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AGING ASSESSMENT OF PWR AUXILIARY FEEDWATER SYSTEMS

D. A. Casada

Oak Ridge National Laboratory
Oak Ridge, Tennessee

Abstract

In support of the Nuclear Regulatory Commission's Nuclear Plant
Aging Research (NPAR) Program, Oak Ridge National Laboratory is
conducting a review of Pressurized Water Raactor Auxiliary Feedwater
Systems. Two of the objectives of the NPAR Program are to identify
failure modes and causes and identify methods to detect and track
degradation. In Phase I of the Auxiliary Feedwater System study,
a detailed review of system design and operating and surveillance
practices at a reference plant is being conducted to determine
failure modes and to provide an indication of the ability of current
monitoring methods to detect system degradation. The extent to
which current practices are contributing to aging and service wear
related degradation is also being assessed. This paper provides a
description of the study approach, examples of results, and some
interim observations and conclusions.

I. Introduction

The Nuclear Regulatory Commission's Nuclear Plant Aging Research (NPAR)
program was initiated to ensure that aging and service wear related degradation
of nuclear power plant systems and components could be understood, recognized,
and effectively mitigated. Oak Ridge National Laboratory (ORNL) is presently
conducting a study of Pressurized Water Reactor Auxiliary Feedwater (AFW)
Systems in support of the NPAR program. This paper describes the methodology
that is being utilized in the ORNL review of AFW Systems, gives examples of
results achieved to date, and identifies some interim conclusions that may be
drawn from the results.

II. AFW System Functions

A typical AFW System for a four loop plant is shown in Figure 1. In
reality, there is no such thing as a "typical" AFW System, due to variations
resulting from a number of factors, including different steam generator numbers
and configurations, evolving regulatory requirements, and designer preferences.
There are, however, some common design functions which are supported by the AFW
System.



FIGURE 1. TYPICAL FOUR LOOP PWR
AUXILIARY FEEDWATER SYSTEM
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The AFW System is a safety related system that is used for heat removal
from the Reactor Coolant System (RCS) by delivering water to the Steam
Generators. The AFW System is required to operate following a number of
anticipated transients and design basis accidents, including loss of normal
feedwater, feedwater line break, small break loss of coolant accident, steam
generator tube rupture, station blackout, and others. The AFW System is
depended unon, in conjunction with main steam line safety valves and main steam
line power operated relief valves or atmospheric dump valves, to provide
sufficient heat removal to allow the RCS to be initially stabilized in hot
standby conditions and then subsequently cooled and depressurized to hot
shutdown conditions where the Residual Heat Removal System can be placed into
service.

In addition to providing for heat removal from the RCS, the AFW System
must also be capable, either automatically, or with operator assistance, of
isolating a faulted or ruptured steam generator. This capability is required
to ensure that (1) adequate flow can be delivered to intact steam generators,
(2) containment overpressurization or overheating does not occur due to
continuing steam release, and (3) the steam generators do not overfill.

Another postaccident function of the AFW System is to provide a liquid
barrier between any potential steam generator tube leakage and the environment
by maintaining steam generator water level above the top of the steam generator
tubes. The liquid barrier ensures that iodine in the fluid leaking from the
primary to the secondary side will be "scrubbed" prior to release. In the
calculation of radioactive release rates, an iodine decontamination or
partitioning factor of 0.01 is typically applied when accounting for releases
through main steam line safety or relief valves.

In addition to the posttransient and accident functions, the AFW System
is often used in support of normal plant start-up and shutdown evolutions. The
reason that the AFW System is often used instead of the main feedwater system
during these periods is that at zero or very low power levels, operation of the
main feedwater system is difficult due to the fact that flow rate demands are
extremely low relative to feedwater pump capability.

It should be noted that some plants have nonsafety related start-up
feedwater pumps that are normally used in the support of plant start-up and
shutdown. In such cases, the AFW System is frequently referred to as the
Emergency Feedwater System, and would normally be operated only for testing or
in response to an automatic demand.

III. Study Methodology

A. Background

AFW Systems, as well as other engineered safety features systems, are
designed to withstand the most deleterious single failure. The design basis
accident analyses, which are performed to secure and maintain operating
licenses, must demonstrate that unacceptable consequences do not result even if



che most limiting single failure (normally the failure of an entire train of all
engineered safety features systems) occurs concurrently.

One of the key aspects of the assumptions related to the single failure
criterion is that all failures which would degrade a system must be detectable.
IEEE-379 observes that "The detectability of failures is implicit in the
application of the single failure criterion." The Standard provides the
following "generic statement" about the single failure criterion:

"The system shall be capable of performing the protective actions
required to accomplish a protective function in the presence of any
single detectable failure within the system concurrent with all
identifiable, but nondetectable failures, all failures occurring as
a result of the single failure, and all failures which would be
caused by the design basis event requiring the protective function."

Two notable events of recent years in which the AFW systems played vital
roles, the Davis-Besse loss of main and auxiliary feedwater and the San Onofre
loss of power and water hammer, involved multiple failures that were common mode
in nature, and resulted in conditions outside of analyzed bounds. Operator
actions, including actions outside of the control room in the Davis-Besse
episode, were required to reestablish AFW flow to the steam generators. Many
of the failures in these two events were preexistent, and could have been
detected. While there are many lessons to be learned from these and other
events, one clear lesson is that the continuing validity of the single failure
criterion and design basis licensing analyses are directly and heavily dependent
upon the adequacy of the testing and maintenance programs.

B. General Approach

The approach that is being used at ORNL in the AFW System study is the
relatively simple principle that degradation or failure that is detected can and
will be corrected. Of course the converse of this principle is that degradation
or failure that is not detected will, in all likelihood, not be corrected.

In order to assess the extent to which current utility practices are able
to detect degradation or failure within the AFW System, ORNL is reviewing the
AFW System design, operating, maintenance, and testing program for a plant owned
by a cooperating utility. While it is recognized that there are a broad range
of AFW System designs, as well as operational support programs, it is felt that
a detailed review of a specific plant's programs can provide some valuable
insights into the ability of current industry practices, on a generic basis, to
detect degradation or failure.

Each of the major components that must function properly in order for the
AFW System, as a whole, Ko operate as required is being reviewed. The
components being reviewed include not only those that are part of the AFW System
proper, but also interfacing system components that directly support the AFW
System function. The interfacing components include steam generator blowdown



isolation valves, main feedwater isolation valves, main steam line safety
valves, main steam line power operated relief valves, alternate pump suction
source isolation valves, AFW turbine steam supply valves, as well as the
instrumentation and controls associated with the reviewed components.

Each component's required function is first established based upon the
system design basis functional requirements. The failure modes for each of the
components are then identified, based upon the functional requirements. It
should be noted that the established failure modes are only those which would
result in substantial train degradation or train failure. As an example, a
valve packing or bonnet leak would not comprise a failure, but failure to
reposition upon demand would.

With the failure modes established, operating, surveillance, and
maintenance practices associated with each component are reviewed to determine
the extent to which degradation or failure mechanisms that are related to each
failure mode are detectable. This portion of the review also assesses,
qualitatively, the relative impact that testing itself would have upon component
aging and service wear.

IV. Example Component: Trip and Throttle Valve

As noted earlier, each of the major AFW System components is being
assessed as a part of the system review. One of the key components that is
present in most plants' AFW systems is the turbine Trip and Throttle (T&T)
valve. In order to illustrate the review process, a description of and some
review observations relative to the T&T valve are provided. The description and
discussion presented here are specifically applicable to the reference plant
being reviewed by ORNL in the AFW System study. It should be recognized that
many of the design features are generic, while others are plant specific.

A. T&T Valve Description and Functions

The T&T Valve is a 3-inch globe valve with a 125 VDC motor operator. As
its name implies, the T&T valve can be used for control purposes, by throttling,
or it can be used as a fast trip device to protect against turbine overspeed.

The T&T valve at the reference plant is normally closed. It opens in
response to a number of signals, including:

-Safety Injection
-Low-Low Level in 2/4 Steam Generators
-Emergency Bus Undervoltage
-Loss of Main Feedwater Pumps
-Manual Start Signal

The first three of the above signals are safety related automatic start
signals. The loss of main feedwater pump start signal is also automatic,
however, a portion of the channel is nonsafety grade.



The T&T valve also trips to provide turbine overspeed protection. The
tripping function is accomplished by an unlatching of the valve from its motor
operator. Valve closure following the unlatching is accomplished by the
combined forces from a yoke spring and the weight of the valve. Valve closure
and sealing is also provided by the valve flow path orientation (steam entry is
above the seat, and exhaust is below the seat).

T&T valve tripping is initiated when an overspeed condition is sensed by
either an electronic speed monitor or a mechanical speed sensor. The nominal
setpoints for these trips are 4300 RPM for the electronic overspeed, and 4900
for the mechanical overspeed. Normal operating speed is 3970 RPM.

The electronic overspeed trip is actuated by energization of a solenoid
which unlatches the valve from its operator. Following an electronic overspeed
trip, the valve motor automatically drives to the shut position, thereby
relatching the valve and the operator. Once the motor and valve are relatched,
the valve can be reopened, and in fact, will automatically reopen if a start
signal is still present.

The mechanical overspeed trip is initiated when turbine speed is
sufficient to activate a triggering device (based upon centrifugal force
associated with the turbine speed) which operates mechanical trip linkage. This
trip linkage ultimately unlatches the valve from its operator in the same manner
as the solenoid action. However, when a mechanical overspeed occurs, local
operator attention is required in order to reset the mechanical trip linkage at
the turbine before the T&T valve can be reopened.

In addition to the automatic open and trip functions for the T&T valve,
the reference plant design includes an automatic steam supply transfer function
which requires T&T valve action. Normally, only one steam generator is aligned
to supply steam to the turbine. In the event that the turbine driven pump does
not achieve a designated discharge pressure within a specified time period
following the opening of the T&T valve, an automatic sequence is initiated to
transfer the turbine steam supply from the normal steam generator to an
alternate steam generator. This automatic function is included in the design
as a means of assuring that the turbine driven pump can be driven by an intact
steam source, even if the normal steam supply source is not able to drive the
turbine (for instance, in the case of a broken feed or steam line). A turbine
driven pump start in which the automatic transfer is required is designed to
proceed as follows:

-T&T valve opens (in response to automatic start signal)
-T&T valve stem actuated limit switch starts a timer. (Note that if
required discharge pressure is reached prior to the time the timer cycle
is completed, the remainder of the sequence will not occur.)
-T&T valve closes
-Normal steam supply valve closes
-Alternate steam supply valve opens
-T&T valve reopens



Each of the steps in this sequence must be complete before the succeeding
step is initiated. The sequence minimizes the possibility of depressurizing two
steam generators.

The T&T valve motor operator is also provided with thermal overload
protection. By design, the overload switches are bypassed on any automatic
start signal. The torque switch in the valve opening circuit is entirely
bypassed for all strokes, including manual initiated opening, and the valve
opening is halted by an open limit switch. The torque switch in the closed
direction is bypassed except for the final 2% to 3% of stroke.

T&T valve stem limit switches provide control and indication inputs to
several support functions associated with the AFW system:

-Enable the ramping function of the governor valve control circuit
-Provide a start signal to the turbine driven pump room ventilation fan
-Start the timer for the automatic steam supply transfer circuit
-Enable the automatic closure feature for the valve's motor operator in
the event of an overspeed trip
-Provide close signal Steam Generator Blowdown isolation valves
-Provide a permissive signal to allow opening of the alternate pump
suction source isolation valves in the event of low suction pressure
-Provide local and main control board indication of valve position

B. T&T Valve Manual Controls and Indication

The T&T Valve is provided with the following remote and local manual
controls:

-Main Control Board (MCB) valve control handswitch which can be used to
open or close the T&T valve.
-MCB valve trip pushbutton. Depressing the pushbutton has the same effect
as an electronic overspeed trip.
-Transfer switch located at a local control panel. This switch allows
transfer of T&T valve control to local. It should be noted that with the
control transferred to local, all of the valve automatic open functions,
as well as the electronic overspeed trip, are blocked.
-Pushbuttons at local control panel. There are pushbuttons to open, close,
stop, and trip the T&T valve. The "stop" pushbutton can be used to
interrupt valve stroking at an> point in the open or close stroke,
thereby allowing the valve to be used in its throttling/control function.
Note that these pushbuttons are only enabled if control has been
transferred to the local control panel by use of the transfer switch.

The following indication and alarms are provided for the T&T Valve:

-Valve position indicating lights at MCB and local control panel
-MCB Annunciator for electronic overspeed trip
-MCB Annunciator for mechanical overspeed trip
-Plant process monitoring computer indicates: T&T Valve open; No power to
T&T Valve; No power to speed control



C. T&T Valve Failure Modes

Generic failure modes for motor-operated valves would include failure to
open, failure to close, and failure to operate as required. For purposes of the
AFW System study, the designated failure modes are more specific, and are based
upon the individual component functional requirements. Based upon the
functional requirements of the T&T valve, the following failure modes were
designated:

Failure Mode Description

1 Valve operator fails to open in response to an automatic AFW
turbine driven pump start signal.

2 Valve operator fails to complete the close-open strokes in
response to automatic steam supply transfer signal (i.e., fails
to close or fails to reopen).

3 Valve electronic overspeed trip function fails to trip the valve
before the mechanical overspeed trip occurs, thereby requiring
local resetting (and preventing automatic restart).

4 Valve fails to open sufficiently to allow adequate flow.

5 Valve stem operated switches fail to provide input signals to
other AFW related equipment or functions.

A few characteristics of these failure modes are worth mentioning. First
of all, it should be clear that there could be multiple failure causes or sources
for each of the failure modes. For example, for Failure Mode 1, the valve
operator could fail to open due to a corroded set of contacts, a preexisting
unlatched valve/operator condition, a ground in the motor windings, a faulty
limit switch, or a multitude of other reasons. (Of course, each of these failure
causes or sources would have their own set of causal factors.)

Secondly, these failure modes, as well as the nondetectable failures which
will be discussed later, are specific to the reference plant. While it is felt
that the failure modes and nondetectable failures provide some valuable insights,
it must be recognized that these are not necessarily generic. For example, while
the reference plant opens the normally closed T&T valve to start the turbine
driven pump, other plants have the T&T valve normally open, and start the turbine
driven pump by opening upstream isolation valves. For such plants, failure of
the T&T valve to open in response to automatic start signals would clearly not
be a failure mode.

A final observation about the identified failure modes is that the number
of failure modes could be increased or decreased, depending upon individual
preference. For example, Failure Modes 1 and 2 could be combined into a single
failure mode that might read "Valve operator fails to open or close in response
to an automatic signal." Alternatively, Failure Mode 2 might be broken down
into two failure modes--failure to close for the steam supply transfer and



failure to reopen for the steam supply transfer. The critical factor is that
all mechanisms that could prevent the valve from accomplishing its required
functions must be addressed.

D. Surveillance Practices

There are four tests which are used to demonstrate operability of the T&T
valve. The T&T valve is stroked by a number of other tests; however, those tests
are not used to demonstrate operability of the T&T valve, but rather that other
components are operable.

Test A, which is performed on an 18-month (refueling) frequency, is intended
to verify that the T&T valve opens in response to each automatic open signal. The
test does, in fact, verify that the T&T valve opens for all signals except for the
emergency bus undervoltage signal. The test allows jumpering of either of two sets
of contacts (the set is selected at operator discretion) that close in response to
undervoltage conditions on the associated emergency bus. There is no other testing
which verifies that the contacts do indeed close for undervoltage conditions.

Test B, which is performed primarily on a quarterly basis, meets the
requirements of ASME Section XI valve testing by measuring valva stroke times.
Consistency between remote indication and actual valve position is verified every
two years.

Test C, which records response time data in conjunction with the valve
stroking that occurs in Test A, is used to determine the overall turbine driven pump
response time.

Test D, a calibration procedure which is primarily oriented toward the turbine
governor valve, is performed on an 18-month frequency. This test verifies that
operation of the mechanical trip linkage, by use of a trip lever located at the
turbine, interrupts power to the valve operator, and that power is restored when
the mechanical trip linkage is reset. The test also verifies the stroke length of
the T&T valve and the proper setting of a stem actuated limit switch which enables
a ramping function for the governor valve. The electronic overspeed trip setpoint
is checked by use of a speed input signal simulator (note that the turbine is not
running for this test).

Based upon a review of procedures that are used to demonstrate operability of
the T&T valve, as well as other procedures which would result in operation of the
valve, it is estimated that the T&T valve receives approximately 50 full strokes
(where a full stroke involves opening and then closing the valve) per year. In
some cases, the valve is stroked a number of times (estimated to be as many as 11
for Test A) in the conduct of a single procedure. It should be noted that
precautions are included in some of the test procedures, as well as a general
operating procedure that DC motor operated valves should not be continuously stroked
for more than five minutes (where continuous stroking would be a stroke in either
direction followed by a stroke in the opposite direction within one minute).



E. Nondetectable Failure Examples

After reviewing the T&T valve design and functional requirements and
establishing failure modes based upon these requirements, a thorough review of the
test procedures which implement the associated Technical Specification Surveillance
Requirements, along with a review of pertinent operating and maintenance procedures
was conducted. The procedures review indicated that there are a number of potential
sources of failure or degradation which could exist and not be detected by current
practices. As an example, four failure sources that could affect the first two of
the above identified Failure Modes, and that- uould not be detected bv current
practices, are presented below.

Potential Failure Description
Source

A* The thermal overload settings are improper.

B* The bypassing of the thermal overload switches on
automatic start signals does not occur.

C The T&T valve does not open in response to emergency bus
undervoltage conditions.

D The automatic steam supply transfer sequence fails.

* If either the thermal overload settings or the thermal overload bypassing
was verified as part of a plant procedure, adequate protection would be afforded.
As it turns out, neither is. checked.

Potential Failure Sources A, B, and C represent degradations which are
pertinent to Failure Mode 1, "Valve operator fails to open in response to an
automatic AFW turbine driven pump start signal." Potential Failure Sources A, B,
and D represent potential degradation or failure sources which are pertinent to
Failure Mode 2, "Valve operator fails to complete the close-open strokes in response
to automatic steam supply transfer signal (i.e., fails to close or fails to
reopen)."

There are some important points that should be made about these four non-
detectable potential sources of failure. First, some of the potential failure
sources represent only one part, or one type of part, while others represent a large
number, and broad spectrum of parts. Potential Failure Sources B and D provide
contrasts that are useful for illustrating this point.

Potential Failure Source B involves only two similar sets of contacts that are
not checked. The contacts could fail due to any of several failure mechanisms,
including sticking open or corroded contact surfaces, but only the single part is
involved.

On the other hand, Potential Failure Source D represents a large number, and
diverse spectrum of parts, ranging from limit switch contacts to the T&T valve
motor. Some of the parts associated with Failure Source D, for instance the limit



switch contacts, are not checked. For other parts, such as the valve motor, which
is verified to stroke open properly in periodic testing, the conditions associated
with a steam supply transfer deaand are more severe than the test conditions due to
multiple valve strokes (for example, the motor supply cable would experience
cumulative heating due to sequential valve stroking, thereby increasing resistance
and reducing the voltage available at the motor, increasing the probability of motor
failure).

Secor»i'y, it is noteworthy that the potential failure sources include
situations where only the T&T valve is involved as well as situations where multiple
components or system interactions are involved. For instance, in Potential Failure
Sources A and B, only the T&T valve is involved, while in the cases of Potential
Failure Sources C and D, component and system interactions are involved. However,
in all four cases, an undetected failure could exist which would prevent the T&T
valve from operating as required, which in turn would prev nt the turbine driven
pump train from performing as required.

A third point is that while a potential failure source may apply to more than
one failure mode, it does not necessarily apply equally. Note that Potential
Failure Source A applies to both Failure Modes 1 and 2. However, in relation to
Failure Mode 1, the T&T valve must only stroke open for a normal turbine driven pump
start. But in relation to Failure Mode 2, the valve must initially stroke open, and
then close and reopen for the steam supply transfer sequence. Failure due to
degraded thermal overloads would be more likely for Failure Mode 2 than for Failure
Mode 1.

Finally, it should be recognized that all four items represent conditions
which could be overcome by local operator intervention, or possibly by remote
operator action (see Section B, "T&T Valve Manual Controls and Indication"). Lack
of knowledge of exactly why the T&T valve failed to open automatically following an
emergency bus undervoltage condition, for example, would not prevent the operator
from recognizing that the valve was not open (from MCB indication) and then opening
inhe valve from the MCB, the local control panel, or by use of the valve handwheel.

¥_ Current Status of Work, on Other Components

The AFW System Assessment is ongoing. The design, operating, and testing
practices of many of the relevant components have been at least partially reviewed.
The attached Table 1 provides a status of review for each of the components.

VI. Interim Observations and Conclusions

There are several tentative observations that can be drawn from the AFH System
Study, based upon work completed to date.

1. There are potential degradation and failure sources for many of the
components reviewed which would not be detectable by current practices.
The examples cited above for the T&T valve are primarily related to
inscruaientation and control (I&C) circuitry. While it is too early to
draw firm conclusions, it appears that Eany (sore than half) of the
potential failure sources that are not detectable by current practices



are related to I&C circuitry (as opposed to mechanical and hydraulic
type degradation or failure, such as degradation of pump hydraulic
capability).

2. Many of the potential failures sources which would not be detectable
involve multicomponent or system boundary interactions, where testing
of individual components does not adequately indicate system condition.

3. Most potential failure sources that are not detectable by current
practices could be detected with little or no additional testing, from
the standpoint of number or duration of tests.

4. Based upon the review to date, for some of the components the extent of
testing is excessive to the point that the testing itself is a major
contributor to aging and service wear-related degradation.

It can be tentatively concluded, therefore, that the quality of existing
testing programs for the AFU System can be enhanced, while at the same time, the
overall quantity of testing can be reduced.



Table 1. Review status of AFW components

Component Status of Review*

Motor Driven Pumps C

Turbine Driven Pump P

Alternate Suction Source Valves C

Steam Generator Level Control Valves C

Pump Suction Check Valves C

Pump Discharge Check Valves C

Miniflow Check Valves C

Other Check Valves P

Turbine Steam Supply Valves C

Turbine Trip And Throttle Valve C

Turbine Governor Valve P

Feedwater Isolation Valves C

Feedwater Isolation Check Valves C

Steam Generator Safety Valves P

Steam Generator Power Operated Relief Valves P

Steam Generator Blowdown Valves C

*C - Review substantially complete.

P - Review partially complete.


