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Abstract

A study of Pressurized Water Reactor Auxiliary Feedwater (AFW) Systems has
been conducted by Oak Ridge National Laboratory (ORNL) under the auspices of
the Nuclear Regulatory Commission's Nuclear Plant Aging Research Program.
The results of the study are documented in NUREG/CR-5404, Vol. 1, Auxiliary
Feedwater System Aging Study.

The study reviewed historical failure experience and current monitoring practices
for the AFW System. This paper provides an overview of the study approach and
results.

Introduction

The aging study of the AFW system primarily focused on two areas:

• a review of historical failure data for AFW system components, and
• a detailed review of the AFW system design and operating practices at a plant owned by a

cooperating utility.

These two aspects of the study provide indication of the historical sources of problems for AFW
systems and the extent to which the problem areas are being covered by current
monitoring/maintenance programs.

AFW System Design and Functional Requirements MASTER
Due to variations resulting from a number of factors, including numbers of steam generators (SGs)
and their design, evolving regulatory requirements, design changes made in response to identified
problems, and designer preferences, there is not a standard system design. As a result, even two
plants with the same nuclear steam supply system supplier which are constructed during the same
time frame may have significant differences in AFW system design. While there is no standard

1 Research sponsored by the Office of Nuclear Regulatory Research, U. S. Nuclear Regulatory Commission under
Interagency Agreement DOE 1886-8082-8B with the U. S. Department of Energy under contract No. DE-AC05-
84OR21400 with the Martin Marietta Energy Systems, Inc.
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design, the three loop system depicted in Figure 1 can be used as a basis for identifying certain
features which are representative of those normally included in the AFW system design.

The AFW system's principal role is to support removal of stored and decay heat from the reactor
coolant system (RCS). The SGs act as a heat sink during both normal operation and following
reactor trips. During normal operation, the main feedwater system provides feedwater to the SGs,
where it is converted to steam and then used to drive the main turbine and provide process steam
for various plant equipment. During normal power operation, the AFW system is in standby
(except when in test). Following an operating transient or accident, as well as during routine
startups and shutdowns, the AFW system is used to provide a safety related source of water to the
steam generators. The water delivered by the AFW system is heated and vaporized in the steam
generators. Steam thus generated can be released to atmosphere through the safety-related main
steam safety valves or atmospheric dump valves, or to the atmosphere and/or condenser through
non-safety-related steam dump valves.

The AFW system must not only support the heat removal, but also allow the heat removal to take
place in a controlled manner, even under design basis accident conditions. There are four general
functional requirements of the AFW system:

• Provide flow to intact SGs following design basis transients/accidents
• Isolate flow to faulted or ruptured SGs
• Maintain a liquid barrier between the reactor coolant system and the environment following

design basis accidents to ensure that any primary to secondary tube leakage is "scrubbed"
before release

• Support normal startup and shutdown evolutions

As noted, the AFW system is used, at most plants, in support of normal plant startup and
shutdown. However, this is not the primary basis for its design. Rather, it is specifically
designed for the mitigation of the consequences of design basis transients and accidents, including
loss of main feedwater, main feed line break, main steam line break, small and large break loss of
coolant accidents, steam generator tube rupture, and others. In addition, proper functioning of the
AFW system is critical to the ability of a plant to deal with an important accident condition, station
blackout, which has not been historically treated as a design basis accident.

Pump Suction Sources

Most plants have a dedicated storage tank, commonly designated as the condensate storage tank
(CST), that is used to maintain a reserve inventory of high quality water for the AFW pumps. The
inventory available for the AFW pumps may actually come from multiple sources, depending upon
plant design. Plants which are under Standard Technical Specifications have a designated
inventory that must be maintained in the CST during Modes 1-3. The CST is safety grade,
seismically qualified at some plants, but not at others. Normal system alignment has the suction
flow path from the CST to the AFW pumps open, and in fact, manual valves in the suction flow
path are typically required to be locked open.
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Figure 1. AFW System for a Three-Loop Plant



The majority of plants also include a backup source of water, normally from the plant's ultimate
heat sink system which is commonly called the emergency service water (ESW) system.
Depending upon plant design, the ESW may be the only safety grade source of water (for example,
if the CST is non-safety grade). Switchover from the CST to the ESW may be either automatic or
manual. Low suction pressure is the normal switchover condition monitored for plants including
automatic switchover. Some plants use suction pressure transmitters to provide AFW pump
tripping under low suction pressure conditions (it should be noted that this trip function has been
removed at several plants, and replaced with an alarm only to avoid spurious tripping). Even for
plants which do not use automatic switchover, low suction pressure instrumentation may furnish
main control board indication and annunciation to provide the operator with an indication of the
need for suction transfer. CST or other normal water source level instrumentation also provides
the operator with suction status. For plants with manual switchover only, some provide totally
remote switchover capability, while others require local valve realignment.

Check valves are usually included in the normal suction supply lines. These valves are depended
upon to prevent flow reversal into the CST in the event that ESW must be used as the suction
source. In some cases, where the normal suction sources are non-safety grade, the suction check
valve forms the boundary between safety and non-safety grade portions of the AFW system.

The Figure 1 flow diagram indicates two motor driven and one turbine driven pump. This is the
most typical configuration; however, there are a number of pump combinations at operating plants.
In addition to variations in the number of pumps per unit, the types of drivers vary. There are
various combinations of motor, turbine, and diesel driven pumps in the AFW pump population.

AFW pumps are multistage centrifugal pumps with capacities ranging from a couple of hundred to
over a thousand gpm at design pressure conditions. A six stage, motor-driven opposed impeller
AFW pump is shown in Figure 2. The pump suction and discharge connections are identified, as
are the pump motor (a portion of which is barely visible on the left) and the pump's thrust bearing.
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Figure 2. Six Stage AFW Pump



The motor driven pumps receive their power from emergency busses. Pump breaker closure no
only starts the associated pump, but auxiliary contacts for the breaker are often used to provide
control signals to other AFW system features.

Steam for the turbine driven pumps is supplied by one or more (typically two) SGs. There are i
number of steam supply control arrangements. Some plants start the turbine by opening i
normally closed trip & throttle (T&T) valve, located immediately adjacent to the turbine. Othei
plants leave the T&T valve normally open and start the turbine by opening one or more upstrearr
isolation valves. Some plants have pressure control valves in the steam supply line which limii
steam pressure available to the turbine, while at other plants, full steam pressure is available to the
turbine (less line and governor valve losses). Turbine speed, and therefore pump flow, is
controlled by turbine governor valve position, which in turn receives control signals which are
typically based on turbine speed and, for some controllers, a flow or other differential pressure
sensor (such as steam supply to pump discharge differential pressure). A picture of an AFW
turbine, showing the upper part of the turbine casing, the governor, and a portion of the trip levei
is shown in Figure 3.
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Figure 3. AFW Turbine



Some plants include non-safety related pumps that are similar in function to the AFW pumps.
Where available, these pumps are used in support of normal startup/shutdown (in some cases, they
are referred to as startup feed pumps). While these pumps have not been considered in this study,
their availability can have a substantial impact upon the service wear of AFW pumps and other
AFW equipment, since the AFW pumps would not be routinely used for startup/shutdown
purposes. The non-safety related pumps can also substantially enhance the availability of post-
accident secondary cooling. As an example, following the June 1985, Davis-Besse loss of
feedwater and AFW, feed flow to the SGs was ultimately restored by use of a startup feed pump.

Pump Discharge and Flow Distribution

Pump discharge lines include flow paths to the SGs and minimum recirculation flow paths. The
recirculation flow may be controlled by orifices, line size, control valves, or a combination of these
means. Some plants include both a minimum recirculation flow path and a full flow test loop, both
of which recirculate flow to the CST or other suction source. Other plants use a common flow
path for both, while yet others do not have a full flow test loop, but only a mini-flow recirculation
path.

Recirculation flow paths, both of the full flow and the mini-flow variety, may include valves which
automatically isolate under certain conditions. For instance, plants with full flow recirculation test
loops typically include automatic isolation valves which close in the event that an automatic start
signal occurs. Other plants provide for automatic isolation of the mini-flow path in the event that
the associated pump is the only available pump or if delivered flow to the SGs is sufficient to
provide what has been determined to be adequate for pump protection.

Valving between the pumps and the SGs provides for control of individual pump flow, flow to
specific SGs, and a means of preventing backleakage from the SGs or from main feedwater. The
arrangements of valves between the pump discharge and the SGs vary considerably in terms of
numbers, operator types, layout configuration, control signal sources, and normal standby
position.

Some plants use automatic discharge pressure control valves for motor driven pumps to provide
pump runout protection. These valves may be either normally closed or open, and receive a
control signal following pump start. The valve control signal is normally geared toward
maintaining discharge pressure or flow at a designated setpoint. The control setting may or may
not be adjustable from the main control room. Other plants do not use automatic valve positioning
to regulate individual pump flow/discharge pressure; rather, nonadjustable, fixed means, such as
cavitating Venturis, flow restricting orifices, or valves locked in a throttled position are utilized.
For yet other plants, it is not clear, from final safety analysis report descriptions and other
information available, what pump runout protection (other than operator action) is available.

Pump discharge line configurations normally allow more than one SG to be fed by each pump
(although some two loop plants are arranged such that only one pump normally feeds one SG).
All three loop plants are configured such that all three SGs are fed by all pumps, while most four
loop plants are designed and normally aligned to allow feeding of all four SGs by a turbine driven
pump and feeding of two SGs by each motor driven pump. Control of flow to individual SGs is
provided by a variety of combinations. Motor, air, electrohydraulic, and solenoid operated valves



are used as flow control devices. There are diverse control designs for the valves. Control valves
at some plants are normally closed while corresponding valves are normally open at other plants.
Those that are normally closed typically receive an open signal on associated pump start or AFW
actuation signal. At some plants, the flow distribution valves automatically modulate to maintain
a preset flow or SG level, while at other plants, the valves go to a full open or other fixed position
and remain there unless repositioned by an operator.

The flow distribution valves may be used as a part of a faulted SG isolation system, a system
which automatically detects and isolates any SG which is depressurized. This system supports the
functions of both assuring that intact SGs can receive AFW fow as well as minimizing the adverse
impact of feed or steam line breaks on the RCS and containment. Other plants rely upon flow
limiting devices, such as cavitating Venturis, on a temporary basis following a faulted SG event,
and ultimately upon operator action to detect and then to isolate flow to the faulted SG. Yet other
plants depend solely upon operator recognition and isolation of the faulted SG, with no automatic
break detection and isolation or fixed flow limiting devices available. It is important to note that the
valves used in the AFW system to isolate flow are not normally seat leak tested, even if they are
classified as containment isolation valves.

Some plants have dedicated AFW SG nozzles, while the AFW discharge lines at other plants
connect with main feedwater piping upstream of the SGs. Various combinations of check valves
and isolation valves are used to avoid backleakage of hot feedwater or steam into the AFW system.
There are typically several check valves, and in some cases, closed isolation valves in series
between the pumps and the SGs.

Failure Data Analysis Results

In order to gain some insights into the importance of various AFW system components from an
historical failure perspective, reviews of failure data through 1986 for Westinghouse and Babcock
& Wilcox plants from INPO's Nuclear Plant Reliability Data System (NPRDS),2 the Nuclear
Operations Analysis Center's Licensee Event Report (LER), and Stoller Power, Inc.'s Nuclear
Power Experience (NPE) databases were conducted. Each record from the three databases was
reviewed and combined to form a single ORNL database, thereby avoiding redundant entries while
establishing a more thorough set of failure records. It should be recognized that even though the
ORNL database is more comprehensive than any of the three sources individually, there is no
doubt that there are still a considerable number of failures of AFW System components which are
not included. Therefore, use of the data for certain purposes (such as absolute failure rate
determination) would yield deceptive results. On the other hand, the failure data can be more
useful for other purposes, such as relative comparisons of the failure rates of various component
types.

Components were classified into five groups for this study: pump drivers, valve operators, valves,
pumps, and other. Information available from the three databases was reviewed for each failure
record and the component group was assigned. Other parameters, such as the method of detection,
the subsystem affected, and the extent to which the system was degraded as a result of the failure.

2 Plant specific information from the NPRDS database is proprietary. The results of the study are presented without
identification of individual plants.



were also assigned for each failure record. The data was then analyzed for trends and comparative
evaluation. Examples and highlights of the results follow.

It was determined that the component group which contributed the most heavily to system
degradation was pump drivers. Although there were more failures reported for both the valve and
valve operator groups, the system degradation associated with those groups was somewhat less
due to the fact that the average impact of a valve or valve operator failure was less than that for a
pump or pump driver. Figure 4 provides the numbers of failures and the system degradation
associated with the different component groups.
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Figure 4. Failure Count and Relative System Degradation
Distributions for AFW System Component Groups

The Relative System Degradation indicated in Figure 4 is a measure of the overall impact of the
associated failures, taking into account both the number of failures as well as the effect of each
individual failure upon the system. Relative System Degradation was calculated as follows:

RSD = FCj x ASEi / Z(FCj x ASEj)
where

RSD = Relative System Degradation for a component type,
ASE = Average System Effect for a component type,
FC = Failure Counts for a component type,
i = individual failure record.

The system effect was determined for each failure record based on the particular plant design and
the extent to which the system was affected by the component failure. The effect was measured on
a scale from 0 to 1, with 1 representing total system failure and 0 representing no, or insignificant,
impact on the system. For example, if one motor-driven pump in a three-pump system would not
start because of a faulty circuit breaker, a system effect of 0.33 would be assigned for that failure
(note that this failure would be included in the pump driver category). The Average System Effect
for a particular component type is the average of the designated system effects for all failures of
that component. The Failure Counts parameter is simply the number of failures of a particular
component.



The method of detection can be viewed as an indicator of the effectiveness of historical and existing
monitoring and maintenance practices. Failures which are detected during planned testing or are
otherwise detected during planned activities, such as routine auxiliary operator walkdowns or
preventive maintenance, can be viewed in a more positive light than failures detected during
demand circumstances. Absence of demand-related failures would be a positive indicator of well-
planned monitoring and maintenance programs. While most AFW system failures reported were
detected by either programmatic monitoring (such as surveillance tests) or by routine observation
(for example, noting valve stem leakage during an area walkdown), it was found that about 18% of
the system degradation was detected during demand events (such as failure of a pump to stan
automatically in response to a valid start signal following a reactor trip). Figure 5 indicates the
distribution of failure counts and system degradation associated with the three methods of
detection. It is important to point out that the average effect of demand-related failures was
significantly higher than those for failures detected during programmatic monitoring and routine
observation.

Failure Counts
13%

45%

41%

Average Effect

0.30

0.22

Relative System
Degradation

18%

39%

42%

Programmatic Monitoring Routine Observation Demand

Figure 5. Method of Detection Summary - AH Failures

Each failure record was reviewed to determine which subsystem was affected by the failure. The
subsystems designated were: turbine driven pump (TDP), motor driven pump (MDP), diesel
driven pump (DDP), and common ("common" primarily includes common flow distribution
components which affect more than one subsystem). The failure counts and system degradation
associated with each subsystem type are summarized in Figure 6. The TDP subsystem was found
to be responsible for half of the failure counts and more than half of the overall system
degradation, in spite of the fact that there were fewer TDPs than MDPs in service at the plants
included in the ORNL database (51 TDPs with 604 pump-years of service vs. 77 MDPs with 808
pump-years of service).

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
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Figure 6. Subsystem Failure Summary

From Figure 4, it can be seen that pump drivers were responsible for about 37% of overall AFW
system degradation. Further review of the pump driver failure records indicated that 73% of the
pump driver related degradation (constituting 27% of overall system degradation) was associated
with turbine drives. Figure 7 indicates the comparison of system degradation contributions from
the different types of pump drivers. It is interesting to note that the two diesel drives in the failure
database which had a total of only 13 pump-years of service (less than 1 % of the service life of all
AFW pump drives in the failure database) caused 9% of the pump driver related degradation. This
can be compared to motor drives, which had about 56% of the service life of all AFW pump drives
in the failure database, but caused less than 20% of the pump driver related degradation.
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Figure 7. Pump Driver Summary

Failures of turbine drives (including the turbine and its control system) were evaluated in detail to
determine the specific sources of the failures. Figure 8 provides a summary of the turbine-related
failure sources. Note that over half of the turbine drive failures originated with the instrumentation
and control (I&C) and governor control aspects of the turbines. Furthermore, as indicated by
Figure 9, almost one-third of the I&C/governor control failure related degradation was detected
during demand events.
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Figure 8. Sources of Turbine Drive Failures - Relative System Degradation
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Plant Monitoring Practices Review Results

A detailed review of the operating, maintenance, and surveillance procedures in use at a plant
owned by a cooperating utility (Reference Plant) was conducted. The focus of this review was to
determine how well potential sources of system degradation and failure were being monitored
programmatically. As a part of this effort, the system design, physical layout, and controls were
also reviewed in detail.

A number of areas were found in which failures could exist at the Reference Plant without being
detected by the programmatic monitoring practices. The non-detectable failure sources covered a
variety of areas, including mechanical, hydraulic, and electrical. The types of non-detectable
failure sources found to be most prevalent were I&C related, including contacts, relays, limit
switches, coincidence circuits, etc. It was also noted that several sources of degradation which
would affect the ability of the system to perform under design basis conditions were not monitored
periodically. Examples of non-detectable failures follow.

• Suction valves from ESW to the motor driven pumps are designed to automatically open if
a low suction pressure condition exists. There are three suction pressure switches in the
normal suction line. A low suction pressure condition, as detected by any two out of the



three switches will, by design, cause the automatic transfer to occur. There are, therefore,
three possible coincidences than can cause the transfer: A+B, A+C, and B+C. Only one of
the three coincidences is periodically verified to cause the transfer. There are four sets of
contacts that are not checked.

• The AFW system is needed to support cooldown and depressurization of the reactor
coolant system to the point where the residual heat removal (RHR) System can be placed
into service. The steam generator pressure corresponding to the point where RHR can be
placed into service is about 120 psig. The turbine driven pump, which is driven from
steam from one of two steam generators, is only tested when steam pressure is greater than
842 psig. It should be noted that this is consistent with the plant's Technical
Specifications.

• Steam generator blowdown isolation valves are designed to close automatically on AFW
pump starting. There is no testing which verifies that the automatic closure occurs.

In the review of the Reference Plant procedures, it was found that the testing frequencies for
system components varied substantially. For example, the trip & throttle (T&T) valve for the
AFW turbine was found to be stroked over 40 times a year in conjunction with AFW system
testing, while the AFW turbine's I&C /Governor Control system is checked only once every 18
months, at best. The testing frequencies are dictated by the plant's implementation of Technical
Specifications.

Findings and Recommendations

The results of the failure database and the Reference Plant reviews provided complementary
indicators. There were indications from both reviews that I&C related areas were being the least
well monitored. Historically, a significant fraction of AFW system failures that were detected
during demand circumstances were I&C related. A large number of the failure or degradation
sources that would not be detectable at the Reference Plant were also I&C related.

It was also found that the turbine driven pump subsystem, and more specifically, the turbine and
its controls, were a significant source of system degradation historically. For the turbine,
I&C/governor control failures were dominant.

When current testing practices are considered in conjunction with the historical failure data, it
becomes apparent that the current monitoring programs are not optimized. The example of the
imbalance in testing frequencies for the trip and throttle valve actuation and the turbine
I&C/governor control system noted above becomes even more significant when the historical
failure data is considered. Per Figure 8, over half of the turbine drive problems have been I&C
/governor control related, while about 20% have been associated with the T&T valve. It should be
noted that many of the T&T valve failures were attributed to wear in the valve linkage, which may
be indicative of excessive testing.



Recent Developments Related to the AFW System

The results of the AFW system study were published in early 1990. In recent years, industry
failure reporting practices have dramatically improved. As a result, almost as many AFW system
component failures were reported to NPRDS between 1987 and 1990 as the total number of
failures identified in the AFW system study, which was based on failures occurring from 1973
through the end of 1986.

ORNL is currently involved in a review of turbine governors and control systems used on AFW,
as well as boiling water reactor core isolation cooling and high pressure coolant injection systems.
It appears, based on study results to date, that at least a part of the industry has taken actions in
recent years to address historical turbine governor problems. Failures discovered on demand
dropped from 1985 through 1990. Overall failures also dropped steadily from 1985 through 1989;
however, there was a step increase in the total number of failures in 1990. At this point, the
implications of this step incre?ise are not clear. The results of the turbine governor and control
study are expected to be finalized in 1992.

An AFW system component that has also received additional attention in the last couple of years is
the pump. AFW pump service, for the most part, is at low or minimum flow conditions. The
deleterious effects of operating at low flow conditions has become more widely recognized in
recent years. In 1988, the NRC issued Bulletin 88-04, "Potential Safety-Related Pump Loss,"
which dealt with concerns relative to operation of pumps at low-flow conditions. There have been
several utilities which have discovered damaged impellers, diffusers, and thrust bearings that have
resulted from the hydraulic forces that exist during operation at low-flow conditions. In late 1991,
Ingersoll-Rand issued a 10CFR21 reportable item on breakage of cast iron diffusors in AFW
pumps, and ascribed the problem to extended operation at low-flow conditions. In the report,
Ingersoll-Rand recommended: (a) periodic inspection, (b) replacement of the parts, if replacement
is determined to be necessary, with martinsitic or austenitic steel, and (c) conduct of testing at
higher flow rates.

It should be noted that at least one utility has chosen to address the concern by modifying impeller
to diffuser clearances in their AFW pumps to minimize the effects and the onset of hydraulic
instability. This type of modification, when carefully implemented, has been used successfully in
non-nuclear applications previously.

Other utilities have committed to periodic disassembly and examination to ensure that problems are
not developing. However, there are also a significant number of utilities that have not taken any
action to date. It should also be noted that the low-flow problem is not unique to AFW pumps, but
applies to other systems as well.


