ICS)

Potential for overcooling
following reactor trip

Plant specific. (Not
applicable to Oconee)




Table 3.2.2.1 (continued)

Subsequent ICS
Item Fallure mode Effecta control actlions Remarks
Turbine Har press. See turbine header pressure
set point
1T, set point Falls high or F¥W demand ratio at limit Btu limits and SG level Manual FW control possible

MFW block valve
open indication

low

Falls closed

sensors control SG level

Similar to fallure low
of MFW flow signal




Table 3.2.2.2. FMEM:

I1CS Outputs

item

Fallure mode

Effecta

Subsequent ICS
control actions

Remarks

Turbine bypass valve

Atmospheric vent
valves

Allow start of any
RCP

Loop "A' startup
F¥ valve

Loop 'B' startup
F¥ valve

Falls open

Falls open

Frevent start
of pump

Falls open

Falls open

Cannot control steas pressure,
overcooling when reactor trips

Cannot control steam pressure,
overcool ing when reactor trips

Cannot start any RC pump

fmmediate effect while
power

immed
power

late effect while

"% =%

No ilmmediate effect

Can overfill SG "A* If
reactor were to trip

Can overfill SG *B' Ir
reactor were to trip

I1solation valves (if present)
can be closed msanually to
control steas presaure

Isclation valves (if present)
can be closed manually to
conirol steas pressure

Undetected fallure may exist,
Could prevent restart if pumps
were tripped during transient

Startup block valve can be
closed manually

Startup block valve can be
closed manually




Teble 3.2.2.3. FHEA:

ICS Modules

Fallure mode

Effects

Subsequent I1CS
control actions

Remarks

Turbine header
pressure error

Steas pressure
error 'A'

Steam pressure
error 'B*

Loop 'A' atmos-

pheric and bypass

valves

Loop "B’ atemos-

pheric and bypass

valves

Fails high

Falls high

Falls high

Falls open

Falls open

Bypass and atmos. exhaust
valves open fully. Primary
system overcooling. For
earlier plants, including
Oconee, open turbine
throttle valves only

Bypass and atmosjheric
exhaust valves "A' open
fully. Primary systea
overccol ing

Bypass and atmospheric
exhaust valves 'B' open
fully. Primary systes
overcooling

Bypass and atmospheric
exhaust valves 'A' open
fully. Primary systes over-
cooling. (Atmospheric
exhaust valves not present
at Oconee 1.)

Bypass and ataospherlo
exhaust valves 'B' opens
fully. Prisary systes over-
cooling. (Atmospheric
exhaust valves not present
at Oconee 1.)

Fesdwater runback following
reactor trip

Feedwater runback following
reactor trip

Feedwater runback following
reactor trip

Feedwater runback following
reactor trip

Feedwater runback following
reactor trip

Valves can be closed manually.
Note that twbine header
pressure error does not feed
bypass valves at Oconee 1

Valves can be closed manually.
Note that steam pressure error
feads bypass valves only at
Oconee 1

Valves can be closed manually,
Note that steas pressure error
feeds bypass valves caly at
Oconee 1

Valves cannct be closed
manually. Steam line isclation
valves can be clrved manually
if avallable (not available at
Oconee 1)

Valves cannot be closed
manually. Steas line isolation
valves can be closed manually
Af avallable (not avallable at
Oconee 1) -




Table 3.2.2.3 (continued)

Subsequent ICS
Item Fallure mode Effects control actions Remarks
Total feedwater Falls high Fesdwater demand Increases Feedwater controlled at control of both FwW

demand

Btu limit (A&B)
auct loneer

Feedwater flow
error (ALB)

Falls to select
minimun valve

Falls high

to Btu limit, Reactor power  high level limit
remains nearly constant,

resulting in overcooling

transient

Feedwater llow llalted by
high level limit If tran-
slent requiring Btu limit
control occurs subsequent to
fallure

Fallure causes feeding of
one SG to high level limit

Manua.
demands can prevent over-
cooling

Feedwater can be controlled
manually. Fallure of Btu limit
would be undetected. Excessive
feeduater flow will ocour If
feedwater demand fallure occurs
after Btu limit fallure

Overcooling can be averted by
manual control of overcooled
SG FW flow after trip
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Table 3.2.3.1. FHEA:

Condensate and feedwater systeas

No. Component Fallure mode Effects and remarks
2. Line to hotwell pump inlet Break Loss of condenser vacuus. Loss of condensate, leading to loss of norsal
hsster feedwater flow. This should lead to reactor trip and emergency feedwater
startup. Emergency feedwater will have to come from upper ‘surge tank
Block Loss of condensate, leading to loss of normal feedwater flow. This should
lead to reactor trip and emergency feedwater startup
2.2-6 Three parallel hotwell pump Pump fallure No effect, spare is avallable
lines
Block No effect, spare line is avallable
Break Check valve isolates from downstreas slde, motor-operated valve avallable
to isolate condenser side. If isolated, no effect as spare is svallable,
If not, lose condenser vacuusm and normal feedwater flow. Emergency feed-
water must come from upper surge tank. (May draln hotwell pusp)
3.0 Line from hotwell pump heater Break/bloek Loss of condensate, leading to loss of normal feedwater flow. This should
to polish/desineral izer lead to reactor trip and emergency feedwater startup. (Emergency feed~
water can come from condenser, as check valves protect downstreasm side.)
3.2.3 Pol lah/ demineral i zer Lypass Blook Little effect, as the full streas can flow through the pollish/
demineralizer
Break If the break is near the flow control valves, it can be isolated, so
the same effect as a block. If not, condensate flow will Le lost, leading
to reactor trip and emergency feedwater startup
3.4.5 Line to polisi/desineral izer Block Little lmmediate effect, as full flow can be bypassed. Water guality
inlet heatar will deteriorate
Break If pefore isclation valve, condensate flow will be lost, leading to

reactor trip and emergency feedwater startup. If after lsolation valve,
full flow can be bLypassed. Water guality will deteriorate




Table 3.2.3.1 (continued)

Componert

Effects and remarks

3.&n

.12+

8.2.3

Five parallel polish/
demineralizer linea

Reain trap

Line to cooler section

Looling section bypass

Block

Polish/
demineral izer
fallure

Block

Fallure

Break

Blook

Possibly reduced flow through total polish/demineralizer seotion,
depending on design capacity. This would lead to reduced water quality.
More likely, each is oversized so the loss of one will have little effect

Isolation valves are present 50 & break can be contalned. Result will
then be same as for block. May drain polish/demineralizer unit

Depending on design capacity, loss of one polish/demineralizer could
reduce water quelity. More likely, each 1s oversized so the loss of one
will have little effect

Little imsediate effect, as full flow can bypass polish/demineralizer
section. Water quality will deteriorate

If pefore the last isolation valve, the break can be isolated. IF efter,
condensate flow will be lost, leading to reactor trip and emergency feed~
water startup. May drain trap

Resin beads could flow on to harm downstream equipment. Clog valves,
heat exchangers, damage pump lmpellars, sto.

Loss of condensate, leading to loss of normal fsedwater flow. This should
lead to reactor trip and emergency feedwater startup

Loss of condensate, as in block

Cooler section not capable of full flow, so system would have to go to »
reduced-flow condition

If break i near flow control valve, it can be isolated. If not, loss of
condensate, leading to loss of normal feedwater flow. This should lead
to reactor trip and emergency feedwater startup




Table 3.2.3.1 (continued)

No. Camponent Fallur s mode Effeots and remarks
K45 Condensate cooler bypass Blook Little effect. The combination of cooling section bypass and condensats
coolers can handle total flow
Break If vefore bypass valve, have loss of condensate, leading to reactor trip
and emergency feedwater startup. If after bypass, valve can isolate break
Break Little effect, as both coolers have isolation valves. May drain cooler
7 Gen. water cooler Block Little effect, as in break below
Break Little effect, depending on the location. Individual coclers have
isclation valves. Before these, bolh gen. water coolers could be
affected, which might result in insufficient cocling. May draln cooler
Fallure Possible insufficlient cooling
4.8 Hydrogen cooler Block Same as gen. water cooler
Break Same as gen. water cooler
Fallure Same as gen. water cooler
L9 . C.S.AE. Block If before header, condensate flow is lost, resulting in reactor trip and
emergency feed startup. If after heater, one of the three C.5.A.Es is
lost. Depending on design capacity this could have little effect, or it
could reduce flow, resulting in reactor runback
Break Same as block above, as isclation valves are around each ejector
Fallure If undetected, probably would have minor immediate effect. Possiblie

equipment damage and loss of steam generation efficiancy will follow. If
deteoted, same effect ¢s block after header above




Table 3.2.3.1 (continued)

No. Component Falluwre mode Effects and remarks
“.10 Sieam seal condenser Blook Loss of condensate, resulting in resctor trip and emergency fesdwater
startup
Break Same as block May drain condenser
Falluwre on fallure mode. All require plant shutdown. Some will require
trip of secondary equipment
5.1-6 Thrae parallel oundensate Pump fallure No effect; spare ia avallable
booster puamp lines
Block No effect; spare 1s avallable
Break If inside isolation valvea can be contained. If outside lsolation valves,
have loss of flow, leading to reactor trip and eamergency feedwater
startup. May drain pusp
5.7 Flow meter Block Loss of condensate flow, leading to reactor trip and emergency feedwater
startup
Break Can be 1solated, but might c¢raln the F-heaters. Leads to loss of conden~
sate flow, reactor trip and emergency feedwater startup
6.1-6 F-heaters Block Flow can be bypassed, but may result in insufficlient heating
Break ng on location, may be isolated from other heaters, giving same
effect as block, but might drain heater. If outside isolation valves,
lose condensate flow. resulting in reactor trip and emergency feedwater
startup
Heater fallure Might result in Insufficlent heating
6.79 F-heater bypasa Block No effect, as full flow can go through heaters

- —



Table 3.2.3.1 (continued)

No. Component Fallure mode Effects and resarks
Break Loas of condensate flow, leading to reactor trip and emergency foedwater
startup. Can be lsolated, but may drain heaters
6.10 E-heater inlet time Block Loss of condensate flow, leading to reactor trip and emergency feedwater
startup
Break Can be isolated, 8o same effect as blook
6.11-16 E-heaters Block Flow can be bypassed, but may result in insufficlient heating
Break Depending o» ‘ocation, may be isolated from cther heater, glving same
effeot as block, but might drain heater. If outside isolation valves lose
condensate flow, resulting in reactor trip and emergency feedwater startup
Heater fallure Might result in insufficient heating
6.17-19  E-heater bypass Blook Reduced flow, as full flow cannot go through heaters. Results in reactor
runback or trip
Break Less of condensate flow, leading to reactor trip and emergency feedwater
startup. Can be isclated, but may draln heaters
6.20 D-heater inlat line Block Loas of condensate flow, leading tc reactor trip and emergency feedwater
startup
Break Can be isolated, sc same effect as block
T7.1-6 D-heaters Block Flow can be bypassed, but may result In insufficient heating
Break Depoending on location, may be lsolated from other heater, glving same

effect as block, but might drain heater. If outside lsclation valves,
lose condensate flow, resulting in reactor trip and emer feedwater
startup '




Table 3.2.3.1 (continued)

No. Component Fallure mode Effects and remarks
Heater fallure Might result In insufficlent heating
.9 D-heater bDypass Block Little effect (possibly reduced flow) as most of the flow can go through
the heaters
Break Loss of condensate flow, leading to reactor trip and emergency feedwater
startup. Can be isolated, but may drain heaters
7.10-11  C-heater inlet line Block Losa of condensate flow, leading to reactor trip and emergency feedwater
startup
Preak Can be isolated, 80 same effect as block
8.1-6 C-heaters Blook Flow can be Dypassed, but say result in insufficlent heating
Bresk Depending on location, say be lsolated from other heater, giving same
effect as block, but might drain heater. If outside isolation valves,
lose condensate flow, resulting in reactor trip and emergency feedwater
startup
Heater fallure Might result in insufficlent heating
8.79 C-heater bypass Block No effect, as full flow can go through heaters
Break Loss of condensats flow, leading to reactor trip and emergency feedwater
startup. Can be lscolated, but may drain heaters
8.10-9.2 Line to feed pump Block Loss of condensate flow, leading to reactor trip and emergency feedwater
inlet header startup
Break Can be isolated with same effect as block
$.39 Main fesd pump Break Depending on location, can be isclated; treat samse as blook below. May

drain pump or cause total loss of condensate flow, resulting in resactor
trip and emergency feedwater startup



Table 3.2.3.1 (continued)

No. Component Fallure mode Effects and remarks
11.2-3, A-heater Break Can be isclated, same effect as blook, May drain heater
1.677
Block Most flow can be bypassed. May resvit In some flow reduction. May

1.8

12.1

12.2-7

A-heater Lypass

Time to steam generators

Line to steas generators

Heater failure

PEliii

result in lnadequate heating

May result In lnadequate heatlig

No effect as full flow can go through heaters

Lose total flow, resulling In reactor trip and emergency feedwater startup

Loss of condensate flow, resulting in reactor trip and emergency
feedwatar startup

Can be isclated, treat same as block

Loss of condensate flow to one of two steas generators, resultling in
reactor runback or trip

If before check walve, same offect as block. If after check valve, may
result in steas generator depressurization




Table 3.2.3.1 (continued)

bo. Component Fallure sode Effects and remarks
Blook Lose part of flow, causes reactor runback or trip
Pump falluwre Same as block above
13.1-12  Recirculstion to Block Little effect under norsal operation, a8 no water 1s required from upper
upper surgs Lank surge tank
B eak In most locations brask can be isclated, glving same effect as blook,
Near the pump could disrupt pusp operation, and after isclation, say
dratn pusp
0.1.5 Jway valve Block Lose part of rlow, causing reactor runback or trip
Break Lose total flow, rewsiting in reactor trip and emergency feedwater
startup

10.2-3, Fheater

10.6-7

s

B-heater Dypass

Jway valve

Stuck on bypass Possibly Inadequate heating

Break Can be isclated, same effect a3 block
Block Most flow can be bDypassed. May resul some flow reduct..a. May
result in Inadequate heating

Heater fellwre May result In inadequate heating

Block No effect as full flow can go through heaters

Break Can be isclated, but half of flow is lost, Results in resctor runback
or trip

Block Lose part of flow, causing reactor ruaback or trip

Break Lose part of flow, causing reactor runback or trip

Stuck on bypass FPosalbly inadequate heating

- — > o r—
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3.2.3.3 Ffallure Mode and Effects Analysis for the Oconee I condensate

and ter Systems

3.2.4 Auxiliary Feedwater System

The auxiliary feedwater system (called the emergency feedwater system by
Oconee) is designed to provide an adequate supply of cooling water to
the steam generators so that they can act as heat sinks for decay heat
removal from the reactor core in the event of a loss of power, a
feedwater line malfunction, a small LOCA, or a main steam line break.
The system i{s a Safety Class 3J system with the exception of the piping
between the isolation valves and the connections to the feedwater plping.
These sections of piping are Safety Class 2. The emergency feedwater
system generally penetrates containment. Electrical power is provided
by essential ac distribution subsysteam.

A turbine~driven pump is supplied steam from taps on the main steam
lines. The emergency feedwater system is actuated by its own control
system. Actuation may be initiated by a loss of ac power, a decrease in
feedwater header pressure, a safety injection signal, low level in the
steam generators, or a manual signal. During startup, the emergency
feedwater system is used to increase steam generator pressure by drawing
suction from the condensate storage tank. This provides enough steam to
start the main feedwater pumps.

The emergency feedwater system consists of two motor-driven feedwater
pumps and one steam turbine-driven feedwater pump. All three pumps are
sized for 100% capacity; operation of only one pump is needed. All
start on the actuation signal. The turdine-driven pump will operate as
long as steam i{s available from the main steam lines and de control
power 1s available. The pump draws suction from two sources: the upper
surge tank and the condenser hotwell. The pumps' discharge passes
through a common header before entering the piping connected to the main
feedwater lines, There (s one emergency feedwater line for each mair
feedwater line. Flow control in each emergency feedwater line is
established by a flow-control valve.

The following systems interface with the emergency feedwator system:

+« main steam system,

+ feedwater asystem,

+ essential ac distribution systeu,

« do power system (for pump control circuitry),

+ engineered safety features actuation system,

+ gondensate system,

« condenser storage system,

+ demineralized water system (makeup to the auxilliary feedwater
storage tank), and

+ i{nstrument air system (for pneumatic valves),

3.2.4.2 Oconee I Functional Block Diagrams: Auxiliary Feedwater System

Figures 3.2.18 through 3.2.22 are the functional block diagrams for the
auxillary feedwater system, Information on emergency feedwater pump
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Table 3.2.8.1. FMEA: Auxiliary fesdwatur asysteas

No. Component Fallure mode Effects and remarks
1.1 Line from steam generator A Block Little effect as steam generator B would be avallable. Should not result
in reduced flow
Break Can be 1solated, glving same effect as block. If not lsolated, sight
result in steam generator A depressurization
1.2 Line from steam generator B Block Little effect as steam generator A would be avallable. Should not result
in reduced flow
Break Can be lsclated, glving same effect as block. If not lsolsted, might
result in steas generator B depreasurizztion
1.3 Line to auxillary supply Block Little éffect as steam avallable from startup and auxiliary steam hands
inlet
Break Littie effect If before check valve. If after, lose steam to emergency
feedwater (EFW) pump turbine, and thus emergency feedwater pump. Still
have motor driven EFW pumps
1.4 Line from steam generator A Block Little effect as steam avallable from steam generator 8
to alternate
Break If before check valve, steam avallable from steam generator B, If after
checxk valve, no flow to startup and auxiliary steam header. Steam avail-
able from msain stseas lines, however. If not isolated, may cause steam
generator depressurization
.5 Line from steas generator B Bloeck Little effect as steam avallable from steam generator A
to alternate
Break 1f before check valve, steasm avallable from steam generator A. If after
check valve, no flow to startup and suxilliary steam header. Steam avall-~
able from saln steas lines, however. If not lsolated, may cause steam
generator depressurization
1.6 Line to startup and Block/break Check valve makes effect of break sase as bloock: little effect as steas

auxillary header

available from main steas llines



Table 3.2.%.1 (continued)

No. Component Fallure mode Effects and remarks
1.7.8 Auxiliary boiler Blook/break/ Cheok valve makes all effects same: liittle effect as steam avallable
fallure from main steam lines or alternate steam lines
1.9 Auxiliary supply lnlet Block Little effect as steam available from maln steam lines
Break Little effect If beforas check valve. If after, lose steam to emergency
feedwater pump turblme, and thus emergency feedwater pump. Still have
motor-driven EFW pusps
1.10 Line to EFW pump turbine Block Lose steam to emergency feedwater pump turbine, and thus emergency fead-
water pump. Still have motor driven EFW pumps
Break Same effect as block
.n Condenser exhaust Block Little effect as atmospheric exhaust avallable
Break No effect
1.12 Atmospheric exhaust Block Little effect as condenser exhaudt available
Break No effect
2.1 Line to turbine driven Block Lose feedwater flow from turbine-driven emergenc; feedwater pump. still
EFW pump have flow from both motor- driven pumps
Break Lose feedwater flow from turbine-driven emergency feedwater pump. Still
have flow from both motor-driven pumps. May drain pump. Assume this
will not disrupt flow to motor-driven pumps
2.3 Turbine driven EFW pusp Fallure Lose feedwater flow from turbine driven emergency feedwater pump. st
have flow from both sotor driven pumps
\J
2.8 Dischargs line from turbline Block/break Check valves glve break same effect as block; lose feedwater flow from

driven EFW pusp

turbine-driven emergency feedwater pump. Still have flow from both
msotor-driven pumps



Table 3.2.4.1 (continued)

No. Component Fallwe mode Effects and remarks
2.5.6 Normal/emergency feed lines Blook/break Little effect as alternate available
to steam generator A to one of the
lines
2.7.8 Normal/emergency feed lines Bl ‘break to Little effect as alternate avallable
to steam generator § one of the
1ines
30 Line to spiit Block Lose feedwater flow from both motor-driven pumps. Still have flow from
turbine-driven pusp
Break Lose feedwater flow from both motor driven pumps. Assume this will not
disrupt flow to turdine-driven pusp. May drain pumps
3.2 Line to motor-driven pump A Block Lose motor driven flow to steam generator A, Still have turbine-driven
flow
Break Lose motor driven flow to steam generator A. Depending on location, may
lose motor driven flow to steam generator B. May drain pusp
3.3 Motor-driven pump 1A Fallure Lose motor driven to steam generator A. Still have turbine driven flow
3.5 Line to split Block/break Check valves make effect of break same as block: lose motor-driven flow
Lo asteam generator A, Still have turbine-driven flow
3.5.6 Normal/emergency feed Block/ break Little effect as alternate avallable
lines to steam generator A to one of
the lines
3.7 Line to motor-driven pump B Blook Lose motor-driven flow to steam generator B. Still have turbine-driven
flow
Break

Lose motor-driven flow to steam generator B. Depending on location, may
lose msotor-driven flow to steam generator A, May drain pump



Table 3.2.4.1 (continued)

Component

Fallure sode

Effects and resarks

3.8

3.9

j.on

L)

§.3.4

Motor-driven pump 1B

Line to split

Normal/emergency feed lines
to steam generator B

Normal/emergency feed lines
to steam generator A

Line to steam generator A

Normal/emergency feed lines
to steam generator B

Line to steam generator B

Falluwre

Block/break

Block/break
to one of
the lines
Blook/break
to one of
the lines
Block

Break
Block/break
to one of
the lines
Block

Break

Lose motor-driven flow to steam generator B. Still have turbine~driven
flow

Cheock valves make effect of break same as block: lose motor-driven flow
to steam generator B. Still have turbine driven flow

Little effect as alternate avallable

Little effect as alternate avallable

Lose emergency flow to steam gensrator A. May result in dry generator

If before check valve, same effect as block. If after, could result In
steam generator depressurization

Little effect as alternate avallable

Lose emergency flow to steam generator B. May result in dry generator

If before check valve, same effect as blook. If after, could result in
steam generator depressurization




turbine steam supply was taken from Oconee FSAR Figure 10-3. The
balance of the system was from drawing number PO-121D-1. Emergency
feedwater was assumed available from the upper surge tank only.

3.2.4.3 Failure Mode and Effects Analysis for the Oconee I
Auxiliary Feedwater sttll

3.2.5 High-Pressure Injection System

3.2.5.1 System Description: High-Pressure Injection System

The high-pressure injection system (HPIS) is designed to operate for
small LOCAs when reactor coolant pressure has not been significantly
reduced. In this circumstance, the HPIS injects borated water into the
reactor coolant system to provide cooling to limit core damage and
fission product release and to ensure an adequate shutdown margin. The
HPIS is actuated by the Engineered Safety Features Actuation System
(ESFAS) and is powered electrically by the essential ac distribution
subsystem. The HPIS (s a Safety Class 2 system.

The HPIS has three redundant trains. A typical train consists of a high
head pump, which draws suction from the borated water storage or volume
control tank. All pumps are started upon an initiation signal. The
pump discharge flows into the cold legs of each reactor coolant loop.

The HPIS interfaces with the following systems:

engineered safety features actuation system,

essential ac distribution subsystem,

de power system (for pump and valve control circuitry),

chemical and volume control system or the refueling system, and
residual heat removal/low-pressure injection system (for alternate
suction).

3.2.5.2 Oconee I Functional Block Diagrams: High-Pressure Injection
System

Figures 3.2.23 and 3.2.24 are the functional block diagrams for the
high-pressure injection system. The information was taken from drawing
number PO-101-A-2 and Oconee FSAR Figure 9-2. For high-pressure safety
injection, water is assumed to come from the borated water storage tank,
thus in this analysis the pumps are not used as part of the chemical and
volume control system.

3.2.5.3 Failure Mode and Effe~ts Analysis for the Oconee I
High-Pressure Injection System

3.2.6 Residual Heat Removal/Low-Pressure Injection System

3.2.6.1 System Description: Residual Heat Removal/Low-Pressure
Injection System

The residual heat removal/low-pressure injection (RHR/LPI) system
performs several functicns during the various states of reactor
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operation. Its primary function is to remove heat from the reactor core
during normal shutdown, loss-of-coolant accident (LOCA), and post-LOCA
conditions. For additional information see Arpendix A.

For Oconee, each train of the two-train design has 100% capacity and is
redundant to the other train. Each train consists of a pump and a heat
exchanger with their associated valves.

During a normal shutdown, valve alignment directs flow from the reactor
coolant system hot leg through the RHR pumps and heat exchangers into
the reactor vessel. Following a large LOCA, the LPI system goes into a
coolant injection mode when reactor vessel pressure gets below 200 psig
or the reactor building pressure gets above 4 psig. In this case, valve
alignment directs suction from the borated water storage tank through
the pumps, heat exchangers, and piping to the reactor vessel. When the
water level in the borated water storage tank falls to 6% height,
suction is changed over t» the containment sump, and the storage tank is
usually valved out to prevent pump cavitation. This phase of operation
is known as the recirculation mode.

3.2.6.2 Oconee I Functional Block Diagrams: Low-Pressure Injection
System

Figure 3.2.25 through 3.2.29 are the functional block diagrams for the
LPI system. The information was taken from drawing number PO-102 A-2

and Oconee FSAR Figure 9-6. This information also covers the residual
heat removal functicn.

3.2.6.3 Failure Mode and Effects Analysis for the Oconee I
Low-Pressure Injection System

3.2.7 Containment Spray System

3.2.7.1 System Description: Containment Spray System

The containment spray system (called reactor building spray system by
Oconee) provides a water spray to the containment following a LOCA or
steam line break to limit containment pressure and to minimize the
release of radiocactive iodine and particulates to the environment. For
additional information see Appendix A.

The reactoir building spray system is a two-train system which draws
suction first from the borated water storage tank, then the emergency
sump. Each of the two piping trains has a reactor building spray pump
which discharges into a spray header inside the containment. The
occurrence of high (about 4 psig) reactor building pressure causes the
engineered safety features actuation system (ESFAS) to actuate
containment spray.

3.2.7.2 Qconee I Functional Block Diagrams: Containment Spray System

Figure 3.2.30 shows the Functional Block Diagrams for the containment
spray system. The information came from Oconee FSAR Figure 6-3. Water
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Table 3.2.6.1. FMEA: Low-pressurs injection system
No. Component Fallure mode Eff.cts and remarks
1.1-1.3  Line to LPI pump Block Lose flow through that line. Alternate is avallable, with capacity of
suction header full flow
Break Valves can isolate break, giving same effect as block. If after last
valve In line to "C* pump, lose that pump, but alternate avallable
Other lines Same as break or blook
not closed off
2.1 Line from BWSI Block Lose flow from borated water storage tank (BWST). Water avallable from
pusp line :
Break Check valves isolate bresk, giving same effect as block
525 Parallel lines to LPI Block Little effect, as glternate is avallable
pump suctlon header
Break Can be 1solated, giving same effect as block. If in line B, lose pump
LP-PIC, but have two lefi
3.1-3.4  Three parallel rwp lines 8lock Lose use of one pump, but have two left (little effect)
Break For single-fallure condition, can be isclated giving same effect as block
Pump fallure Lose pump, but have two left (little effect)
§.1.2 Parallel cooler lines Block Have alternate line, but probably reduced flow, Possible Inadequate core
cooling
Break Can be isolated, giving same eoffasct as block
Cooler fallure Poaslbly inadequate cors cooling
5.1.2 Parallel lines to Bloca Have alternate line, dbut probably reduced flow. Possibly inadequate core
reactor vesse!l cooling
Break Check valves give same effsct as block
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{s supplied to this system from the low-pressure injection pump suction
header.

3.2.7.3 Failure Mode and Effects Analysis for the Oconee I
Containment Spray sttc-

3.2.8 Low-Pressure Service Water System

3.2.8.1 System Description: Low-Pressure Service Water System
Reactor Building Service Water System

The reactor building service water system provides an intermediate
cooling loop for removing heat from the engineered safety systems and
transferring it to the essential service water system., The reac or
building cooling water system is designated as Safety Class 3 and is
subdivided into two distinct trains. Electric power for each train is
provided through separate 4160~V emergency buses. The reactor bullding
cooling water system penetrates containment.

A train of the reactor building cooling water system shares (with Oconee
Unit 2), three 15,000 gal/min pumps and their assoclated motors
connected in series with a heat exchanger for transferring heat to the
essential service water system and several parallel 2u4~in. piping legs
which connect to the various engineered safety systems.

Systems which interface with the reactor building cooling water system
are shown in Appendix A.

Turbine Building Service Water System

The turbire dbuilding service water system provides an intermediate
cooling loop for removing heat from components located inside the
turbine and auxiliary buildings and transferring it to the nonessential
service water system.

The turbine building cooling water system uses the same 15,000 gal/min
pumps as the reactor building cooling water system. Pump discharge
flows through the tube side of a turbine building cooling water heat
exchanger before entering a common header. Several parallel piping legs
leave the header and pass through the shell side of various heat
excnangers., For additional information see Appendix A.

3.2.8.2 Oconee I Functional Block Diagrams: Low-Pressure Service
Water System

Figures 3.2.31 through 3.2.37 are the functional block diagrams for the
low-pressure service water system. The information was taken from
Oconee FSAR Figures 6-10, 9-4, 9-8, and 9-9. This system includes both
the reactor building cooling units and the low-pressure injection
coolers,

3.2.8 Failure Mode and Effects Analysis for the Oconee 1
Low-Pressure Service Water System




Table 3.2.7.1.

FMEA:

Containment spray system

No.

Component

Failure mode

Effects and remarks

1.0-3.0

4.0,8.0

5.01-7.0

Line, Pump A

Nozzles

Line, Pump B

Block

Break

Pump failure

Failure of one

Block

Break

Pump failure

Lose flow to half the 240
nozzles. The other half
are available, may be
adequate

Can be isolated, giving
same effect as block

Same effect as block

Insignificant impact, as
239 more are available

Lose flow to half the 240
nozzles., The other half
are available, may be
adequate

Can be isolated, giving
same effect as block

Same effect as block
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Table 3.2.8.1. FMEA:

Low-pressure servioce water system

No. Component Failure mode Effects and remarks

2. Suction header valves Block Reduced cooling water flow, HPSW and Unit 3 LPSW tranafers can make up
(2 headers) Break difference

2.2 Pump suctlion valves Block Loss of pump flow., May be offset by spare capacity, HPSW and Unit 3 LPSW
(3 parallel pumps) transfers

Break Loss of pump flow. Possible interference with other pump(s) on header.
Spare capaclity avallable

2.3 Stralner Plug No effeoct, Spare pumping capascity available unless simultanecus plugs
(3 parallel pumps) ocour in all pumps
Fall (pass Debris may damage or plug downstreaas components, extent unknown
objects)
2.8 Low-preasure service Fall No effect, spare avallable
water pumps (3 parallel)
2.5 Pump discharge check valves Block No effect, Spare pumping capacity avallable
(3 parallel)

Fall open None unless assoclated pump falls or Is turned off. Resulting back flow
through pusp will reduce pressure and water flow to LPSW users. However,
valve can be isolated by closing discharge \alve

2.6 Pump discharge valves Break Loss of flow to "A" line ("B™ pump discharge valve break) or to "B" line
("A" pump discharge valve break). Resulting loss of cooling may force
shutdown or result in turbine and/or reactor trips due to component
overheating

Block No effec , spare available



Table 3.2.8.1 (continued)

No. Component Fallure mode Effects and remarks
2.7 LPSN pump discharge Break Loss of flow to "A" line ("B* pump discharge valve break) or to "B" line
header wi‘'h valves ("A" pump discharge valve break). Resulting loss of cooling may force
shutdown or result in turbine and/or reactor trips dus to component
overheating
Valve block Inability to switch pump C between LPSW lines "A" and "B* (i.s., loss of
redundant pumping capacity)
3.1 HPSW isolation valves (2) Block Loss of redundant pumping capacity
break Potential flooding of pump room. Loss of coolant flow as in discharge
valve break
3.2 Pressure rellefl valves Allow high Could burst cooling colls in reactor bullding causing flow into sump.
pressures Could burst oll cooler colls causing water contamination of turbine oil
or RCP bearing oll. Pipe break not likely
Leak or fail Reduce cooling water flow, extent unknown
at low
pressure
.3 Valve and line from “A* line Block Loss of cooling to turbine oil eventually causing turbine trip
to miscellaneous coolers
Break Loss of cooling to turbine oll as above. Loss of cooling water flow
in line "A"
3.8 Isclation valves and lines Block No effect on Unit 1|
to Unit 3
Valve break Loss of cooling water flow from line contalning broken valve
Break Loas of cooling water flow
3.9 Headers to Unit 2 Break Less of cooling water flow




Tatle 3.2.8.1 (continued)

No. Component Fallure mode Effeots and remarks
L8 | Input headers to RB alr Break Loss of some cooling water flow. Header valves allow isolation of 2 of
coolers (with 2 valves) 3 coolers from site of leak for continued operation
Block No effect unless both header valves blocked cuasing loss of flow to
cooler 1B
4.2 HB cooler inlet isolation Block Loss of flow to cooler but other two coolers still operable
valves (3 parallel)
Break Loss of cooling water flow. Leakage to turbine room sump. Loss of cooler
Fall open No control of cooler. Would cause water accumulation in reactor bullding
sump in case of cooling coll fallure
4.3 RE alr cooling coll Block Loss of cooler, other two coolers compensate
(3 parallel)
Break Loss of water Lo reactor sump
LN ] RB cooler outlet isolation Blook Loss of cooler
valves (3 parallel)
Break Loss of water to turbine building sump, no effect on ocooling systems
performance
Fall open If pressure hesd sufficient, may allow backflow into RB sump through
ruptured RB cooler coll during stteampts at cooler isolation
L Flow monitors False indica- Unnecessary isolation of RB alr cooler
(RB alr oooler water tion of leak
flow) (3 parallel)
Fallurs to Uncontrolled loss of LPSW to RB sump. Liquid detector in RB sump is
detect leak backup
5.6 Radiation monitors False indica- Unnecessary isolation of RB air cooler

(3 parallel)

tion of leak



- -

Table 3.2.8.1 (continued)

No. Component Fallure mode Effects and remarks
Fallure to Uncontrolled loss of FP gases, etc., to CCW, (Accldent conditiona
detect leak only.)
5.1 Component cooler header Break Loss of water flow to component coolers (affecting RC pump seal water
return and letdown coolers). Decreased flow and pressure to other
coolers on line "B"
5.2 Inlet isolation valve Block Loss of component cooler function, spare provided
(2 parallel)
Break Loss of water flow to component coolers (affecting RC pump seal water
return and letdown coolers). Decreased flow and pressure to other
coolers on line "B"
.3 Component cooler Block Loss of cooler function. Spare provided
(1 active, | spare)
Leak Cooler may be isolated. Spare provided
5.4 Outlet isolation Block Loss of cooler function. Spare provided
Break Leakage to turbine bullding sump
5.5 Rad aitor False indica- No effect, Sample valve allows verification
tion of leak
Fallure Lo Release of radiation to CCW, May bLe discovered by regular sampling
detect leak
6.1 RCP cooler inlet Block All RCPs overheat, reactor trips
isolation valve
Break Same with water loss to turbine Nlu.lu sump




Table 3.2.8.1 (continued)

No. Component Fallure mode Effects and resarks
6.2 ACP Inlet header Break All RCPs overhsat, reactor trips
Leak Near normal cooling achleved but water 1s lost to RB sump
6.3 Pump cooler inlet isolation Block Individual RCP overheats, trips. Reactor runback
valve (4 parallel pumps)
Break Same as block except water is lost to RB sump
6.4 Pump motor and bearing Block Individual RCP overheats, tripe
coolers (8 parallel pumps)
Leak Water contamination of oll and alr in pumps
6.5 Pump cooler outlet isolation Block Individual RCP overheats, trips, Reaotor runback
valve (& parallel pumps)
Break Undetected low-pressure leak to dB sump
6.6 RCP cooler outlet header Break Undetected low-pressure leak to RB sump
Leak Undetected low-presswe leak to RB sump
6.7 RCP cooler outlet lsolation Block All RCLPs overheat,6 reactor trips
valve
Sreak Same with water 1oss to turbine bullding sump
T Residual heat removal inlet Block Loss of cooler function. May allow reheating of RCS at low pressure
isolation (2 parallel valves)
Break Loss of cooler function and cooling water flow and prassure to other

coolers. Leakage to turbine building sump. May allow reheating of
RCS at low pressure



Table 3.2.8.1 (continued)

No. Component Fallure mode Effects and remarks
7.2 Residual heat removal coolers Block Loss of cooler functic:. May allow reheating of RCS at low pressure
(2 in parallel)
Leak (tube Hadiocactive RC water enters LPSW aystem
fallure)
73 Radliation monlitor False indioca- Unnecessary isolation of cooler causing RCS rehea ing
(2 in parallel) tion of leak
Fallwe to Downatream radiation monitor backs up unit
detect leak
7.4 Outlet lsolation valves Block (fail Loss of cooler function. May ailow reheating of RCS at low pressure
(2 parallel strings of an closed)
EOV followed by a check valve)
Break Loss of ocooler control. Leakage to turbine bulldirg sump
¥ail open No effect, flow control valves can isolate system
7.5 Water flow control valves Fall open Overcool, RCS at low preasure
(? parallel valvea per
wellet line) Fail low flow No effect, spare valve avallable
7.6 Radiation monitor Falls No effect bac'up monitors provided upstream




3.2.9 CONTROL SYSTEM FAILURES THAT CONTRIBUTE TO STEAM GENERATOR
OVERFILL

The Oconee-1 MFW control system has an overriding requirement to
feed the steam generator as long as the differential pressure ("water
level”) is sensed below low level, (30 in. on the selected A-D (A'-D")
sensor - see Fig. A.2.3). Between 30 in. and 344 in. control is not
based on level during normal operations. A complex of demand-related
signals is met by the control system. Most simple aberrations that
might occur in a component are compensated by action of the Integrated
Control System in this region. When the sensed level exceeds 344 in.
the ICS sends a signal to close the MFW control valve. If despite this
the differential pressure level rises to 359 in. a signal 1ls sent by
circuitry outside the ICS (see Fig. A.2.4) to trip the MFW pumps. Note
that this last signal will cause actuation of the trip only if signals
are sent from both the B-D and che B'-D' sensor sets. (See App. A.2.2.2
and A.2.2.3.)

It is apparent, therefore, that the MFW cannot overfill a steam
generator (above the 359" level) unless both high level protection
features are defeated and an overfeed mechanism is initiated which is
not controlled by cross limits or any of the other compensatory features
of the ICS. We have accordingly classified possible failures as they
may cause cne or another of these (Sect. 3.2.9.1).

Note that a number of SG overfeeds would reduce steam quality to
the point where water enters the steam line even though the differential
pressure on A-D did not cause either high level control or high level
pump trip. However, for significant accumulation it is necessary to
defeat the two high level protection devices.

The auxiliary feedwater system (AFW) is not subject to the high
level protection features. Therefore, once the system is on AFW, less
control system failure is required to bring on SG overfill. Two things
should be borne in mind. There must have been a prior failure or
unusual circumstance to bring on the AFW. And the AFW pumps water much
more slowly than the MFW with full open or nearly full open control
valve. Hence, in the AFW case, taere {s more time for intervention and
less potentially damaging momentum carried by the water.

3.2.9.1 CLASSIFICATION OF FAILURES

Type A - Failures Which Place Both The High Level MFW Pump Trip and The
High Level Control Valve Closure In Failed State - Since both
of these systems depend on the same level detection equipment,
a failure there would affect both equivalently.

a. A sufficient leak in selected pressure tap B (B') or
connecting pipe from it or packing of either blocking valve
on which the connecting pipe terminates A.2.2.2, b



b. Failure of valve V (Fig. A.2.3) of the selected set in the
closed position during operation A.2.2.2, ¢

¢. Any failure of the selected B-D (B'-D') MFW delta-P cell,
mechanical, hydraulic, or electrical, which causes the cell
to read a low level when the level is high A.2.2.2, d

Further description of these failures appears in App. A.2.2.2.
As observed there, since these are failures of laovel
indications of the selected set, the indications are brought to
the control room display where they are inconsistent with other
level indications displayed there. The failure should be
detected when the operator notices and understands the
inconsistency.

Type B - Failures Which Place The High Level MFW Pump Trip In Uncetected
Failed State - As noted before the MFW pump trip circuitry is
independent of the ICS which controls the high level control
valve closure. Further, the pump trip requires a confirming
signal from the nonselected B-D (B'-D') set.

a. Any failure causing relay 2A or 3A (Fig. A.2.4) to fail
with contacts open places SG-A pump trip in undetected
failed state. Analogously, 2B and 3B for SG-B. A.2.2.3, a

b. Any failure causing relay FPTX (Fig. A.2.4) to fail with
contacts open will put trip signals of both SGs in
undetected failed state. A.2.2.3, b

ec. A sufficient leak in nonselected pressure tap B (B') or its
connecting sense line or packing of either blocking valve
on which the connecting line terminates A.2.2.2,0

d. Failure of valve V (Fig. A.2.3) of the nonselected set in
" the closed position during operation A.2.2.2,¢

e. Any failure of the nonselected B-D (B'~-D') MFW delta-?P
cell, mechanical, hydraulic, or electrical, which causes
the cell to read a low level when the level is high
Re2esy &

Failures a and b are undetected by their nature. Failures c,
d, and e are undetected because they are failures of the
nonselected set which is not displayed in the control room.

Type C - Failures Which Block the High Level MFW Control Valve Closure
and Also Initiate Steam Generator Overfeed

a. Selected low level signal fails low. - Sect. 3.2.9.2, r;
5.2.2.2, 8

b. Hard limiter on turbine header pressure error signal fails.
Or the summer immediately downstream of the limiter



Type D -

Type E -

produces a false aiznal; Either may have the effect of
calling for increased flow.

¢. Failure high of the low level setpoint., - Sec. 3.2.9.2, w
Failures Which May Initiate Fast Overfeed By MFW - Whether or
not these failures would be controlled by the ICS and cross
limits prior to challenging high levels is not clear.
Simulation is required to determine this. - Sect. 3.2.9.2, q, t

a. Delta-P measurement on FW control valve fails it 0.
Seot. 3.2.9.2, &.

b. FW temperature measurement in one loop fails high.
Sect. 3.2.9.2, c.

¢. MFW flow signal fails showing no flow. Sect. 3.2.9.2, d.

d. Hot leg temperature measurement fails high. -
Sect. 3.2.9.2, 8.

e. Delta-T, signal fails either way. - Sect. 3.2.9.2, i.
f. Tayg determination fails high. - Sect. 3.2.9.2, J.
g. Neutron flux measurement fails high. - Sect. 3.2.9.2, k.

h. MFW blocking valve position indicator fails in closed
position. - Sect. 3.2.9.2, m.

i. Reactor coolant flow measurement fails low. -
Sect. 3.2.9.2, u.

J. Main steam line safety, atmospheric, or turbine bypass
valve fails open. - Sect. 3.2.9.2, v.

k. MFW control valve fails open or valve control signal fails
demanding valve opening. - Sect. 3.2.9.2, o.

Failures That Would Cause MFW Overfeed At Relatively Low Rate -
These would afford more time for intervention. If water were
2jected from the SG it would be with relatively less energy and
momentum than in the foregoing cases.

a. Delta-P signal across MFW control fails between 0 and set
point. - Sect. 3.2.9.2, b.

b. MFW flow measurement fails at low valve greater than zero.
- Sect. 3.2.9.2, e.

¢. Reactor inlet temperature measurement in one loop fails low.
- Seot. 3.2.9.2, h,



d. Startup FW control valve position indicator fails with
valve less than 50% open. - Sect. 3.2.9.2, 1.

e. MFW pump speed governor fails. - Sect. 3.2.9.2, n.
f. MFW Startup valve fails open. - Sect. 3.2.9.2, p.
g. MWe demand rails high. -~ Sect. 3.2.9.2, s.

Type F - Single Failure Causing Relatively Slow Overfill of Steam
Generator

A sufficient leak in selected preasure tap A (A') - see
Fig. A.2.3 - or the connecting pipe from that tap or the
packing of the blocking valves on which the connecting pipe
terminates. Sect. 3.2.9.2, r A.2.2.2, a.

The foregoing classification is useful in the further analysis of
the consequences of the failures, singly or in combination.

Type C failures, taken alone, should cause a rapid filling of the
steam generator to the 359 in. level followed by MFW pump, reactor, and
turbine trip and initiaticn of AFW.

Type D and E failures, taken alone, may be controlled by the ICS.
In some cases they will lead to system trips. Type D failures are

expected to lead to greater and more rapid SG overfeeds than Type E
failures.

Type A and B failures do not cause SG overfeed but block some or
all of the high level protection. Type A failures, which bring
inconsistent information to the control room display, are expected to be
detected sooner than Type B failures, which do not.



There is one Type F failure. This is a single failure which causes
the rapid filling of the SG to the 359-in. point and the relatively slow
continued coverfilling of it thereafter.

Any Type A failure or any Type 8 failure followed by any Type C
failure (coming before the detectionm and correction of the Type A/B
failure) will cause rapid overfill of the SG with the MFW pumps
cperating at high speed.

No operator iatervention (ameliorative or otherwise) has been
assumed in the above discussion. We have made no estimate of the
probabilities of these failures.

3.2.9.2 DETAILED DESCRIPTIONS OF FAILURE SEQUENCES

The component parts of the FW system, its controls and comtrol
signals, constitute a functional group that could have failures which
could initiate a SG overfeed. We have examined this group to find
failures that can lead to overfill of the SG at Oconee. All but one of
the overfeed sequences we have found would be terminated by successful
action of the high level trip of the FW pumps. The exception is
sequence r below, in which overfeed comes also from the auxiliary W
pump, which does not have a high level trip.

The following event sets have been identified as having the
potential to cause steam generator overfeed. In each case the
{nitiating event appears to lead to increase of the steam generator
water level. The sequence of events suggested in each scenario beyond
the initiating evéats is not intended to be taken as predictive. Event
sequences can depend upon many things, and surprising results often
ensue. These scenarios are constructed and presented as guides for the
modelers and simulators to highlight features that may have special
significance. Where {indicated they will be analyzed on a system
simulator in the next phase of this study which will be the augmented
failure modes and effects analysis (FMEA).

A most helpful source, which suggested a number of these sequences,
was the Midland FMEA on the Midland FMEA on the 1cs. }

a. The delta-P signal across the FW control valves in loop A fails
at its lowest value. The FW pumps go to high speed stop in an attempt
to control the failed delta-P signal back to setpoint. Excessive
feediwater flow results from the increased pump speed. Throttle pressure
will increase, Tayg will start to fall, and the FW flow error will cause
the FW valves to begin to close. Megawatts generated will begin to
{ncrease as the throttle valves move to control pressure back to
setpoint. The control rods will pull, increasing reactor power, to
control Tpyg back up to setpoint.

R, W. Enzinna, R. W. Winks, S. D. Swartzell, R. P. Broadwater,
M. S. Kai, and W. E. Wilson, "Failure Modes and Effects Analysis of the
Midland NNI and ICS,"” Babcock & Wilcox Co. Report BAW 1743 (July 1982).



However, as long as the tracking mode is not activated, the W
control valves should control the FW flow back to the original setpoint.
Hence, the plant should settle out at its original condition, except
that the high pump speed would result in a higher pressure drop across
the FW coutrol valves. Also, with the higher coatrol valve pressure
drop, the flow control would be more sensitive and would not be as
smooth as normal. The FW valve flow control shquld be rapid emough to
prevent a high level in the steam generators from occurring. However,
failure of the FW control valves to act rapidly emough still leaves the
high level pump trip protection.

b. The delta-P signal across the FW control valve fails at some
point below the setpoint. Qualitatively, the effects are the same as in
(a). However, (a) appears to be the bounding case; so the effects
should be less severe. A failure of the delta-P signal above the
setpoint value should not lead to SG overfeed.

c. The FW temperature measurement in loop A fails high at S00°F.
FW temperature compensation will cause the total W flow demand to
increase, resulting in overfeeding both steam generators and overcooling
the core. Tyyg Wwill start to drop, causiag control rods to pull and
reactor power to increase. The steam pressure will increase, causing
the turbine valves to open and the megawatt electric gemeration to
{ncrease. Because of negative megawatt electric error, the megawatt
electric calibrating integral will cause the feedforward coatrol demands
to the reactor and feedwater to decrease. If the megawatt electric
calibrating integral does not reach a low limit, then the unit will
settle out at its original condition. If the megawatt electric
calibrating integral goes onto its low limit (generally set at -5%2),
then the plant will settle out at a higher power level than its original
condition. If the FW temperature measurement failure occurs at a low
load level, a higher probability of reactor trip due to low RC pressure
exists than at a high load level. This is because at the low load level
the FW temperature is lower than at the high load level. Hence, a
greater percentage increase in FW flow will occur at the low load level.
Purther, at low load levels BTU limits are less restrictive.

d. The main FW flow signal in loop A fails showing zero flow. The
loop A FW control valve will open fully trying to control the FW flow
to setpoint. The delta-P acrcss the loop AFW control valve will
decrease below setpoint, and the FW pumps will speed up to control the
delta=P back to setpoint. Steam generator A is overfed because control
valve A goes fully open and the pumps speed up. Steam generator B is
{nitially underfed when control valve A goes fully open, 1is probably
overfed for a short period of time when the pumps speed up, and
eventually FW control valve B should control loop B FW flow to setpoint.

Tayg ¥ill fall and the control rods will pull to increase reactor
power. The FW flow imbalance between loops A and B will cause a



negative delta-T, error. The delta-T, control will start to decrease
the FW demand in loop A and increase the FW demand in loop B. This
transient may result in a reactor trip caused by low RC pressure or the
trip of the FW pumps caused by a high level in steam generator A.

e. Main FW flow signal fails at a level between 0 and demand.
Transient proceeds as in (d) Lut less severe.

f. This transient is initiated by the startup level signal in loop
A failing low. As a result of this, loop A FW valve opens fully and the
FW pumps speed up in an attempt to restore the level in SG-A. In order
to control loop B flow, loop B FW valve closes. Neither cross limits
nor BTU limits are expected during this initial portion of the
transient. Because of excessive FW flow, the primary system may be
rapidly overcooled. A reactor trip may occur, probably due to low RC
pressure. Also, a high SG level FW pump trip may occur to preveant SG
overfill (expected to occur in SG-A). A turbine trip would immediately
follow the reactor trip. Because of excessive FW flow, steam pressure
should be ruaning high, and operation of steam relief as well as turbine
bypass is expected to occur at moderate to high power levels. If the
reactor trip occurs before the high steam generator level is reached,
there is the potential for continued overcooling of the primary due to
the open relief valves and the failed level measurement causing the
continuing supply of feedwater to SG-A. Popping of the relief valves
would cause rapid loss of steam pressure and high flows to be drawn from
the steam generators. A possible loss of pressurizer inventory along
with initiation of HPI may occur. Following the turbine trip, the steam
source for the FW pump turbines switches from the low pressure Co the
high pressure steam supply. Without the high trip SG-A should overfill.

g. This transient is initiated when one of the reactor hot leg
temperature measurements fails high. Let

Toyg ™ reactor average temperature measurement
Tyy = hot leg temperature measurement, i = A,B
Tcy = cold leg temperature measurement, i = A,B.

There are 3 methods of determining Tjyg: namely,

HA HB CA CB
1. T =
AVG K
T %
HA CA
2. T =
AVG 2
T +%
HB CB
3. T -




For a failure of Tgy high, method 3 above will give the least error in
the calculation of Tpyg, and method 2 will give the greatest error.

Two cases will be considered. The first case will consider
complete automatic operation of the ICS. In the second case, the
reactor H/A (i.e., Hand/Auto) station is in manual with all other H/A
stations in automatic. In Loth cases, a failure of Tgy will cause Tave
to be computed erroneously high. Hence, the Tpyg error in the ICS,
given by

Error (Tayg) = Setpoint - Tyyg
will be negative.

With the ICS in complete automatic, the Tayg signal modifies the
reactor demand. A negative Tyyg Will cause the control rods to insert.
1f Tpyg is large enmough it can cause the feedwater flow demand to be
modified through the cross limits from neutrom error to feedwater
control. A sufficiently negative Tyyg Will cause the feedwater demand
to be increased. Hence, with the power generation of the reactor
decreasing and the feedwater flow increasing, this transient is in the
direction of a steam generator. overfill.

With the reactor H/A station in manual and all other H/A stations
in automatic, the Tpyg error signal modifies the total feedwater demand
through a proportional/integral controller. A step increase in the Tpyg
signal, such as would be caused by Tya failing high, has the potential
for driving this control loop unstable. The negative Tjyg signal would
initially cause the feedwater demand to increase rapidly while the
reactor demand remains constant. Again, this transient is in the
direction of a steam generator overfill.

h. This transient is initiated by the reactor inlet temperature in
loop A failing low. Proportional control action in the delta-T. control
will immediately cause the flow demand in loop A to decrease and the
flow demand in loop B to increase. This proportional comtrol action is
limited to 5%. Integral action in the delta-T, control will eventually
cause the variable gain multiplier in the flow ratioing circuit to be
decreased by an additional 20%. Hence, because of the delta-T. control,
the flow demand for loop A flow equals (100% - 5% - 20%) times the total
flow demand. The flow demand for loop B flow then equals 200% (100% -
5% - 20%Z) times the total flow demand. Therefore, the flow demand in
loop A is reduced by 25% and the flow demand in loop B is increased by
25% on account of delta-T. control. The low failure of the reactor
inlet temperature in loop A will also cause an error in the calculation
of Tpyg+ There are three methods of determining Tyyg- They are




HB + CB
3. T -
AVG 2

For a failure of Tgy low, method (3) will result in no error and method
(2) will result in the greatest error in the calculation of Tpyg- It
will be assumed that either method (1) or (2) is being used to calculate
Tavge For Tgy failing low, Tyyg will be calculated low. This will
cause the reactor power to be increased. Also, the low Tayg will,
through the reactor cross limits to the FW system, cause the total FW
demand to be lowered. Hence, the reactor power increases; the Tpyg
control causes the FW flow to SG-B to decrease, and the delta-T. conmtrol
causes the FW flow to SG-3 to increase. Whether or not SG-B will have
excessive FW flow is not clear.

1. The reactor inlet temperature loop A-B difference delta-T,
fails high. A high failure of delta-T, conveys the false information
that on the primary side, the temperature of cold leg A is higher than
cold leg B. The delta-T, error is apportioned in ejual magnitude but
opposite sign to the loop A and loop B flow demands. However, the
change in demand in each loop is limited to 25% of the total flow
demand .

If the initial unit load is high enough, the Btu limits will be
activated and limit the increased FW flow in loop A. This will cause a
net reduction of the total PW flow, and an increase in Tpyg. The
control rods will insert, reducing reactor power, to try to control Tayg
back to setpoint. A reactor trip on high RC pressure is possible. If
the plant is not at high load so that the Btu limits are not activated,
then the unit will probably settle out at a new steady state with a cold
leg temperature imbalance. Hence, for a high failure of delta-T., steam
generator A will be overfed and steam generator B will be underfed.

4. The reactor average temperature, TAyG, fails high. The high
failure is assumed to be duz to one of the following three failures:

1. Failure of the hot leg temperature measurement in primary side
loop A (i.e., Tga)-

2. Failure of the cold leg temperature measurement in primary side
loop A (i...’ TCA)O

3. A high failure of Tpyg for some reason other than (1) or (2).

Each of the three failures will be considered separately. Also, it is
assumed that Tpyg is calculated by (see scenario g):




for thi olts in the largest error in TAVG for the assumed failures.
1?'1'“,;':3 s high because *BA fails high then scenario g applies. In
this case, the high Tgy (assuming Tgy is the outlet temperature selected
by the operator) will increase the allowable maximum FW flow demands
calculated by the Btu limits. If Tpyg is determined to be too high for
some other reason there should be no effect on the Btu limits.

1f Tpyg fails high as a result of Ty failing high, then scenario g
must be modified to account for the effects of the delta-T. conmtrol
loop. With delta-T. control coming into play, the steam generator
overfeed will not be symmetric as considered in scenario g. Instead,
because delta-T. contrdl rveratios the FW flows, overfeed of steam
generator A will be greater than of steam genmerator B. Hence, with a
high failure of Tgy, the overfeed of steam gemerator A should be worse
than that considered in scemario g.

If a high failure of Tyyg occurs for some reason other than a AVG
high failure of Ty, or Tg,, thenm scenario g will again apply except for
the above-mentioned effect on the Btu limits.

With all three failure modes resulting in high failure of Tpygs the
steam generators are overfed. In every case there is the possibility
that the reactor may trip on low RC pressure or the FW pumps may be
tripped on high steam generator level.

k. The neutron flux density reading fails high. The control rods
will begin to insert continuoucly in trying to reduce the failed neutvon
flux density reading. The lower the unit load, the larger the neutron
error will be. Through the cross limits, the large neutron error calls
for an increase in the FW flow. Both steam generators are overfed and
the primary is overcooled. The Btu limits will probably be activated
and will limit the maximum feedwater flow demands. The cross limits
will cause the unit to go into the track mode, and .ecause of the
{ncreased FW flow and steam pressure, the unit megawatt electric demand
will track up. A reactor trip on low pressure is highly probable.
Following the reactor trip, the turbine will trip and the megawatt
electric generation will go to zero. The unit is still in the track
mode at this time, and the feedwater demand from the integrated master
goes to zero. However, following the reactor trip, the cross limits
from reactor control to feedwater control increase, calling for
feedwater flow close to 100%. Hence, the Btu limits, and not the
feedforward signal from the integrated master, must be relied upon to
run the 7W system back.

1. When the loop A startup FW control valve becomes less than 50%
open, the loop A startup FW control valve position signal fails to
{adicate that the valve is less than 50% open. Hence, the main
feedwater blocking valve in loop A does not receive a signal to close.
The leakage through loop A main FW control valve, if excessive, may
cause steam generator A to be overfed. Alsc, since the main feedwater
blocking valve in loop A does not close, the flow measurement used in
feedwater control is not switched from the main FW flow measurement,
which is highly inaccurate at such low flows, to the startup FW flow
measurement. Thus, control will not be as smooth as normal. If the



leakage through the main FW control valve is large enough, the startup
™ 'l!:‘ may close completely while steam generator A continues to be

overfed from the leakage. This condition would probably result in a
steam generator high level trip of the FW pumps.

m. MFW blocking valve in loop A is open, but its position indicator
fails in closed position. This causes ICS to take flow measures from
startup line. If reactor is at high power a flow demand signal is sent
causing increase in flow ian both loops. Cross limits cause rod
insertion signals. Btu limit may be actuated. SGs are overfed.

Reactor may trip on low pressure.

n. The speed governor on FW pump A fails high. This will cause FW
pump A to go to its high-speed stop and the feedwater flow to the steam
generators to increase. Flow control will cause the feedwater control
valves to close to control the feedwater flows back to setpoint. As the
control valves close, delta-P control will cause the speed of feedwater
pump B to decrease. Concerning the operation of pump B during this
transient, three conditions may occur. The plant may gettle out with
pump B at a reduced speed with both pumps supplying flow to the steam
generators, or the plant may settle out with the check valve in series
with pump B closed and pump B supplying no flow to the steam generators;
finally, pump B may end up operating in an oscillatory mode, with the
check valve cycling open and closed. In any event, pump A will be at
its high-speed stop. Also, a delta-P higher than setpoint may exist
across the control valves following the transient. Some overfeed of the
steam generators will occur, but a reactor trip is not anticipated.

o. The MFW control valve in lpop A fails open. (This transient
will be more serious if it is initiated well below full power - say at
25%2). The flow in A increases with the valve full open. The low
delta=-P signal across control valve A leads to pump speed up. The
delta~-T, error will attempt to reduce flow in A and increase flow in B.
The totzl flow demand error will attempt to reduce flow in both A ad B.
Because of the valve failure, loop A is not affected by these signals.
On account of the substantial increase in total flow (resulting from the
loop A failure) the total flow demand error should dominate the delta-T,
error signal in loop B, either immediately or very quickly, and continue
to do so. SG-A therefore fills while SG-B empties. If SG-B level drops
to low level indication before high level pump trip occurs in SG-A, the
low level signals in SG~B will override and prevent the level from
falling further. Hence, the low level signal in B along with the total
flow demand error signal should between them keep the level in SG~B at
about the low level indicator until the pumps are tripped.

The MFW pumps should trip om a high level signal in SG~-A.

p. The loop A feedwater startup valve fails open. There would be
no effect during operation at power, and probably the failure would not
be detected. However, during plant shutdown the excessive flow in loop
A would prevent the steam generators from going on low level control.
Appropriate manual control actions could be used to shut the plant down
safely.



Following a ~eactor trip, this failure would result in overfeed of
steam generator A if proper manual control actions are not taken. When
the reactor trips, the turbine also trips; the steam system goes on
bypass control; the feedwater flow demand runs back to low value, and
the steam generators are supposed to go om low level control. With the
start up valve in loop A failed wide open, steam generator A will be
overfed. Witnout manual control intervention, feedwater pump trip on
high level in steam generator A is likely. Simulation of failure with
reactor trip is needed.

q. The control system summer which sums the startup level and
turbine header pressure signal fails, giving low indication. This
failure is equivalent to the correspoanding failure in any of the
component signals and causes increased flow to the SG. The high level
FW pump trip occurs at high level i{ndication.

r. A sufficient leak in selected SG pressure tap A (A') or in the
pipe connecting it to blocking valves, or in the packing of either
blocking valve on which the pipe terminates, will cause a low level
signal and an overriding demand for feedwater. The SC will fill to the
high level pump trip level, 394 in., and cause trip of the MFW pumps.
The AFW will come om, and, with the low level signal still present and
no high level constraints, the AFW will continue the overfeed, causing
SG overfill. Comsult A.2.2.2.

s. Failure of the Mie demand signal high will lead to demand for
more FW flow and more reactor power. The W demand/response is much
faster than the core power demand/response. However, cross limits would
be activated and limit the rate of increase of feedwater flow. Hence,
the feedwater system response would be approximately coordinated with
that of the rsactor. That is, if the system emergy balance is taken
{nto account the feedwater system should run just slightly ahead of the
reactor. The cross limits should hold the feedwater system back. Some
steam generator overfeed should result, but it should not be severe.

t. Under normal conditions the turbine header pressure error
signal compensates the startup level measurement. It 1is first put
through a hard limiter to limit its effect on the level indication to
not more than 8 in. However, a failure of the hard limiter signal could
negate the limiting effect. This error is then potentially equivalent
to sequence f.

u. Both high and low failures of the RC flow measurement in loop A
will be considered. Consider first a high failure. The reactor coolant
flow imbalance feedwater ratioing circuit will {mmediately reratio the
feedwvater flows. The feedwater flow in loop A will be {increased and the
feedwater flow in loop B will be decreased. This will lead to overfeed
of steam generator A and underfeed of steam generator B. After a short
time 'ag, the delta=-T, control will decrease the feedwater flow in loop
A and increase the feedwater flow in loop B, thus providing some
compensation for the original failure. Whether or not a reactor trip
will occur during the course of events is uncertain.



Next consider the RC flow measurement in loop & falsely indicating
zero flow. The low failure has a much larger effect than the high
failure, because there is more room on the low side than on the high
side of the RC flow measurement range. A froant end runback to a lower
load level will immediately be implemented in the unit load demand load
limit circuitry. Again, the reactor coolant flow imbalance feedwater
ratioing circuit will {mmediately reratio the feedwater loop flows.
However, in this case the reratioing will be in the opposite direction
and much larger. The feedwater flow in loop A should be decreased to
the point that steam generator A goes on low level control. Im loop B,
the Btu limits should be activated and thus restrain the increase in
feedwater flow. Hence, in this case, overfeed of steam generator B and
underfzed of steam generator A occur.

When loop B goes on Btu limits, cross limits to the reactor will
reduce reactor power, and the unit will also go into the track mode.
During the initial phase of this transient, there is a net reduction in
feedvater flow when steam generator B goes on Btu limits, and a reactor
trip on high RC pressure is probable. Simulation, especially
{nitialized at high load, is needed.

v. Failure in the open position of the atmospheric dump, turbine
bypass, or any safety valve {n the main steam line will cause an
{ncrease in the pressure drop across the steam generator and an initial
{ncrease in feed of the SG. This event is bounded by the small break in
the main steam line.

w. The low level setpoint fails, giving a reading at its highest
level. This failure i{s functionally equivalent to r.



3.2.10 Control Svstem Failures That Contribute to Reactor Coolant Jvatem
Qvercooling

The analysis results documented in this section have been developed using
failure modes and effects analysis (FMEA) techniques. A FMEA identifies
system level failure modes of concern from postulated failures of components,
subsystems, and other systems. Emphasis is placed on identifying significant
effects associated with specific failures, The advantage of the analysis
technique is that while it is simple to apply, it provides for an orderly
examination of potentially important failure modes throughout a plant.

In a FMEA, the impact or effect of a potential fault is documented in tables
which identify the failure being considered. Support systems associated with
the failure (for example, instrument air for pneumatic diaphram operated
valves) also must be considered. Potential component fault modes due to
internal failures or unavailability of support systems, the impact of the
fault on system operation, and potential remea. il action if the fault occurs
are listed in the FMEA tables. Analysis of the completed tables permits
identification of failures which may have significant impact on system and
plant operation.

The major systems identified in Section 2.4.4 as potentially affecting RCS
overcooling have been analyzed using the FMEA techniques. The results of
these analyses, including the effects of control instrumentation and
supporting systems failures have been discussed in separate reports 1, 2 and
3.

The specific effects of failures in the systems identified in Table 2.4.12 as
they relate to RCS overcooling are discussed in Section 3.2.10. The majority
of these RCS overcooling effects have been obtained from the more general
FMEA's of the identified systems. The RCS overcooling effects resulting from
failures in the RCS subsystems (Pressurizer, RC Pumps and Steam Generators)
and associated control instrumentation and support systems are identified and
discussed in Section 3.2.10.1. The RCS overcooling effects of failures in the
Power Conversion and Makeup and Purification systems are discussed in Sections
3.2.10.2 and 3.2.10.3, respectively.



3.2.10.1 Reactor Coolant Subsystems

As discussed in Section 2.4, three RCS subsystems have been identified as
potentially contributing to overcooling transients: the Pressurizer, RC 2ump
and Steam Generator subsystems. The overcooling failure modes and interfacing
systems associated with the failure modes are listed for each RCS subsystem in
Table 3.2.10.1. As noted, component level FMEA's of each of these subsystems
are presented in Tables 3.2.10.2, 3.2.10.3 and 3.2.10.4. The results of the
FMEA's are discussed below in Sections 3.2.10.1.1, 3.2.10.1.2 and 3.2.10.1.3
for the Pressurizer, RC Pump and Steam Generator subsystems.

3.2.10.1.1 PEressurizer Jubsvatem

Two overcooling failure modes have been identified for the pressurizer
subsystem: Release of reactor coolant and excessive pressurizer spray
flowrate. In Table 3.2.10.2 the specific component level failures leading to
or contributing to these failure modes are identified with the potential
causes of the failure, its effect on the RCS and possible remedial actions
listed for each.

A release of reactor coolant (a small LOCA) will result initially from either
the PORV or pressurizer code safety valve opening and failing to close. Code
safety valves are passive devices which open when the fluid pressure on the
valve's seat overcomes the spring force holding the valve closed. The valves
are designed to close when the fluid pressure is no longer sufficient to hold
the valve open (which is typically lower than the opening pressure). Safety
valves could fail to close due to improper valve maintenance or possibly
severe operating conditions (e.g., liquid discharge) which could result from
control systems failures. If one of the safety valves does fail to close, the
leak path cannot be isolated (see Item 1, PCRV Fails Open).

The PORV (pilot operated relief valve) opens and closes in response to
external control signals, The relief valve is opened by applying power to the
pilot valve solenoid. This results in the pilot valve opening and applying
fluid pressure to the relief valve operator which opens the relief valve. The
relief valve is closed by deenergizing the pilot valve solenoid.



TABLE 3.2.10.1. SUMMARY OF RCS SUBSYSTEM FAILURE MODES POTENTIALLY CONTRIBUTING TO RCS OVERCOOLING

Interfacing
RCS Overcooling s¥'te-o and Components
RCS Subsystem Failure Mode Affecting Failure Mode Comment s
1. Pressurizer 1.1 Release of Reactor Coolant 1.1.1 PORV FMEA of Pressuriz>r System
presented in Table
1.1.2 NNI 3.2.10.2.
1.1.3 Pressurizer Code Safety
Valve
1.2 Opening the Pressurizer 1.2.1 Pressurizer Spray Valve
Spray Valve
1.2.2 NNI
2. RC Pumr 3 2.1 Release of Reactor Coolant 2.1.1 RC Pump Shaft Seals FMEA of RC Pumps presented

in Table 3.2.10.3.
2.1.2 RB Component Cooling
Water System

2.1.3 MUGP System

. 1 Steam Generators 3.1 Release of Reactor Coolant 3.1.1 Steam Generator Tubes FMEA of Steam Generators
presented in Table
3.1.2 Main Steam and Turbine 3.2.10.4.
Bypass System (Excessive
Cooldown Possibly
Contributing to Tube
Fallure)



TABLE 3.2.10.1. (Continued)

Interfacing
RCS Overcooling Systems and Components
RCS Subsystem Failure Mode Affecting Failure Mode Comments
3.2 Increased Weat Transfer 3.2.1 Main Steam and Turbine
Bypass System .
3.2.2 Feedwater and Condensate

System

4. Balance of RCS 4.1 Release of Reactor Coolant 4.1.1 MUGP System FMEA of MU&P System

esented in Table
«2:20,7,



TABLE 3.2.10.2. SUMNMARY OF PRESSURIZER SYSTEM FREA:

Fajlure Possible Causes
Release of Reactor Coolant
1. PORV RC-RV3 Mechanical failure of valve
Fails Open resulting in valve opening

or fallure to close once
open.

2. Pressur izer Mechanical failure of

Code Safety valve(s) to close after
Valve Falls opening.
to Close

. W Power to PORV
Solenoid
Fails On

© NNI Pressure Switch
(RC3-PS8B) or Comtroller
{RC3I-MIS2) Failure

Effects

Small LOCA. Pressurizer fills
during RCS depressurization.
Pressurizer heaters energized.

Smaill LOCA or RCS leak,
Pressurizer fills during
depressurization. Pressurizer
heaters energized.

PORV opens resulting in a
small LOCA. Pressurizer fills
during depressurization.
Pressur izer heaters
energized.

FAILURES LEADING TO OR AFFECTING RCS OVERCOOLING TRANSIENTS

Remedial Actions

Emergency procedures for small
LOCA's must be followed., Open
PORV may be identified by PORV
accoustic monitor (details
unavailable) and/or discharge pipe
high temp. indication. LOCA may
be terminated by closure of the
PORV Block valve, RC-4.

Emergency procedures for small
LOCA must be followed., Open
valve may be identified by

discharge pipe high temperature
indication.

Emergency procedures for small
LOCA's must be followed. Open
PORV be identified by PORV
accoustic monitor (details
unavailable) and/or discharge pipe
high temp. indication. LOCA may
be terminated by closure of the
PORV Block valve, RC-4. PORV
manual control may be operable.



TABLE 3.2.10.2. (Continued)

Failure Possibie Causes

Effects

o NNI narrow range RCS
pressure transmitter or
signal conditioning modules
produce spurious high RCS
pressure signal.

Pressurizer Spray Valve Falls Open

4. Pressurizer Mechanical failure of valve

Spray Valve, resulting in valve opening
RC-V1 Fails or failing to close once
Open open.

= Power to
Spray Valve
Solenoid
Fails On

o NNI pressure switch, RC-PS3
or controller (RC-MIS1)
failure,.

PORV opens resulting in a
small LOCA. Pressurizer fills
dur ing depressurization.
Pressurizer spray valve RC-VI1
opens and pressurizer heaters
are deenergized.

Slow RCS depressurization with
the pressurizer heaters
energized. ESPS 1500 psi RCS
pressure setpoint may be reached
depending on the spray flowrate
and heater capacity.

Spray valve opens resulting in
a slow RCS depressurization with
the pressurizer heaters
energized. ESPS 1500 psi RCS
pressure setpeint may be reached
depending on the spray flowrate
and heater capacity.

Remedial Actions

l-u?oncy procedures for small
LOCA's must be followed. Open
PORV be identified by FORV
accoustic monitor (details
unavailable) and/or discharge pipe
high temp. indication. LOCA wmay
be terminated manual closure of
the PORV, RC- or its block
valve RC-4. The pressurizer spray
valve, RC-V1l, may be manually
closed and the pressurizer heaters
manually controlled.

Identify open valve and close
spray block valve, RC-VS,

Identify open valve and close
spray block valve, RC-V5. Spray
valve manual control may be
operable.



Contributing Fallures

Failure

Fallure of
Selected
Pressurizer
Level
Transmitter
Output Signal
Low

TABLE 3.2.10.2.

Possible Causes

o NNI narrow range RCS
pressure transmitter or
signal conditioning modules
produce spurious high RCS
pressure signal.

Transmitter failure or a
failure of the selected
transmitter's power supply
(1CS Panelboard KI branches
HEX, HEY or Computer
Panelboard KU)

{Cont inued)

Effects

Remedial Actions

PORV opens resulting in a
small LOCA. Pressurizer fills
during depressurization,
Pressurizer spray valve RC-V]
opens and pressurizer heaters
are deenergized.

A selected low pressurizer level
signal results in the makeup
valve opening and filling the
pressurizer, deenergizing the
pressurizer heaters and possibly
initiating a steam generator
overfill transient (see Table
3.3.3, FMEA of the Steam
Generators). If the pressurizer
is allowed to fill, the PORV
will be opened and the possible
liguid dischzrge through the
valve could contribute to its
failure.

Emergency procedures for small
LOCA's must be followed. Open
PORV may be identified by PORV
accoustic monitor (details
unavailable) and/or discharge pipe
high temp. indication. LOCA may
be terminated by manual closure of
the PORV, RC-RV3 or {ts block
valve RC-4. The pressurizer spray
valve, RC-Vl, may be manually
closed and the pressurizer heaters
manually controlled.

The operator can cowpare the three
pressurizer level measurements
through the computer and manually
select an operable transmitter for
control and indication. Manual
control of the makeup valve (and
feedwater control valves) is
available. The loss of a
transmitter power supply is
alarmed in the control room.



Fatlure

Failure of

the Relief/
Safety Valve
Discharge Line
Thermocouple

Failure of
the PORV
Accoustic
Monitor

Failure of
PORV or
Pressurizer
Spray Valve
Isolation
Valve Open

Possible Causes

TABLE 3.2.10.2.

(Cont i nued)

Effects

T/C opens or circuitry
deenergized.

Monitors fail to operate
(details unavailable).

Valve or valve motor
power fallure.

Remedial Actions

Low indicated discharge line
temperature. This failure
would be confusing to the
operator if the associated
valve leaked or failed open.

Monitor incapable of detecting
an open or leaking PORV. This
failure would be confusing to
the operator if the PORV
leaked or failed open.

Isolation valve would be
incapable of isolating the
relief flow in the event the
associated PORV failed open.

This failure may be difficult to
detect and may remain undetected
for some period of time. The
failure may be detected by a
comparison of the three T/C
readings and confirmed by test
(prior to a postulated relief or
safety valve fallure).

This failure may be difficult to
detect and may remain undetected
for some period of time. Failure
may be detected by periodic
surveillance testing (details
unavailable).

These failures may be difficult to
detect and may remain undetected
for some period of time. An
unisolated open PORV transient is
controlled by emergency ocedures
for a small LOCA. An unisolated
spray valve could require tripping
the associated RC pump and using
the PORV for doptcn-ntl:atlon or
careful control of RCS
temperature.



The PORV may fail open in response to mechanical failures of the relief valve
or pilot valve (Item 1) or a control circuit failure which energizes the pilot
valve solenoid or fails to deenergize the sclenoid (Item 3). Certain circuit
failures such as a failure of the valve's control switch or pressure switch
may occur with other pressurizer components operating normally. The
decreasing pressurizer pressure will be detected resulting in the spray valve
closing and the pressurizer heaters being energized. Other failures, such as
those generating spurious high pressurizer pressure signal, will result in the
PORV and spray valve opening and deenergizing the pressurizer heaters. In
contrast to safety valve failures, a failed open PORV may be isolated by
manually initiating PORV block valve closure. Closure of the block valve will
terminate the release of reactor coolant.

Opening the pressurizer spray valve results in a flow of reactor coolant from
the discharge of the reactor coolant pumps to the lower pressure pressurizer
steam space. This results in a condensation of steam in the pressurizer and a
reduction in RCS pressure. If the spray valve opened and failed to close, the
resuiting RCS pressure decrease could result in a reactor trip and possibdly a
spurious actuation of the ESPS.

The pressurizer spray valve is an "on-off" solenoid operated valve. When the
high pressurizer pressure setpoint is reached, the solenoid is energized which
opens the valve. Deenergizing the solenoid closes the valve.

As shown in Table 3.2.10.2, the pressurizer spray valve could fail open or
fail to close due to mechanical failure of the valve or a control circuit
failure energizing the solenoid. Circuit failures include failures of the
pressure switch or valve control switch which result in the spray valve
opening with other components remaining operable. The resulting pressure
decrease will result in the pressurizer heaters being energized which may
reduce significantly the rate of depressurization.

Failure of the pressurizer pressure transmitter or associated signal
conditioning modules producing a spurious high pressurizer pressure signal
also will result in the spray valve opening. The effects of the spurious high



pressure signal include opening the PORV (a small LCCA) and deenergizing the
pressurizer heaters in addition to opening the spray valve.

In addition to failures which directly result in an RCS overcooling transient,
other Pressurizer System failures which may exacerbate the effects of such a
transient have been identified in Table 3.2.10.2, Items 6-9. These failures
include instrumentation failures which could impede the detection of an opcn
relief or safety valve, failures of the PORV isoclation valve which could
prevent rapid termination of a transient resulting from a failed open PORV.
Failure of the selected pressurizer level transmitter low has been included in
this category since a pressurizer overfill transient could occur. If the
overfill was allowed to result in liquid discharge through the PORV or safety
valves, valve damage could occur.

3.2.10.1.2 RC Pump Subsvstem

One RCS overcooling initiator has been identified in the RC pump subsystem, a
release of reactor coolant due to failure of the RC pump shaft seals., RC pump
seal failures may result from several possible causes as shown in Table
3.2.10.3. If degraded performance of the RC pump seals is recognized by the
operator prior to complete failure of the seals, seal failure may be delayed
by tripping the affected pump. Once seal failure occurs, however, the
resulting small LOCA cannot be isolated.

3.2.10.1.3 gSteam Ceperator Subsvstem

Two potential overcooling mechanisms have been identified for the steam
generator subsystem: release of reactor coolant due to steam generator tube
failure and insufficient heat transfer rate across the steam generator tubes.
The FMEA of the steam generator subsystem is presented in Table 3.2.10.4.

Steam generator tube leaks occur during normal operation typically due to a
combination of causes as listed in Table 3.2.10.4, Although control system
failures have not been identiiried as a single, sole cause of a tube leak or
failure, control system failures may initiate a tube failure in combination
with other existing crnditions or increase the rate of tube degradation.



TABLE 3.2.10.3. FMEA OF RC PUMPS:

Fallure

FAILURES LEADING TO OR AFFECTING RCS OVERCOOLING TRANSIENTS

Possible Causes

Effects

Remedial Actions

Release of Beactor Coolant

).

RC Pump Seal
Failure

o

Simultaneous loss of
pump seal injection and

RB component cooling
water.

Failure of seal
injection following
operation with excessive
seal wear or damage.

Undetected seal
materials defects.

Injection of
particulates into seal-
shaft surface.

Excessive thermal
cycling of seals.

Small LOCA. Seal failures can
not be isolated.

Same as above.

Same as above,

Same as above.

Same as above.

Trip pump prior to seal failure
and achieve cold shutdown.
!-ot?oucy procedures for small
LOCA's must be followed once seal
failure occurs.

Same as above.

Same as above.

Same as above,

Same as above.



TABLE 3.2.10.4.

Fallure
Release of Reactor Coolant
3. Steam Generator o

Tube Failure

Possible Causes

Material defects in tubes,

Long term operation with
adverse feedwater
chemistry.

Excessive magnitude/

fxeqmcx of compression
and tension cycles on tubes
with undetected defects in
tube material.

Severe cooldown of RCS with
undetected defects in tube
material.

Increased Heat Transfer Rate

2. Depressuri-
zation of
Main Steam
System

o Turbine bypass valve(s)
fail open.

o Main steam code safety

valve(es) fail open.

Effects

Steam generator tube rupture

accident:
with the reactor coolant
released to the main steam
system and condenser.

Same as above.

Same as above.

Same as above,

Small steam line “break®
accident. Rapid cooldown
RCS.

Same as above.

a small break LOCA

of

FAILURES LEADING TO OR AFFECTING RCS OVERCOOLING TRANSIENTS

Remedial Action.

Emergency procedures for steam
generator tube rupture accident
must be followed,

Same as above,

Same as above,

Same as above.

Identify leak path and isolate if
possible., Follow emergency for
steamline breaks., See FMEA of
?;-lft;.- Systems, Table

Same as above.



Fallure

TABLE 3.2.10.4. (Continued)

Possible Causes

Injection of
Feedwater at
Rates in Excess
of RCS Require-
ments (Steam
Generator
Overfill)

o Failure to trip or runback
turbine following reactor
trip.

o Main feedwater control
valve fails open or
fails to close.

o Startup feedwater control
valve falls open or fails
to close.

Effects

Same as above.

Steam generator level increases
until main feedwater pumps are
tripped on high steam generator
level. Emergency feedwater
system autosatically started and
controlled.

Same as above.

Remedial Actions

Same as above.

Manually trip main feedwater pumps
and confirm automatic initiation
and control of emergency feedwater
system. See FMEA of Main
Condensate and Feedwater System,
Table 3.2.10.6.

Same as above.



The impact on RCS overcooling depends on the rate of release of reactor
coolant. The more common small leaks may not result in overcooling, as
defined, if the makeup system is capable of injecting coolant at the tube leak
rate. However, the less frequent tube rupture transients resulting in a leak
rate of hundreds of gallons per minute are small LOCA's. In addition to the
direct effects of the release of reactor coolant, steam generator tube rupture
procedures typically require a rapid cooldown and depressurization of the RCS.
Under these conditions, the potential for an overcooling transient resulting
from improperly contrclling the RCS cooldown exist even for smaller tube leak
rates.

RCS overcooling transients resulting from increased steam generator heat
transfer rate have been identified in Table 3.2.10.4, Items 2 and 3. In
either case, however, the initiating control system failures occur in the main
steam or main feedwater systems. These failures are considered, in detail, in
the FMEA's of the Main Steam and Turbine Bypass System and the Condensate and
Main Feedwater System discussed in Sections 3.2.10.2.1 and 3.2.10.2.2.

3.2.10.2 Power Conversion JSvstems

As discussed in Section 3.2.10.1.3, the increased steam generator heat
transfer RCS overcooling mechanism can be initiated by failures in the main
steam and main feedwater systems. Specific failures in these systems
contributing to potential RCS overcooling transients are discussed in Sections
3.2.10.2.1 and 3.2.10.2.2.

3.2.10.2.1 Main Steam and Turbine Bypass Jyatem

The principal effect of failures in the main steam and turbine bypass system
on RCS overcooling is the potential for depressurizing the steam generators.
As discussed in Section 2.4, reducing the steam generators' pressure reduces
the saturation temperature on the secondary side of the steam generators and
increases the heat transfer rate from the RCS, Failures in the main steam and
turbine bypass system depressurizing the main steam system and the resulting
effects on the RCS are listed in Table 3.2.10.5. The information in this

table was extracted from more general FMEA's of the Power Conversion Systems.



TABLE 3.2.10.5.

SUMMARY OF MAIN STEAM AND TURBINE BYPASS FMEA:

Failure

Poseible Causes

Effects

Pepressurization of Main Steam System

1

One or More Main
Steam Safety
Valves (MS-1
through MS-16)
Fajls to Close
Following
Turbine Trip

One or Both Steam
Generator A
Turbine Bypass
Valves (MS§-19,
22) Fail Open or
Fail to Close
Following Turbine
Trip

Both Steam
Generator A
Turbine Bypass
Valves (MS-19,
22) Open in
Response to a
Spurious
Control Signal

Mechanical failure of valve,
improy=r maintenance,
dischiarge of entrained
1iquid through valves.

Mechanical failure of
valve(s) or transducers,
improper maintenance.

o Spurious output of manual
control station SS15A-MC
(aux. shutdown panel)
signals valves to open.

FAILURES LEADING TO

Remedial Actions

Steam leakage to the atmosphere.
Depending on the response of the
turbine and reactor controls,
automatic reactor and turbine
trip and potentially overcooling
of the RCS could occur.

Steam diverted to condenser.
Depending on the response of the
turbine and reactor contrels and
the main condenser, automatic
reactor and turbine trip and
potentially overcooling of RCS
could occur.

Steam diverted to condenser.
Depending on the response of the
turbine and reactor controls and
the main condenser, automatic
reactor turbine trip and
potentially overcooling of RCS
could occur.

Emergency procedures for a small
steam line break must be followed,
I1solation of feedwater to affected
steam generator may bs required to
prevent exceeding 100°F/hr RCS
cooldown rate,

Identify open valve(s) and
manually close isolaticn valve
M5-17 as required to control RCS
cooldown rate.

Identify open valve(s) and
manually close i{solation valve
MS-17 as required to control RCS
cooldown rate.



TABLE 3.2.10.5.

Failure

Possible Cavses

One or Both Steam
Generator B
Turbine Bypass
Valves (MS5-28,
31) Fail Open or
Fail to Close
Following Turbine
Trip

Both Steam
Generator B
Tarbine Bypass
/alves (MS-28,
31) Open in
Response to a
Spur fous
Control Signal

o Spurious high output from
selected steam generator A
outlet pressure transmitter
(SS6A-PT]1 or PT2) or train
A control circuit modules.

Mechanical failure of
valve(s) or transducers,
improper maintenance,

o Spurious output of manual
control station SS15A-MC
(aux, shutdown panel)
signal valves to open.

o Spurious high output from
selected steam generator B
outlet pressure transmitter
(SS6A-PT1 or PT2) or train
A control cirtcuit modules.

(Cont inued)

Effects

Steam diverted to condenser.
Depending on the response of the
turbine and reactor controls and
the main condenser, automatic
reactor turbine trip and
potentially overcooling of RCS
could occur.,

Steam diverted to condenser.
Depending on the response of the
turbine and reactor controls and
the main condenser, automatic
reactor and turbine trip and
potentially overcooling of RCS
could occur.

Steam diverted to condenser.
Depending on the response of the
turbine and reactor controls and
the main condenser, aut.natic
reactor and turbine trip and
potentially overcooling of RCS
could occur.

Steam diverted to condenser.
Depending on the response of the
turbine and reactor controls and
the main condenser, automatic
reactor and turbine trip and
potentially overcooling of RCS
could occur.

Remedial Actions

Identify
control.
MS-17 if
cooldown

Identify
manuvally
MS5-26 as
cooldown

Identify
manually
MS5-26 as
cooldown

Tdentify
manually
MS-26 as
cooldown

open valves and manually
Close isolation valve
required to limit RCS
rate.

open valve(s) and
close isolation valve
required to control RCS
rate.

open valve(s) and
clos> isolation valve
required to control RCS
rate,

open valve(s) and

close isolation valve
required to control RCS
rate.



TABLE 3.2.10.5.

{Cont inued)

Faflure

Steam Generator
A and B Turbine
Bypass Valves
(Ms-19, 22, 28,
31) Open in
Response to a
Spur ious
Control Signal

Steam Generator
A and B Turbine
Bypass Valves
(Ms-19, 22, 28,
31) Fail co
Close Following
Turvine Trip

Diversion of
Steam to
Startup
Steam Peader

Possible Causes

Effects

Common setpoint module
generates a spurious low
setpoint pressure.

An initiating transient
causing turbine trip followed
by a loss of ICS Panelboard
KI branch H or H1 (Auto
Power) .

Unknown - PO-284-1 not
available.

Steam diverted to condenser,
Depending on the response of the
turbine and reactor controls and
the main condenser, automatic
reactor and tuzbine trip and
potentially overcooling of RCS
could occur.

Steam diverted to condenser
coupled with a main feedwater
overfeeding of the steam
generators. Unless manuzlly
terminated, the potential for
RCS overcooling is significant.

Steam diverted from HP turbine -
may cause turbine and reactor
trip and potential overcooling
of RCS.

Remedial Actions

Identify open valve(s) and
manually close isolation valve
MS-17 and MS-26 as required to
control RCS cooldown rate,

Manually control turbine bypass
and main feedwater control valves,
If required, trip main feedwater

and verify automatic
initiation and control of
emergency feedwater.

Identify diversion of steam and
close isolation valves MS-24 and



TABLE 3.2.10.5.

(Cont inued)

Fallure

Possible Causes

Effects

Remedial Actions

Main Turbines
Fail to Trip
Following

Reactor Trip

Contributing Fallures

10.

Failure of
Turbine Bypass or
Startup Header
Isclation Valves
(MS-17, 26, 24,
33)

o Contacts in CRDCS fail to
open on reactor trip.

o Unspecified failures in
turbine control system
(detaile of turbine
control instrumentation
unavailable).

Mechanical failure of valve
or operator, loss of electric
power to valve.

Following reactor trip,

continued steam flow through the
turbines would result in
depressurization of the turbine
header, throttling ¢ - L_-bine
governor valve and possible
overcooling of the RCS., Feed-
water flowrate to steam
generators initially throttled
until low steam generator level
setpoint is reached. The extent
of RCS overcooling following this
transient is unknown.

Same as above.

Fallure of normally open isola-
ted valves may remain undetected
during normal operation. Under
these conditions, an open startup
header or turbine bypass flow-
path could not be isoiated.

Attempt to manually trip the high
and/or low pressure turbines,
Manually throttle main feedwater
to control RCS depressurization
if required,

Same as above.

Identify and repair open valve.
If a steam release should occur,
follow emergency procedures for a
steam line break.



TABLE 3.

Failure Possible Cauvses

2.10.5. (Continued)

Effects

Remedial Actions

11.

Failure of a Contact "sticks®™ in position.
CRDCS Turbine
Trip Contact to

Open on Demand

The redundancy of turbine trip
contacts would provide a turbine
trip signal. However, failure
of a contact would reduced the
available redundancy.

Identify the closed contact and
repair. This failure would be
difficult to identify and may
remain undetected for a
significant period of time
depending on the testing
procedurally required.



The failures potentially resulting in depressurization of the main steam
system include failures of main steam safety valves or turbine bypass valves
to close as designed, a diversion of steam to the startup steam header and
failure of the main turbine to trip following reactor trip.

The sixteen main steam code safety valves (eight valves per steam generator)
are spring loaded valves that open due to high steam pressure on the valve
seat. As the steam pressure decreases, the valves automatically close due to
the force of Lhe springs on the valve seats. Following turbine trip, some of
the safety valves are expected to open. Improper valve maintenance could
result in one or more safety valves failing to close at their (closure)
setpoint pressure potentially leading to RCS overcooling.

In addition to the safety valves, four turbine bypass valves are installed to
control the steam line pressure “llowing turbine trip. Two turbine bypass
valves are connected to the steam line from each steam generator and may be
{solated from the steam line by a manually operated isolation valve. Each
pair of valves is controlled by a separate control circuit based on the
pressure of the associated steam line.

Failure modes of the turbine bypass valves include those affecting one of the
valves, both valves on either steam line and, potentially, all four valves.
Failure of a single valve open or its failure to close (Items 2 and 4) could
be caused bty a mechanical failure of the valve, is pneumatic operator or the
assoclated E/P transducer. Failure of both valves on either steam line to
open or their failure to close (Items 3 and 5) would be caused by failures in
the common control instrumentation strings.

Two failure modes were identified which potentially could cause all four
valves to open., Failure of the pressure setpoint module common to both
{nstrument strings (Item 6) could result in both instrument strings signalling
the four turbine bypass valves to open. The second failure mode resulting in
the four turbine bypass valve failing to close (Item 7) involves a sequenced
loss of the ICS Panelboard KI branch H or H1 (auto power). The specific
effect of a loss of auto power is to transfer the turbine bypass valve to

manual control. The valves would then remain in their existing positiocn. if



the power failure occurred immediately following turbine trip, the four
turbine bypass valves would be open and thus remain open. For the case of
this particular power supply failure, the main feedwater control valves also

transfer to manual and remain open (see Table 3.2.10.6).

Although this failure mode sequence appears highly unlikely, similar events
have occurred (Oconee Reactor Trip 3-35, 14/710/79). It is lelieved that the
response of the control instrumentation to a transient (which may be caused by
control instrumentation failure) increases the likelihood of subsequent
{solation of the instrumentation power supplies. It should be noted that most
power supply failures other than branch H or H! will cause the turbine bypass

valves to close and remain closed.

he turbine bypass valve failure modes identified, the operator has

cptiocn closing or {sclation valves and terminating the

depressurization.

Diversion of steam to the startup steam header has been identified as a
possible cause of steam line depressurization affecting both steam generators.
However, information concerning the distribution of steam to the startup steam
piping has been unavailable. Should a control failure in the startup steam
piping result in a significant diversion of steam from the steam lines, the
operator has the option of terminating the depressurization by manually

closing both startup header isolation valves.

main turbine to trip following reactor trip has been identified
le cause of significant steam generator depressurization. However,
the potential for such a transient to occur, while believed Co
unlikely, remain unevaluated due to unavailability of turbine
{nstrumentation design information. Following reactor trip, contacts
CRDCS cpen signal the turbine controls to automatically trip the

to
Should the CRDCS turbine trip contacts fail, the steam lines will be

- A

depresasurize. The lower steam pressure would be sensed by ICS and a

sent ¢ 1 | controls to close the

e
ther




unknown. However, should the turbine trip and throttle valves fail to close
following a reactor trip, RCS overcooling potentially could occur.

Two failures have been identified which would result in an immediate steam
line depressurization but could increase the severity of other subsequent
failures (Items 10 and 11). The failures identified are failures of the
turbine bypass valves' isolation valves and a failure of a CRDCS turbine trip
contact. It is believed that either failure could occur and remain undetected
for a significant period of time.

3.2.10.2.2 (Condensate and Main Feedwater JSvstem

The principal effect of failures in the Condensate and Main Feedwater systen
on RCS overcooling is the potential for overfeeding the steam generators.
Following reactor trip, the potentially rapid increase in steam generator
inventory is expected to result in RCS overcooling until manually or
automatically terminated. Specific failures in the Condensate and Main
Feedwater CJystem leading to overfeeding the steam generators and the overall
effects of these failures are identified in Table 3.2.10.6 and discussed
below.

Steam generator overfeeding will occur if either main feedwater control valve
fails open or fails to close following a reduction in feedwater demand such as
a reactor trip. Typically, failing the control valve open would be expected
to have a greater impact on RCS overcooling at low reactor power levels while
the failure to close would be more severe at higher reactor power levels.

Failure of one of the two control valves to the open position could occur due
to a mechanical failure of the valve or its operator, failure of the E/P
transducer or failure of the associated ICS loop A or loop B feedwater control
eircuit (Item 1). In the event one of the control valves failed open, the
operator has the option of manually closing the main valve and controlling the
startup valve, if possible, or tripping the main feedwater pumps. If the
operator fails to control main feedwater flow, the main feedwater pumps will
be tripped automatically on high level in either steam generator. The exten®

of RCS overcooling prior to autcmatic pump trip is unknown.



TABLE 3.2.10.6.

Main Feedwater
Control Valve
FDW-32 or
FDW-41 Falls
Open

SUMMARY OF CONDENSATE AND MAIN FEEDWATER FMEA:

Possible Causes

o Unspecified failure in
valve operator or
associated valve control
station.

o ICS Loop A or Loop B
feedwater control circuit
generates a spurious high
demand signal due to a
nodule failure,

Effects

Steam generator A or B level
increases possibly resulting in
reactor trip. Continued feed-
water injection following reactor
trip expected to result ir RCS
overcooling until terminated by
high steam generator level trip
of main feedwater pumps and
subsequent automatic initiation
and control of emergency
feedwater. (Automatic closure of
associated main feedwater block
valve FDW-31 or FDW-40 is
expected; however, this slowly
closing valve is not expected to
prevent the high level feedwater
pump trip.)

Steam generator A or B level
increases possibly resulting in
reactor trip. Continued feed-
water injection following reactor
trip expected to result in RCS
overcooling until terminated by
high steam generator level
control setpoint or high steam
generator level trip of main
feedwater pumps and subsequent
automatic initiation and control
of emergency feedwater,

FAILURES LEADING TO OR APFECTING RCS OVERCOOLING TRANSIENTS

Remedial Actions

Trip main feedwater pumps manually
if required to control RCS
overcooling. Confirm automatic
initiation and control of
emergency feedwater.

Manually close main feedwater
control valve and manually control
startup control valve in the
affected loop. Trip main
feedwater pumps manually if
required to control RCS
overcooling. Confirm automatic
initiating and control of
emergency feedwater,



TABLE 3.2.10.6. (Continued)

Fallure Poesible Causes Effects

Remedial Actions

o Failure of Steam Generator
Startup Range Level
Transmitter Sensing Tap.

Steam generator A or B level
increases possibly resulting in
reactor trip. Continued feed-
water injection following reactor
trip expected to result in RCS
overcooling until terminated by
high eteam generator level
control setpoint or high steam
generator level trip of main
feedwater pumps and subsequent
automatic initiation of emergency
feedwater, Emergency feedwater
continues to overfill affected
steam generator.

Manually close main feedwater
control valve and manually control
startup control valve in the
affected loop. Trip main
feedwater pumps manually if
required to control RCS
overcooling. Confirm automatic
initiating and control of
emergency feedwater. Manually
centrol emergency feedwater based
on steam generator operator range
level signals,



TABLE 3.2.10.6.

Failure Possible Causes

2. Main Feedwater
Control Valves
FIM-32 and/or
FDW-41 Fail

Open

Power to selected startup
level transmitter fails
(ICS Panelboard KI, branch
HEX or HEY).

(Cont irued)

Effects

Remedial Actions

Depending on the manual selection
of the HEX or HEY powered startup
level transmitters, either or
both main feedwater control
valves open resulting in over-
feeding of the associated steam
generators and possible RCS over-
cooling., The transient is auto-
matically terminated by high
steam generator level trip of the
main feedwater pumps and auto-
matic initiation and control of
emergency feedwater. In addition
to effects on feedwater control,
these power failures could resuit
in opening the makeup control
valve and closing the loop A
and/or B turbine bypass valves
depending on manual transmitter
selection.

Manually close main feedwater
control and startup valves and
makeup control valves. Automatic
control may be restored by manual
selection of operable steam
generator startup level and
pressure transmitters and
pressurizer level transmitters.



TABLE 3.2.10.6.

Fallure

Possible Causes

Main Feedwater
Control Valves
FOW-32 and/or
FDW-41 Fails to
Close Following
Reactor Trip

o Loss of Instrument Air
Pressure.

(Continued)

Effects

Remedial Actions

Following reactor trip, the
supply of feedwater to the steam
generators exceeds the RCS demand
resulting in i{ncreasing steam
generator levels and possible RCS
overcooling. The transient is
terminated by an automatic high
steam generator level trip of the
main feedwater pumps and auto-
matic initiation and control of
emergen feedwater using the
backup nitrogen system. Loss of
closure of the turbine bypass
valves, the makeup control valve
and RC pump seal return valve and
opening the RC pump seal
injection control valve.

Manually trip main feedwater pumps
if required to control RCS over-
cooling. FPollow emergency proce-
dure for loss of instrument air.



Failure

TABLE 3.2.10.6.

Possible Causes

o Loss of ICS Panelboard KI
Auto Power branch (H, Hl)
or manual transfer of main
feeowater control valve to
manual control.

o Loss of ICS Panelboard KI
Hand Power branch (HX, HI1X)
or unspecified failure of
feedwater control valve or
operator.

(Continued)

Effects

Remedial Actions

Fellowing reactor trip, the steam
generators will be overfed
resulting in possible RCS over-
cooling. The transient termina-
ted automatically by a high steam
generator level trip of the main
feedwater pumps. Loss of auto
power also results in the makeup,
RC gunp seal injection and
turbine bypass valves trans-
ferring to manual and freezing in
position. If the power failure
occurred following turbine trip,
the turbine bypass valves could
fail in an open position
resulting in a steam generator
depressurization.

Main feedwater control valves
freeze in position and main feed-
water pumps run back to a speed
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