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Auxiliary Feedwater System Aging Study

John D. Kueck, Martin Marietta Energy Systems

Oak Ridge National Laboratory

Abstract

The Phase I Auxiliary Feedwater (AFW) System Aging Study, NUREG/CR-
5404 VI, (Ref. 1) focused on how and to what extent the various AFW system
component types fail, how the failures have been and can be detected, and on
the value of current testing requirements and practices. This follow on study,
which will be provided in full in NUREG/CR-5404 V2, provides a closure to
the Phase I Study. For each of the component types and for the various sources
of component failure identified in the Phase 1 Study, the methods of failure
detection were designated and tabulated and the following findings became
evident:

• I&C related failures dominated the group of failures that were detected during
demand conditions.
• Many of the potential failure sources not detectable by the current monitoring
practices were related to the I&C portion of the system.
• Some component failure modes are actually aggravated by conventional test
methods.
• Several important system functions did not undergo any function verification
test.

The goal of this follow on study was to categorize and evaluate the deficiencies
in testing identified by Phase I and to make specific recommendations for
corrective action. In addition, this study presents discussions of alternate, state
of the art test methods, and provides a proposed Auxiliary Feedwater Pump test
at normal operating pressure which should do much to verify system operability
while eliminating degradation.

DEFICIENCIES IN CURRENT MONITORING - OPERATING PRACTICE

• Undetected Failures

These deficiencies were developed from a study of one plant's AFW System. It is
reasonable to expect that the AFW Systems of other plants contain similar, although
probably not identical, deficiencies. The noted deficiencies were categorized into three
areas, "Mechanical Failure Modes not Detected by Current Monitoring/Operating
Practices," "Component or Group of Components Unable to Perform as Required
Because I&C Failures Were not Observed During Routine Testing," and "Component or
Group of Components Unable to Perform as Required Because No Function Verification
Test Is Performed."

Examples of undetected mechanical failure modes are:

• Check valve failure to perform as required.



• Motor or turbine driven pump fails to deliver required flow to its steam generators at
the required pressure conditions.

• Control valve fails to open sufficiently to allow adequate flow.

Examples of undetected I&C failures are:

• Valve operator fails to open or close in response to sensed condition.

• Steam Supply Isolation valve may close due to incorrectly sensing a pipe break

• Turbine electronic overspeed trip function fails to trip before mechanical overspeed
trip occurs.

Examples where no functional verification test is performed are:

• Flow Verification of Emergency Service Water (ESW) to AFW pump suction.

• Verification of Switchover time from the Condensate Storage Tank to ESW.

• Verification of ability of motor driven pumps to continue to operate satisfactorily
during and following transfer of suction source to ESW.

• Verification of turbine driven pump level control valve opening.

• Component Degradation

Degradation of AFW pumps due to extended operation at the minimum flow condition
occurs due to hydraulic instability within the pump during operation at low flow
conditions. These pumps are usually tested with minimum flow lines which allow the
pump discharge flow to be recirculated to the Condensate Storage Tank (CST). The flow
rates using the minimum flow lines are sized to pass approximately 10-15% of pump Best
Efficiency Point (BEP) flow.

As explained in Ref. 2, p. 30, "Operation of these pumps 'far' from the BEP flow induces
very strong unsteady flow conditions within the pump hydraulic passages." In summary,
Ref. 2 states that strong unsteady flow conditions result in very large dynamic forces on
pump internals, both the stationary and rotating parts. The result of these forces is high-
amplitude vibration that causes rapid wear at critical clearances in the pump due to severe
vibration-induced rubbing. This leads to a rapid increase in stage-to-stage leakage and a
measurable reduction in delivered pump capacity. In addition, these large dynamic fluid
forces can break loose pieces of diffuser vanes, impeller side plates, and impeller vanes.
This deterioration of pump internals will result in considerable reduction in delivered
capacity of the pump as well as eventual structural failure. Loose pieces may be carried
downstream resulting in flow blockage or damage to other components.

Deterioration of the impeller and diffuser due to cavitation erosion also degrades
performance. The net effect of the deterioration is a slow reduction in the delivered
capacity of the pump.



Degradation of valve actuator motors can occur during testing due to the large number of
duty cycles that may be imposed when performing a series of periodic tests. Valve
actuator motors are typically provided with very short time ratings, on the order of 5 to 15
minutes, and it is not uncommon for periodic testing to be scheduled during an outage so
that a motor is called upon to stroke its valve several times within a relatively short
period of time (perhaps one hour) so that time to cooldown is not provided between
strokes. If the valve has a 30 second stroke time, it only takes 5 open/close operations in
close succession before the rating of a 5 minute motor is exceeded. In many cases,
thermal overload protection for the motor may not be provided because the thermal
overload has either been bypassed or purposely set higher than the motor's thermal
damage point. With no thermal protection, the motor will be thermally degraded by
operation in excess of the duty cycle. In some cases, valve actuator motors are "rotor
limited". This means that the thermal degradation will occur first in the rotor.
Degradation in the rotor is difficult to detect with conventional diagnosis equipment but
will result in a significant decrease in motor torque output. Alternate methods for testing
valve actuator motors to assess degradation are discussed in Ref. 3.

EVALUATION OF CONVENTIONAL MONITORING PRACTICE

• Check Valve Failure to Open or Close

Currently, the typical method of testing is only to verify flow through the valve or to
verify that there is no reverse leakage. Non-intrusive testing techniques should be used to
verify operation of check valves. Simply exercising the valve by putting flow through it
at off normal system conditions does not verify complete obturator movement. A partially
open valve can significantly reduce flow. There are three basic diagnostic methods for
assessing check valve degradation without disassembly-Acoustic Emission, Ultrasonic
Inspection and Magnetic Flux Signature Analysis (MFSA). These are discussed in detail
in Reference 4.

• AFW Pump Failure to Deliver Required Flow at Design Conditions

The flow delivered by a centrifugal pump will decrease as a pump ages and wears and the
internal clearances between the impeller and stationary surfaces become larger. When
the internal clearances become too large, the stage to stage recirculation flow becomes a
significant portion of the normal through flow, and the pump provides less head. Figure
1 shows the effect of this internal leakage increase on the pump head-capacity curve.

Currently, AFW pump flow testing is done at the minimum flow rate where the effect of
wear and increased clearances is much less obvious. Testing at minimum flow may
demonstrate that the pump does actuate, but it does not provide assurance that the pump
will perform at conditions of higher flow. In the low flow portion of the curve, the change
in head due to wear in the pump is small compared to the change at the typical Design
Basis Event condition.
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• Examples of Undetected I&C Control Logic Failures

There are a significant number of examples at the plant studied in Reference 1 of a valve
actuator failing to open or close the valve in response to sensed condition. In each case, a
failure in control logic had not been detected because logic had not been tested in a
periodic test. There are many other cases of major issues of a nondetectability which
could result in system malfunction.

There are many significant control functions that are not demonstrated to be operable by
test. This is partially due to the fact that, traditionally, solely checking the operation of
the actuation relays was considered to be a satisfactory operability test of an engineered
safety feature, but another more unsettling observation is that an experienced engineer
with the ability to discern all the required system functions and the authority to include
them in the test procedures had apparently never been tasked with the responsibility of
performing the type of review that was performed for Ref. 1.

EVALUATION OF ALTERNATE PERFORMANCE VERIFICATION
METHODS

• Flow Verification of Emergency Service Water

It is not practical to verify Emergency Service Water (ESW) flow by test because lake
water should not be introduced into the condensate/feedwater system, however, the ESW
lines should be inspected periodically to ensure that design flow will be available and the
lines are not corroded or blocked by an accumulation of organic material. Per Ref. 5,
NUREG/CR-5379, Nuclear Plant Service Water System Aging Degradation Assessment,
Phase I, the following considerations are obvious for the maintenance of Service Water
Systems:

timely painting of exposed structures
replacement of sacrificial anodes in cathodic protection systems
proper attention to materials selection in components prone to failure
coating application and repair
chemical and/or mechanical cleaning
water treatment

Thus as an alternative to actual performance of the ESW flow test, maintenance attention
to cathodic protection, coating application and inspection of the service water lines is
essential.

• Verification of Switchover Time for Emergency Service Water

A single complete functional test of the automatic switchover* to emergency service
water cannot normally be performed because it would introduce lake water into the
condensate/feedwater system. However, this is a critical safety function which must be
demonstrated as operable.

*Many plants do not rely on automatic switchover. For such plants, the switchover time
verification is not relevant.



The principal concern is that a slow transfer could result in a temporary loss of water flow
to an auxiliary feedwater pump with resultant air binding damage to the pump and loss of
the pump at the time when it is most needed. There are a number of factors which could
result in slow transfer times. These include degradation of valve actuator motor,
degradation of relay logic, and degradation of sensing circuits. The maximum allowable
ESW switchover time should be determined by analysis so that an acceptable time for the
switchover is established.

Even though the complete functional test cannot be performed, overlapping portions of
the sensing and actuation logic and actual valve stroking should be performed and the
total switchover rime determined from the test results. This switchover time can then be
compared to the allowable switchover time and the operability of the switchover can be
verified.

Another option worthy of consideration is the addition of an ESW full flow test line as
shown in Figure 2. This line would provide the capability of both performing a full flow
test from the CST, and testing the automatic ESW switchover and verifying flow rate. A
complete discussion of installing an ESW full flow test line will be provided in
NUREG/CR-5404 V2.

• Auxiliary Feedwater Pump Testing

In addition to monitoring and trending, a disassembly and inspection of the AFW pumps
should be carried out at appropriate intervals, perhaps one pump every third outage. Each
pump would then be disassembled every ten years. If significant wear were detected in
one pump, then all pumps would be disassembled.

The most conclusive option for AFW testing is a full flow test during normal operation.
This could alleviate the need for the extensive monitoring devices and perhaps provide
the basis for less frequent disassembly and inspection. As mentioned above, NUREG/CR-
5402 V2 will provide a recommendation for a full flow method of performing AFW
testing. This testing should be performed quarterly, using the test line, and at refueling
intervals by actually injecting into the steam generators at the transition to hot standby. A
summary of these test methods is provided below.

• Check Valve Testing

Check valves failing to open were a significant AFW system failure mode found in the
AFW aging study (Ref. 1). In the aging and service wear of check valves study, (Ref. 4)
the discussion of monitoring practices may be summarized as follows:

There are five primary methods for check valve monitoring. These are acoustic emission
monitoring, ultrasonic inspections, magnetic flux monitoring, radiography, and pressure
noise monitoring. Radiography and pressure noise monitoring are limited to special test
applications. Acoustic emission monitoring, ultrasonic inspection and magnetic flux
monitoring provide the best general diagnostic capability, especially when they are used
in combination with each other.

Radiography, as a check valve diagnostic, can detect flaws, cracking or erosion over a
specific valve area. It can also indicate valve position for steady state conditions.



Pressure noise monitoring requires penetrating the pressure boundary and installing a
transducer. In addition, Ref. 4 states that pressure noise monitoring is influenced by
many system phenomena and sometimes provides non reproducible results. Acoustic
emission monitoring is excellent for detecting a tapping valve but has the major drawback
that, when the obturator is fluttering in midstroke, lodged in one position or completely
broken from the hinge pin, there will be no tapping to indicate these conditions. Thus the
absence of tapping does not show that the valve is open and stable.

Ultrasonic inspection may not provide obturator position information over the full range
of travel because of its limited viewing angle. Ultrasonic inspection effectiveness is also
dependent on the fluid density and valve material.

Magnetic Flux Signature Analysis (MFSA) is nonintmsive because the magnets or
magnetic coils are typically installed outside the valve. The analysis of the magnetic field
provides a continuous, real time indication of the obturator position.

A combination of two of the above monitoring methore provides the best overall
diagnostic capabilities. Acoustic emission provides unique information on obturator
contact (tapping) and use of acoustic emission with obturator position monitoring will
provide information on leakage (acoustics), impacts within valve (acoustics), and
detecting disc position to assess whether the disc is open, closed, or in an intermediate
position.

• Untestable Function

In the design of the AFW system, there are some functions that cannot be tested. The
analysis of these functions should be independently verified by an alternate analysis to
ensure that an appropriate degree of conservatism exists. Two examples of these are the
flow switchover from the CST to ESW*, and the system flow curve for flow from ESW.
Because an error in the analyzed total switchover time could result in air binding and
possible destruction of an AFW pump, and because this function typically can never be
tested, it is crucial that the analysis used to determine an acceptable switchover time must
be independently verified by an alternate, independent analysis to verify that the result is
correct.

This is also true for the analysis of the system head flow curve for the ESW lines. These
lines typically can never actually be tested, but their correct operation is absolutely
essential. Additionally, they are also notoriously susceptible to blockage or increased
friction from fouling. Because of this, the ESW system head flow curve could easily
change with time as the lines became fouled. The ESW lines must be periodically
inspected for fouling and the head flow curve should be established as accurate and
acceptable by an independent calculation.

*Many plants do not rely on automatic switchover. For such plants, the switchover time
verification is not relevant.



There are other potential function failures that may be hidden in the untested portions of
the AFW system. An example is the routing of the ESW line feeding the AFW suction.
When the ESW line is filled, a high point in the line would allow a bubble to form if the
designer had not provided a high point vent. This bubble could remain undetected and
cause failure of the AFW pump if it were called upon to operate with suction from ESW.
This potential failure due to a design oversight has been found at at least two plants to the
author's knowledge. Potential failures such as these cannot be discovered by testing; they
are "caught" only by carefully analyzing operation of the system function.

RECOMMENDATIONS FOR IMPROVEMENTS IN TEST PRACTICES

• Full Flow Testing of AFW Pumps

Reference 6 provides a discussion on the problem of development of minimum flow rate
criteria. This discussion concludes that no proven formulas are available to determine
how long a specific pump design can operate at reduced flow rates and that the continued
use of miniflow testing will, over time, continue to produce possibly damaging effects in
the tested pumps.

The alternative, which will both conclusively verify operability and eliminate damage
due to miniflow operation, is full flow testing. A proposed test guideline is provided in
Ref. 6 as Appendix G and is summarized here as it is a logical alternative to the minimum
flow test.

Allowing the AFW pumps to deliver flow to the steam generators during system
operation would require no hardware changes, unlike increasing the recirculation flow
through the miniflow lines. This test would result in additional temperature transients on
the steam generators and a small transient effect on the steam generator level control
system. A significant precaution would be that the source of auxiliary feedwater during
testing (typically the condensate storage tank or refueling water storage tank) be
condensate quality and that all noncondensate quality sources of feedwater be isolated
during testing. The test would typically be performed during refueling outage intervals
during entry into hot shutdown.

Only one AFW pump should be tested at a time. (If one pump is isolated, the others
should be operable and remain aligned and ready to deliver flow in the event of an
automatic start signal.) Performance for at least one relatively high flow rate should be
measured. Several points in the pump head flow curve should be verified.

The remote manual flow control valve(s) leading from the pump to the steam generators)
may be closed immediately preceding the test and then opened slowly during the test
until the flow rate reaches the test flow rate. This should minimize the transient
experienced by the steam generator and level control systems.

With the pump delivering flow, operators should record pump discharge pressure, suction
pressure, discharge flow, recirculation flow, flow to each steam generator, steam
generator pressure, turbine inlet pressure and pump speed, and other pertinent data. An
analysis should be performed to verify that the pump is operating on its design head-flow



curve and that the system friction, pump motor efficiency, flow from CST, etc., are
within specifications.

Following testing, operators should verify that each valve in the AFW system is in its
correct position.

In addition to the determination of the plant specific flow rate, a review of the following
two potential concerns should be performed before the full flow test is adopted.

a) There will be a temperature transient on the steam generator system due to the
injection of the cooler auxiliary feedwater. An review of the steam generator pressure
and level control system should be performed to ensure that no deleterious effects will
result from the test.

b) There will be a thermal cycling effect on the feedwater piping and nozzle to the steam
generator. A review should be performed to ensure that the effect of this cycling,
once per refueling interval, is acceptable.

• Full Flow ESW Test Line

It is not practical to verify Emergency Service Water flow because lake water should not
be introduced into the condensate/feedwater system. However, is it possible to add an
ESW full flow lest line to the AFW system (see Figure 2). As shown in the figure, the
AFW pump discharge could be isolated to prevent lake or river water from entering the
SG's and contaminating the AFW system piping. The AFW pump suction would then be
isolated from the CST and aligned to the ESW. The pumps would then be started and the
discharge flow returned to the service water header via the ESW full flow test line. A
control valve and/or flow venturi could be installed to simulate SG backpressure.
Following the test the AFW pump suction would then be re-aligned to the CST to flush
out the AFW pump(s) and associated piping. After the AFW pumps and the small section
of piping has been thoroughly flushed out, it would then be returned to service.

In addition, this test line would permit a full flow test of each AFW pump with suction
from the CST and discharge to the service water header. This would allow a pump test at
design conditions which could be performed on a quarterly basis.

• Omissions In I&C Logic Testing

The failure to incorporate all safety related logic into functional testing can only be
prevented by performing a comprehensive review of safety system logic and ensuring that
all logic circuits are completely tested, including all contacts, wiring, actuation devices
and terminal points. Obviously, this review is a significant and time consuming effort, but
the large number of examples above are indicative of the fact that serious omissions in
safety feature actuation do remain undetected by current testing programs. This is a
serious safety concern.

The manpower resources required to address this concern are significant. The time of
one experienced engineer for one year could reasonably be needed for a comprehensive
review of all functional logic and wiring diagrams for one safety system where each
system function is checked to ensure that it is completely tested by the current plant
periodic in-service testing procedures. After this, the procedures would require a
significant man-hour effort for revision, and the staff would require familiarization and
possibly training based on the extent of the revisions.
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SUMMARY

There are several significant conclusions of this follow on study as follows:

1. The present method of testing the auxiliary feedwater pumps at the minimum
flow condition leads to degradation of the pump and does not provide adequate indication
of pump condition. An alternate method is proposed which consists of testing at normal
operating pressure to eliminate degradation and verify flow at design conditions.

2. There are a large number of safety related control functions which are
presently not verified to be operable by the periodic surveillance testing. This is a
significant concern. It is recommended that the entire set of control wiring diagrams for
the system be evaluated by an experienced engineer against the periodic test requirements
to locate all omissions in testing.

3. Check valve condition is not adequately assessed by the present test methods.
Recommendations are made in the report for new check valve diagnostic methods and a
comparison of diagnostic methods is provided.

4. Evaluations of current surveillance and testing should also be made for
emergency service water switchover and flow verification, and evaluation of untestable
functions.

5. Recommendations are provided for improved methods of diagnosing
degradation in check valves, AFW pump testing at full flow, and addition of an
emergency service water line.
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