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Abstract

The 2002 Symposium on Valve and

Pump Testing, jointly sponsored by the
Board on Nuclear Codes and Standards

of the American Society of Mechanical
Engineers and by the U.S. Nuclear
Regulatory Commission, provides a forum
for exchanging information on technical
and regulatory issues associated with the
testing of valves and pumps used in nuclear
power plants. The symposium provides an

iil

opportunity to discuss the need to improve
that testing to help ensure the reliable
performance of valves and pumps. The
participation of industry representatives,
regulatory personnel, and consultants
ensures the discussion of a broad spectrum
of ideas and perspectives regarding the
improvement of testing programs and
methods at nuclear power plants.
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An Overview of Age-Related Failures
in Primary Coolant Pumps and Motors

H. L. Hassenpflug, Ph.D.
Framatome ANP

Abstract

The majority of U.S. nuclear power plants are
now twenty or more years old. Issues related
to the initial design of the plant, including
equipment such as the main coolant pumps
and motors have generally been resolved.
However, conditions which have resulted for
protracted periods of successful operation

are now emerging, and are in some cases
causing equipment failures and limiting power
production. This paper examines case studies
in which the author has been involved during
the past five years.

Introduction

Five failure mechanisms are presented. For
each, its background is discussed, then each
is examined with regard to its potential

to become a generic problem for plants
(applicability), its nuclear and industrial
safety implications (if any), the potential
costs associated with the repair, executed
preventively, on an emergent basis, including
the loss of power production. Methods of
detecting these failure mechanisms including
vibration analysis are discussed for each.

The failure mechanisms considered are shaft
cracking, motor flywheel looseness, impeller
looseness, impeller cavitation damage, and
restraint seizure

1A-1

Discussion

1. Shaft Cracking

Historical Background

In the late 1980s and early 1990s, several
plants experienced pump shaft cracks or
complete failures.

The majority of these were pumps
manufactured by Byron Jackson and

KSB. However, there were some isolated
instances of failure in Westinghouse pumps.
At that time, the utility industry spent
considerable money both in the development
of methods for detecting shaft cracks, and in
understanding and correcting the root causes.
The failures which occurred in that time frame
were generally considered to be premature,
and the result of design and operational
considerations. By the mid-1990s, corrections
to the design and operation of the pumps in
question had largely eliminated the failures

in the Byron Jackson pumps, and the KSB
failures were limited to one site. Hence, the
underlying drive to develop new tools for
early detection diminished.

Some of the technologies which were being
developed for specialized application to shaft
crack detection such as ultrasonic testing,
modal analysis, and torsional analysis were
largely abandoned due to lack of demand.

NUREG/CP-0152, Vol. 4
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The primary means of detecting shaft cracking
has remained the established method of
vibration trending. This method of detection
has proven to be a sufficiently reliable
detector that plants can shut down prior to
shaft fracture, and thereby avoid nuclear
safety issues. However it has been shown
to have serious limitations, in that in many
cases a shaft crack will not begin to alter
the vibrational performance in a way that is
clearly identifiable until failure is imminent
(days to weeks away). In recent years,
there has been renewed interest in the issues
associated with shaft cracking since several
Westinghouse pumps have begun to have
cracks.

Unlike the failures of a decade ago, the pumps
currently failing have operated successfully
for twenty or more years. A clear consensus
has not yet emerged as to whether these
failures represent a trend in aging reactor
coolant pumps.

Significance of Failure

Nuclear Safety

A complete shaft failure in an operating pump
is, of course, most undesirable in that there

is the potential for a loss of primary coolant.
Although current vibration monitoring
technologies do not typically give the advance
warning desired from an economic point of
view, a cracked shaft can virtually always be
detected before a complete fracture occurs.

It should further be pointed out, that in two
pumps which underwent complete shaft
fractures, there was not a significant loss of
primary system coolant. Because of these
considerations, nuclear safety is rarely the
limiting factor which governs the need to
address shaft cracks. -

NUREG/CP-0152, Vol. 4
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Economic Consequences

A shaft failure at operation has substantial
economic consequences. Typically, a plant
which is well-prepared to replace a pump, and
does so in a ‘dedicated’ forced outage might
expect a two- to three-week outage duration.

This assumes that the shutdown was timely
and therefore no other components were
damaged as a result of the shaft failure. In
previous cases where the pump shaft has
failed completely, there have been additional
economic costs: The shaft fractures have
not been perpendicular to the shaft axis. As a
result, continued rotation of the motor against
the fracture surface of the fully severed shaft
has caused a cam-like action, forcing the
motor rotor upward and damaging the upper
thrust bearing and thrust runner.

Detection

Insights to the relationship between phase and
shaft crack propagation

For several decades, it has been established
that one of the early signs of shaft cracking

is shifting of phase angle in the synchronous
(1X) and twice synchronous (2X) vibration
responses. Usually one or both of these
vibration components sees amplitude growth
as well. The extent to which each of the
components which characterize a failure
appear, can vary substantially from one type
of pump to the next. For example, it has been
observed in at least one shaft failure (75%
depth), the remaining portion of the failed
ligament remained approximately circular,
even though that remaining portion was not
concentric with the shaft centerline. In that
case, the mechanism which has historically
caused a 2X vibratory response in equipment
with a failing shaft did not develop.
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The development of the 2X response depends
on the continuous loading of a shaft with a
non-symmetric cross-section. Even though
the remaining ligament was not concentric

to the shaft centerline, it remained axially
symmetric. Hence, the development of the
2X vibration was substantially lower than is
commonly seen in such an extensive failure.

The observed trends may also differ
depending on the axial location of the failure.
That is, knowledge of vibration behavior
during previous failures, even in similar pump
designs, does not ensure the ability to predict
a new wave of failures. It is quite possible,
and even likely, that failures which develop
after a long period with no failures, are the
result of a previously unobserved mechanism.
Crack detection in older equipment is further
complicated by the presence of other vibration
sources. Shaft cracking may be overlooked
because of high vibration responses resulting
from other issues which may or may be
otherwise innocuous. For example, in one
plant with Westinghouse pumps, a pump

was removed from service because of very
high vibrations. The overwhelming cause

of the vibration was found to be impeller
damage due to cavitation. However, when
the rotating components were examined
destructively, a substantial crack was found
in the shaft as well. Whether that crack
would have been detectable in the absence

of the cavitation damage is speculation. It
quite clearly escaped detection as it was.
Hence, the capacity of vibration monitoring
to detect shaft cracking is limited in all types
of equipment because of variability in the
types of cracks which occur. It is further
limited in older equipment by the presence
of other vibrational issues. Still shaft crack
propagation has vibrational characteristics
which allow it to be distinguished from

other failure mechanisms. The characteristic
that distinguishes shaft cracking from most

1A-3

other failure mechanisms is that it results

in continuous trending, the rate of which is
exponential as failure becomes imminent. It
will almost always involve changes in phase,
at least in the 1X vibration component.

2. Flywheel Looseness

Background

This ‘feature’ has shown increasingly in some
aging reactor coolant pump (RCP) motors of
Westinghouse and Jeumont design. Some, but
not all, of the design considerations which
cause this phenomenon are present in motors
of competitor designs as well.

It also may be expected to occur in other
types of motors. The flywheels on most
Westinghouse and Jeumont RCP motors are
relatively thin and of a very large diameter.
The objective of this design feature is to
achieve the maximum polar moment of inertia
with minimal mass. One effect of this design
is that the flywheel bore expands substantially
(0.05-0.10 mm) at operating speed.

To ensure reasonable flywheel-to-shaft
clearances at operating speed, the vendors
designed the fit as a light interference

at installation. On most, but not all
Westinghouse and Jeumont RCP motors, it is
necessary to remove the flywheel to access
the upper bearing for service. Removal of the
flywheel frequently causes deterioration of
the flywheel bore fit. Even where the bore fit
does not deteriorate, there is typically some
fretting wear of the flywheel bore since there
is a clearance at operating speed. Hence,
after several cycles of flywheel removal, it is
common to see galled areas in the flywheel
bore, and for the bore fit to have clearance

at installation. The resulting clearance at
operation may be twice the design value.

NUREG/CP-0152, Vol. 4
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Significance of Failure

Nuclear Safety

While the flywheel is usually considered

as safety-related, there is no evidence that
loosening of the bore fit diminishes structural
integrity or its ability to control the pump
coastdown time. Hence there is no apparent
reason that the loosening of the flywheel bore
should affect nuclear safety.

Potential for damage

The primary result of flywheel looseness

(in terms of potential equipment damage) is
the damage caused by the vibration itself,
typically high bearing wear or the masking of
other vibration issues. This is no history of
or significant potential for major equipment
damage as a direct result of operation with a
loose flywheel. No plant of which the author
is aware has had a forced shutdown as a result
of flywheel looseness alone. A consideration,
perhaps of greater significance from the
perspective of safe plant operation, is that
vibration changes due to flywheel looseness
may be confused with other vibration issues.

Cost of Repair

The repair is typically addressed during an
offline refurbishment, so there is typically

not a cost associated with lost operating time
due to flywheel looseness. The direct costs of
repair can vary substantially, however. The
repair methods to date have typically included
the use of oversized keys. The cost of re-
keying is minimal compared to the overall
cost of a motor refurbishment.

For more extreme cases, a special
replacement thrust runner can be fabricated
which interlocks to the flywheel, wherein
the function of centering the flywheel 1s
transferred to the bore fit of the thrust runner.
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(NOTE: This design upgrade has been also
been implemented in some newer motors at
manufacture.)

Detection

Aloose flywheel will show up in the vibration
data, typically as a discrete shift in the 1X
vibration level. This will be most noticeable
at the upper motor (if multiple shaft probes are
available). The shifts will frequently occur
following an electrical transient event which
imparts a ‘torsional impulse’ load into the
MOtor.

The other key characteristic of flywheel
looseness is that the 1X vibration level will
often change following shutdown of the
machine. It may suddenly ‘jump’ back to
previous levels following re-start or it may
not change until influenced by some external
perturbations.

3. Pump Impeller Looseness (Compared
To Flywheel Looseness)

There have been several cases of impeller
loosening reported in Westinghouse pumps.
The design of the impeller attachment is
similar in Bingham, Jeumont and KSB pumps
as well. Therefore, it seems reasonable that
this failure mechanism has equal likelihood in
those designs as well. Because of radiological
considerations, these cases are less well-
substantiated than the cases of motor flywheel
looseness. While, at first glance, impeller
looseness would seem to be very similar to
flywheel looseness, the designs of the two
interfaces are quite different.

Their failures are manifested somewhat
differently in operating behavior, including
vibrations. The two interfaces differ in the
following ways:

» The impeller is typically installed on
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a taper using a heavy interference fit,
whereas the flywheel uses a cylindrical
bore and a very light interference fit.

« The impeller transmits a large amount of
torque at steady state conditions which
stabilizes its position, even when loose.
Conversely, the flywheel only transmits
inertia torque, which is non-zero only
during transient events which influence the
rotational speed.

» The impeller has little centrifugal
expansion compared to that of the
flywheel. The impeller is virtually never
removed for routine service.

e The flywheel is much more massive
(typically five times) than the impeller
for comparably sized equipment. Owing
largely to the other differences already
mentioned, impeller loosening is a much
rarer occurrence than flywheel loosening.
The impeller is typically installed with
two keys, 180 degrees apart, whereas the
flywheel typically uses three keys.

Detection

These two phenomena are manifested
similarly in vibration data in that the 1X
vibration component undergoes sudden
changes. On impellers with two keys, slippage
is necessarily along the plane of the keys.

The resulting vibration shifts caused by the
movement of loose two-key impeller will
always have the same phase (or 180 degrees
out). Vibration shifts caused by a 3-key loose
flywheel can be at various phase angles. The
vibration shifts caused by a loose impeller are,
of course, more obvious in the pump vibration
signal than in the motor vibration data. The
opposite is true for a loose flywheel. These
distinctions provide a basis on which one can
test for flywheel looseness.
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Significance of Failure

Potential for Damage

Impeller looseness, like fiywheel looseness, 1s
only likely to cause damage in the long term
because of the vibration levels themselves.
Even when loose, the impeller is held in

place by the high torsional loads it transmits.
Further, impeller looseness occurs without any
loosening of the impeller capscrew.

Economic Considerations

The repair of a loose impeller requires the
removal of the pump internals, and the costs
associated with it. Typically, the internals are
replaced, and any refurbishment performed
off-line.

4. Impeller Cavitation Damage

Background

Impeller cavitation and the damage it causes
can occur in nearly any pump. It is the result
of operation at conditions where, at least
locally, the absolute pressure of the pumped
fluid is zero, and where there is a discontinuity
in the pressure profile as a result. That is, for
the pressure profile to be continuous, the local
pressure would have to be negative over some
portions of the surface. This is, of course, not
possible.

This condition will occur wherever the
combination of dynamic and static pressure
would be less than zero. For pumps such

as reactor coolant pumps, the potential for
cavitation may be driven by low system
(static) pressure and/or high runout conditions
(excessive flow and resultant low dynamic
pressure). Several plants have performed
inspections of their reactor coolant pump
impellers. Some pumps have been inspected
in-situ using a specially-designed video
camera which enters the impeller through the
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suction piping. Pumps removed from service
have generally been examined directly. In one
plant which had Westinghouse 93 A pumps,
damage was observed on the top side of the
vanes (looking at the pump in cross-section),
1-2 centimeters from the leading edge of the
vane. The damage resulted in the removal

of material from the vane surface, forming

a ‘dished’ region on the ‘back’ side of each
vane. A key feature of this damage as related
to vibration characteristics is that, in some
pumps, the extent of damage varied widely
from among vanes.

Applicability

To date, severe impeller damage has been
observed in the U.S. in some plants designed
by Babcock & Wilcox. Others may however
have similar vulnerabilities. The B&W-
designed primary system uses two reactor
coolant pumps per steam generator. During
the plant startup and shutdown, the reactor
may operate with only one pump per steam
generator. The most extreme condition occurs
at initial operation where the system pressure
is low, and there is only one pump running

in either loop. During a normal startup or
shutdown sequence, these conditions would be
expected to persist only for minutes to a few
hours. However, over decades of operation,
the accumulated time in single pump operation
has, in some cases, been sufficient to result

in severe mechanical damage. This may be
compounded by the fact that many plants (of
all designs) follow a specific startup sequence,
so that a particular pump will endure most of
the damage. Plants with one pump per steam
generator have lower reverse flow at off-
design conditions, and therefore do not exceed
the design flow rates to the extent seen in the
B&W-type loops.

Some B&W plants have modified operating
procedures to minimize operation at off-design
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conditions. This has usually been done to
resolve concerns other than cavitation. These
plants are less likely to see cavitation damage
than others who have not implemented such a
modification.

Significance of Failure

Nuclear and Scfety Considerations

Until cavitation damage is severe, there is
little change in the operation of the pump
except for that caused by deteriorating
vibration performance. This is often
compensated by trim balancing at the pump
coupling. The hydraulic deterioration of
pump performance is minimal, even though
there may be through holes in impeller vanes.
In the most extreme cases, a large piece of the
impeller vane may fracture and break free,
traveling through the discharge piping until it
comes to rest (probably in the lower plenum
of the reactor).

Economic Considerations

Cavitation damage can become sufficiently
severe as to render the pump inoperative.
The costs associated with such a failure may
involve a forced outage, and will certainly
involve pump replacement or refurbishment.
Further, if a plant has found one or more
pumps with severe cavitation damage, it is
prudent to consider modifying operating
procedures to eliminate the conditions which
cause it.

Detection

The attack of cavitation on impeller vanes
varies widely, even in pumps of the same
design in nearly identical applications. In
some cases, vibration data can provide
indications. Generally, other techniques
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are needed to provide a clear diagnosis of
cavitation damage.

Operational Assessment

Successful identification of cavitation damage
is best achieved by review of operating history
for a pump which is suspect. If the pump has
endured substantial amounts of off-design
operation, or if the pump has been physically
observed in cavitation on a frequent basis,
then it is a more likely candidate for this
failure mechanism.

Video Inspéction

Several vendors have remote video inspection
techniques available for the visual inspection
of the impeller surface, including the backs

of the vanes. This technique provides a good
level of confidence in the impeller’s condition,
but is, of course, an off-line technique.

Vibration Analysis

The key feature which may make impeller
cavitation damage detectable in vibrations is
that the individual vanes are not necessarily
attacked to the same extent. Since cavitation
causes the loss of mass from the attacked
vane(s), it can alter the mechanical balance
of the impeller, and hence the 1X vibratory
response. In pumps where the attack has
been observed to be fairly uniform among all
vanes, and there has been little change in the
vibratory response. However, where the attack
is preferential on a particular vane, it remains
so as the impeller vane deteriorates. Hence,
for a pump with ‘preferential’ cavitation
damage, the balance quality of the pump will
deteriorate over a period of years. Because
the physical damage continues at the same
vane, the phase of the increased vibration will
have the same phase. Over a period of years,
one would likely find the need to install ever-
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increasing amounts of balance weight, always
at the same location.

Cavitation damage may further be
distinguished from other phenomena: Unlike
vibration caused looseness, the vibration due
to cavitation damage does not cause discrete
change under perturbation. Unlike shaft
cracking, there is no phase shift involved,
even to the extent that a large portion of a
vane breaks free. The vibration signature due
to preferential cavitation damage is virtually
all 1X vibration, typical for any mechanism
which causes deterioration of mechanical
balance.

5. Support Seizure/ Forced Misalignment

Background

Under normal conditions, seismic restraints
and vertical pump supports impose negligible
(horizontal) structural loads on a pump.
However, the very design function of these
components implies that they are capable of
carrying extremely large loads, and imparting
those loads to attached structures. In some
plant designs, the pumps are supported
vertically by skirts. Other plants rely on the
primary piping for vertical support, but will
have some very large restraints designed to
limit the horizontal movement of the pump
during a seismic event. Both of these types of
restraint systems are designed to accommodate
the thermal growth/contraction of the primary
piping during plant heatup/cooldown. If either
type of restraint seizes, there is potential for
the development of enormous loading.

Skirt supports have reportedly seized at
several plants. Such seizures may cause
spikes to appear in the vibration data during
plant heatup and cooldown, and may damage
the sliding mechanism, as well. However,
for skirt supports, both the support and the
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loads due to piping expansion are applied to
the pump casing, so that the entire region is

at or below the lowest bearing in the shaft
assembly. Therefore, the alignment of the
bearings remains unaffected by seizure in a
skirt supports. Comparatively, pumps which
are piping-supported may have seismic
restraints which are typically applied at points
removed from the primary piping.

In a case familiar to the author, the restraints
were located at the top of the motor stand,
and extended horizontally parallel to the
primary piping toward the reactor. This axial
separation between the piping attachment and
the restraint reaction allows potential for axial
bending of the structure of the pump-motor
assembly. In this scenario, the pump case and
the motor stand subjected to bending loads.
The motor stand typically has a much lower
stiffness (in bending about the vertical axis)
than does the pump casing.

Therefore, the seizure of a seismic restraint at
the top of the motor stand can cause bending
of the motor stand. Since the motor stand
controls the motor-to-pump alignment in an
RCP, seizure can result in an externally forced
misalignment.

In one instance, a seismic restraint remained
seized for the balance of the fuel cycle,
approximately nine months.

Significance of Failure

Potential for Damage

The potential for damage from this type of
mechanism is very high. Because it induces
severe misalignment in the motor and pump,
it has the potential to induce fatigue failures in
the rotating components of motor and pump,
possibly causing shaft cracking. Bearing
failure is highly likely. Severe misalignment
is known to cause seal damage, typically
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damaging the shaft O-rings. This type of
damage has been observed in a pump which
operated with a seized restraint.

Economic Considerations

For this failure mechanism, the cost of
prevention is usually only the cost of ensuring
the proper operation of the restraints. The cost
of failure can be extremely high because it has
the potential to induce numerous other failure
mechanisms.

Nuclear Safety

Similar to the economic considerations, the
potential nuclear safety concerns from this
problem are the result of the other failure
mechanisms which it can induce.

Detection

Detection of forced misalignment has proven
more challenging than expected. In the case
where data was most available, the forced
misalignment caused the vibration probes at
the lower motor bearing to move out of range.
This led to the erroneous conclusion that the
probes had failed. There were other minor
changes in vibration levels, but these were
(erroneously) attributed to flywheel looseness.

In retrospect, a change in the centerline
position of the shaft occurred. This was
overlooked because it occurred in a probe
which was thought to be inoperative. In

the case in question, oil analysis provided
the first indication of a significant problem.
Inspection revealed that the lower motor
bearing had been severely overloaded. While
it had not failed catastrophically, it had worn
severely from being overloaded. For this
failure mechanism, prevention is easier than
detection.
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Conclusions

Shaft Cracking

1. Shaft cracking remains a substantial
concern in the operation of reactor coolant
pumps.

2. Detection of shaft cracking still depends
largely on vibration monitoring.

3. Vibration monitoring provides adequate
advance warning of shaft failures to ensure
nuclear safety.

4. Vibration monitoring gives less than the
desired advance warning for economic
considerations.

5. The detection of shaft cracks in aging
pumps is complicated by the presence of
other vibration sources.

Flywheel Looseness

1. Flywheel looseness is a common occur-
rence in aging reactor coolant pump
motors.

2. The primary damage due to flywheel
looseness is wear due to high vibrational
loads.

3. Flywheel looseness can obscure other
vibration data indicative of more severe
problems.

Impeller Looseness

1. Impeller looseness has occurred much less
frequently than flywheel looseness.

2. The vibration characteristics are similar
to, but distinguishable from flywheel
looseness or impeller cavitation damage.

1A-9

3. Impeller looseness does not usually result
in forced repair.

Impeller Cavitation Damage

1. Impeller cavitation damage is a problem
which develops over long periods of
service, particularly off-design operation.

2. Inits early stages, there are few operational
consequences to the damage.

3. In extreme cases, cavitation damage may
require pump replacement.

4. Cavitation damage may or may not appear
in vibration signatures.

5. Where it does appear in the vibration
signature, cavitation damage is
identifiable.

6. Methods in addition to vibration analysis
should be used to verify cavitation
damage.

Support Seizure

1. For pumps with supports at locations away
from the primary piping, a seized support
may cause a forced misalignment of the
machine.

2. Forced misalignment can cause severe
damage to numerous components,
including bearings, shafts and seals.

3. Forced misalignment may be difficult
to detect. The key change in vibration
monitoring is shift in the shaft DC
centerline position (or gap voltage).
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Analytical Modeling Used to Solve
Troublesome Synchronous Vibration Problem in a
Steam Generator Feed Pump

Dr. Maurice Adams, Machinery Vibration, Inc.
William A. Gates, Southern Company
Phillip W. Garrett, Southern Company

Abstract

Ata U.S. utility, a troublesome synchronous
vibration problem in the steam generator

feed pumps was identified after installing
proximity probes. The pumps had previously
been instrumented with only accelerometers
mounted on the bearing housings. One of the
4 installed pumps had experienced a turbine
drive shaft break with internal pump damage,
and on a separate occasion wiped journal
tilting pad bearings without the accelerometers
indicating any problems or concerns. The
utility decided to add proximity probes to
monitor direct shaft motion relative to the
pump bearing housings. During startup after
installation of the proximity probes, step
changes in pump shaft motion and phase were
noted. The shaft vibration was predominately
synchronous, and reached a peak amplitude

of 5 mils. The bearing clearance in the pump
had been documented as 5.5-6 mils during

the outage. Field troubleshooting identified
that the vibration amplitude was cyclic. Daily
changes in seal water flow/temperature caused
changes in the shaft vibration amplitudes,

but it was not clear if seal water flow or
temperature was driving the vibration changes.
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Several modifications had been made to

the pumps based on conventional wisdom.
Improvements were made, but the root cause
of the cyclic vibration changes remained

a mystery. It was decided to use analytical
modeling techniques to analyze the problem.
It was determined that differential thermal
expansion of the seal sleeves against the pump
impeller could be causing the cyclic changes
in pump vibration. A modification was
proposed and test plan developed. The test
plan was performed at the repair facility on the
dynamic balancing machine. The tests were
conclusive and validated the findings from the
analytical model. The modifications have been
successfully implemented in the field and the
cyclic vibration eliminated.

This paper discusses the findings of the field
troubleshooting, the analytical model and its
findings, the modifications performed, the
shop verification testing and ultimately the
final results obtained at the plant.

Introduction

Vogtle Electric Generating Station (VEGS)
is a facility south of Augusta, GA, licensed
for operation to Southern Nuclear Operating
Company (SNC). The plant has 2 units
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producing nominally 1200 megawatts
electrical. Each unit has two, 50% capacity,
steam generator feed pumps with turbine
drives. The steam generator feed pumps are
Pacific model 20x17 HVF, single stage, double
suction. During startup of VGES Unit 2, after
the fall 1996 refueling outage, the “2B” steam
generator feed pump (SGFP) experienced
unstable, high relative shaft vibration. At

one point, the pump was tripped due to high
vibration. The “2A” SGFP also experienced
higher than desirable shaft vibration at certain
conditions. The “2A” SGFP turbine had been
overhauled during the outage. However, the
only work performed on the pumps during the
outage had been the installation of dual, radial
(90 degree separation) proximity probes at the
inboard and outboard journal bearings.

In January 1991, the “2A” SGFP turbine
shaft had broken while in service. The break
had occurred at the turbine shaft coupling.
The shaft was repaired using a stub shaft to
restore the shaft length geometry. During

the investigation of the turbine shaft failure
issues were raised regarding the geometry of
the pump internals and the journal bearings.
Modifications were made to the Unit 2 SGFP
in the spring of 1992. Issues continued

when journal pad damage was found on the
“2A” SGFP in the fall 1993. The pumps had

previously been instrumented with vibration
probes on the bearing housings and it was
decided to install dual proximity probes to
enable the examination of the pump shaft
vibration. Table 1 summarizes the history of
the modifications performed and problems
encountered previous to the 1996 refueling
outage.

Initial Investigation

During startup of the Unit 2 SGFPs in the

fall of 1996, the vibration in all cases was
predominantly at the pump (1X) operating
speed. The alarm level was originally set

at 4.5 mils. The “2B” pump vibration was

at acceptable levels until the pump speed
increased to about 5300 rpm. At this speed,
the relative shaft vibration exceeded the alarm
level original alarm limit and it was decided
to increase the limit to 5.0 mils peak to peak
(p-p)- There was a concern with the validity of
the relative shaft vibration data. The reasons
for this concern were:

* The pump bearing housing vibration
showed very acceptable vibration at less
the 0.12 in/sec peak. Thus, without the
proximity probe data, the pump vibration
appeared normal and there would not have
been any concern with the pump.

Table 1: History of Modifications and Problems

_Outage Date 28 2A
"~ 2R1 Fall90 No Work No Work
~dan91 o Shaft Broke
2R2 Spr92 A/B Gap Mod A/B Gap Mod
New Bearings New Bearings
o Pump Reworked
- - Bearings Pinched , Bearings Pinched
- Reduced Brg Clearance |  Reduced Brg Clearance
2R3 Fall 93 - Inspected Brgs - OK ~ Pump Brgs Found Damaged
. sCsinstalled temporary proxumlty probes- Baseline Test
2R4  Spr95 No Work : No Work
2R5 Fall 96 Install Proxlmlty Probes
' Turbine Reworked
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The 2A and 2B turbine vibration were
always at acceptable levels (less than
2 mils) during the startup monitoring.

The calibration of the pump’s proximity
probes was in question since the pump
shaft was stainless steel. Stainless steel
requires a different calibration factor from
the typical calibration factor of 200 mv/
mil used for carbon steel shafts such as the
turbine shaft.

The pump shaft had been chrome plated at
the journals. The eddy current (proximity)
probe can see through a certain thickness
of chrome to the fuse line. Since the

fuse line is generally rough, the probe
senses this irregular surface as runout.
This runout is called electrical runout.
Normally, the area seen by the probes

is burnished to remove the chrome and
fuse line, or the chrome is placed with
sufficient thickness to prevent the probe
from seeing through to the fuse line. Shop
records showed no indication that either
option was used on the 2A and 2B pump
shafts.

Table_z : Summary of Events

The 2B outboard horizontal probe was
replaced with the pump operating. In

the process of replacing the probe, the
replacement probe came in contact with the
shaft and increased the shaft runout. This
increase in shaft runout caused the outboard
relative shaft overall vibration to exceed the
5 mils alarm and the pump was tripped by the
control room.

With the 2B SGFP out of service, the pump
bearings were inspected and shaft runout
measurements made. A representative from
the original equipment manufacturer (OEM)
of the pump was on site to witness the
inspection. The following conclusions were
reached from this inspection.

* Bearings showed no damage with the tilt
radial and thrust pads.

= Journal surfaces were clean with no
obvious damage.

* Runout of the shaft in the vicinity of the
proximity probes showed a mechanical
runout of less than 0.5 mils p-p.

» The outboard proximity probes showed

2B 2A
Date |Speed|Max Vib|Action Speed |Max Vib | Action
“12:0ct | 4330] 1.5 [initial Startup
15-Oct 3550 1.0 [{initial Startup
18-Oct 5280 4.4 |97% Power 5425 2.3 |97% Power
Increased Alarm to 5 mils
21-Oct 5280 5.2 |Replaced Prox Probe 5425 2.3
Vibration increased
Tripped Pump
23-Oct Installed Temp Prox Probes
23-Oct Unit Tripped due to 2B SGFPT blowout diagram - Loss of Vacuum
25-Oct 5240 1.5 5300 4.0 |Increased Alarm to 5 mils
25-Oct 5370 5.0 |Step Change
Increased Alarm to 5.5 mils
5000/ 4.0 |Reduced speed 8000 2.5 |[Increased speed
26-Oct 5100 5.0 |Varied Qil Temp 5600 3.9
Increased Alarm 1o 6 mils
6-Nov 5180/ 3.8 |Reduced Seal Water Temp ]| 5600] 2.6 |Reduced Seal Water Temp
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a runout of about 1.5 mils p-p, indicating
that most of the runout was electrical.

The shaft to bearing clearance was
measured at 6 mils.

To help resolve the concerns with the

proximity probe instrumentation, it was agreed

to perform the following prior to the restart of
the 2B pump.

1. Install temporary proximity probes at

the inboard and outboard bearing in the
same manner as done in the baseline
testing of fall 1993. The purposes of these
temporary probes were two fold.

Provide a direct comparison of the
present proximity probe measurements

with the baseline measurements of fall
1993.

Provide an entirely independent set
of proximity probe instrumentation
for comparison with the permanent
proximity probe instrumentation.

Perform insitu calibration of both the
temporary and permanent pump proximity
probe instrumentation.

The insitu calibration determined that

Table 3: Comparison of Vibration - 2B SGFP

the pump’s permanent probes had the
correct sensitivity (200 mv/mil).

The temporary probes were determine
to have a sensitivity of about 270 mv/
mil.

The Unit was restarted on October 25 and
both 2A and 2B pumps were brought up to
about 5300 rpm. At this time, the 2A pump
had high vibration while the 2B pump had
low vibration. While holding speed at about
5370 rpm, the “2B” SGFP took a step increase
in vibration. The speed was quickly reduced
to 5000 rpm with no immediate effect on

the vibration level. After several minutes
however, the vibration reduced below alarm
levels. Figure 1 shows the step increase of the
“2B” SGFP outboard horizontal proximity
probe. It can be concluded from Figure 1 that
the vibration was not related to the pump
speed. The other probes (temporary and
permanent) showed similar step increases in
vibration. Figure 2 shows a time plot of the
same event.

Tables 3 and 4 are summaries of the “2A” &
“2B” SGFP 1X proximity probe data. Included
in these tables are the results of the baseline
testing in fall 93. The slowroll (SR) or runout

\ o 1993 Baseline 10/18/96  10/25/9% 10/27/96
""" SR 5300 rpm SR 5300 rpm SR 5200 rpm | 5200 rpm
Bearing| Dir |Probe] 1X Ph | 1X Ph | 1X Ph | 1X ~Ph | 1X ~Ph | X Ph| 1X ' Ph
Inbrd {Horiz| Pem| na na | na na |12 287) 16 44|12 27¢| 15 3207 17 50
Vert|Perm| na { na| na  na{ 07 . 23} 22 130] 0.8 0 1.5 45 1.5 125
Qutbrd {Horiz{ Perm}| na | na | na na| 08 .327] 41 343 | 1.0 325 1.9 315| 45 345
: Vet | Perm|} na | na | na na |08, 45} 30 73}10 . 451 16 50 3.6 70 !
inbrd |Horiz| Temp| 0.4 . 350 | 0.4 _ 90 | na . nafna na |18 28|13 215| na na
Vet [Temp| 05 230 04 2151 na  na | na na |12 50 |14 340f 41 15
Outbrd |Horiz| Temp| 0.2 1350 1.0 40 | na  na | ma na | 07 5 | 1.3 310 47 290 _
Vet [Temp] 0.2 25 [ 12 140]| na : na | na na |08 190| 05 50 | 35 50
Using 270 mvmil for Outord temp probes
NUREG/CP-0152, Vol. 4 1A-14
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" Table 4: Comparison of Vibration - 2A SGFP

1993 Baseline 10/13/96 10/25/96 | 10/27/96
- ‘ SR 5900 rpm SR 5300 rpm | 5300 rpm | 5600 rpm
" |Bearing| Dir |Probe| 1X - Ph | 1X - Ph | 1IX Ph| 1X Ph | 1X ' Ph { 1X Ph
inbrd |Horiz| Perm| 01 310 | 23 80 | 0.7 220f 12 160 | 1.6  140] 2.0 205 :
Vert [Perm| 02 75 | 21 180 07 . 310 | 1.1 245| 13 . 215 1.8 290
Outbrd |Horiz| Perm| 0 88 | 25 80 | 05 325| 20 65 | 40 © 50 | 3.3 145
Vert [Perm| 0.8 - 180] 21 180 | 04 - 40 | 1.2 130]| 26 110}] 21 215

is also included in the tables. Note that the
inboard horizontal temporary proximity probe
mounting became loose during the testing
and has been shown as ‘na’ on the 10/27/96
summary. Several conclusions can be reached
from these comparisons:

» The 2B SGFP vibration is significantly
increased since the baseline testing.

» The temporary and permanent probes
compared very favorably on the 2B
outboard bearing.

» The 2A SGFP outboard horizontal probe
vibration has increased since the baseline
testing.

To provide conclusive evidence that the
permanent proximity probes were providing
accurate data and that the 2B vibration was
excessive, absolute shaft measurements were
made. An accelerometer was mounted on

a wood dowel. The wood dowel was held

against the exposed shaft of the 2B pump at
the inboard and outboard bearing. The results
are shown in Table 5.

The absolute shaft measurements were higher
than the relative shaft measurements as
would be expected. Thus, the 2B pump shaft
is vibrating excessively and the permanent
proximity probes appear to be providing
reasonable measurements. The temporary
proximity probes were removed.

Investigating Seal Flow

With the validity of the permanent proximity
probes established, investigation of the high
vibration amplitudes was continued. It was
observed while reviewing the vibration data
that the amplitude was cyclic. The vibration
sample rate was changed from 5 minute
intervals to 15 second intervals. A repeatable
cyclic pattern was noted, with a periodicity of
approximately 12 minutes. Figure 3 shows the

Table 5: Comparison of Absolute and Relative Shaft Measurement

: Absolute Shaft 1X Vibration Horiz Proximity Probe 1X Disp
Inboard 0.95 3.5 241
Outboard 1.35 50, A9
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1X trend of the 2B pump outboard horizontal
probe vibration during this sampling. The
other probes showed the same pattern.

It was immediately suspected that the
automatic control system for the seal flow
was causing this fluctuation in vibration.
This parameter was not included in the
process parameters monitored in the plant
computer and previously not examined.

The “2B” SGFP seal flow controls were
changed from automatic to manual and the
vibration amplitude became steady. The initial
conclusion was that the periodic pattern in
the vibration was due to the cycling of the
seal flow automatic controls. However, with
the 2B seal flow in manual control, the seal
water temperature was reduced from 150 to
125 degrees and a sudden drop in vibration
amplitude occurred (see Figure 4). Thus

the only conclusion at this point is that the
vibration is very sensitive to the seal flow.

Journal Bearing Investigation

The Vogtle SGFP has tilt pad type journal
bearings. A properly designed, manufactured
and installed tilt pad bearing offers superior
rotor dynamic stiffness and hydrodynamic
stability, particularly in high speed, lightly
loaded applications such as the SGFP. The
Vogtle SGFP also has fixed bushing seals with
seal water injection, and as such the seals may
act as hydrostatic bearings. Changing the seal
flow affects seal chamber pressure, which
affects the rotor dynamic radial stiffness

of the seals and thus the response to the
excitation. A lack of proper journal bearing
stiffness could allow the fixed bushing seals
to be the dominant rotor dynamic component
and explain why the SGFP shaft vibration is
sensitive to seal flow-by.

This scenario was supported by the pump
shaft centerline plots, Figures 5 and 6. During
the step changes in vibration, the shaft
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position within the bearing clearance moves
significantly for both bearings. This amount
of movement is unusual and indicates a
stiffness change in the rotor dynamic system.
Also, the seal water flow (pressure) was varied
for both pumps which changed the seal water
outlet temperature. The trend plots, Figures 7
and 8, show how the vibration varied with the
changes in seal water outlet temperature or
seal water flow (pressure).

Additionally, spare pump bearings in the plant
warehouse were mspected. Two issues were
1dentified with the spare bearings:

1. The tilt pads were not machined to provide
bearing pre-load which sets the bearing
radial stiffness, and

2. The thickness of the babbit was not
uniform, which would result in a

non-uniform heat transfer across the
babbit.

A very important design parameter for a
tilting-pad bearing is the pad preload. The

oil film developed by a positively preloaded
tilting-pad bearing provides the increased
stiffness. A tilting pad bearing with a positive
preload causes the oil wedge between the shaft
and the bearing pad to become a converging/
diverging gap. This creates a hydrodynamic
force (load) on the journal in addition to

the rotor weight. Also, with the individual
pads equally spaced within the bearing, the
converging/diverging oil wedge will always
be present. This improves rotor stability,
regardless of the direction and magnitude of
the excitation force.

It was reasoned at this point that the first step
in resolving this step change in vibration
phenomena was to stabilize the rotor
centerline position. It was recognized that

a loose bearing as well as a cocked bearing
could also affect the performance of the
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tilt pad journal bearings. It was decided to
modify the bearing pre-load and change from
a spherical seat bearing shell to a cylindrical
seat with a .0005” to .001” interference with
the bearing housing, in addition to increasing
the bearing tilt pad pre-load. A spare pump
rotating assembly was refurbished at the OEM
repair facility and the rotating assembly was
precision balanced. Great care was taken to
mechanically eliminate any factor that could
affect a synchronous vibration component.
Confident this had been accomplished, the
rotating element with modified bearings was
installed during the May 1998 Unit 2 refueling
outage. The modifications were successful

in stabilizing the rotor centerline, however,
shortly after return to 100% power the inboard
bearing (IB) took a 2 mil step change. Four
days later the IB bearing took another 1 mil
step change. The vibration remained cyclic
and appeared to be related to changes in

the inlet seal water temperature as small as
10°F. It was decided to perform an analytical
analysis of the rotor dynamic system.

Rotor Dynamic Analysis

The purpose of the rotor dynamic analysis was
to identify and explain the primary cause(s)

of cyclic rotor vibration excursions that were
identified to be time synchronized with the
cyclic changes in shaft seal injection water
inlet temperature. The cyclic rotor vibration
excursion typified in Figure 3, displays a
generic behavior particularly pronounced on
the Vogtle 2-B feed water pump. Two types of
analysis modeling were employed: (1) Rotor
unbalance vibration response, and (2) Rotor
bowing from differential thermal expansion of
shaft sleeves.

The initial step is to build the rotor dynamic
model. A cross-sectional layout of the Vogtle
feed water pump configuration is shown in
Figure 9. Superimposed on this layout are
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the finite-element model station numbers

(1 through 17) which delineate the end points
of the 16 beam bar elements into which the
rotor is sectioned for the rotor unbalance
vibration analyses employing the “Rotor
Dynamics Analysis” (RDA) computer code
developed by Machinery Vibration, Inc., and
provided with the purchase of the referenced
text book [1]. The RDA model accounts for
stiffness and damping characteristics of both
journal bearings lubricating films and both
wear-ring radial-clearance water annuluses.
Initial unbalance analyses with trial weights
were performed to first determine if there
might be a critical speed near the operating
speed. No critical speed was found at any
speed below 6000 rpm.

Additionally, rotor unbalance vibration
responses were computed to determine the
maximum incremental unbalance vibration
possible from bowed shaft sleeves. Maximum
possible bowing of the shaft sleeves is 2.5 mils
based on the sleeve-to-shaft radial clearance
of 0.001 to 0.0025 inch from manufacturing
tolerances for shaft outer diameter (OD) and
sleeve inner diameter (ID). This gives 0.0025/
3 in. as the radial offset of shaft-sleeve center-
of-gravity, and is insufficient to significantly
affect unbalance vibration.

Rotor bowing caused by shaft sleeve
differential expansion was then considered.
A hollow cylinder geometry was used

to approximate the combination of two
sleeves on one side of the impeller with
individual nominal lengths of 9% and 7%
inches, for a combined axial length of 17%
inches. Differential thermal expansion
computations based on a 10 °F differential
temperature swing between sleeves and
shaft, corresponding to 10 °F seal-injection
water drain temperature changes, for the
geometry in steel was performed. The axial
compressive force (F) necessary to prevent
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the differential thermal expansion was then
computed. Since the shaft has several times
the cross-sectional area of the sleeves, it was
assumed as a reasonable approximation, that
the shaft completely restrains the sleeves
axially without any resulting differential shaft
axial growth. Under perfect manufacturing
and assembly conditions (i.e., no tolerances),
the compressive restraining force (F) would

Differential Thermal Expansion:

be co-axial with the cylinder centerline (i.e.,
“best case” scenario). Under a “worst case”
scenario, the force (F) would be centered at
the outer radius of the cylinder (R = 7%/
2). For the calculations in this analysis, a
reasonable intermediate value of R = 314/2
is used. Since the answers so computed are
linear to this parameter, results for any other
assumed radial offsets for F can be directly
proportioned.

AL = a(1/ F°) AT(F°) L(in) = 7x10"°x 10 x 17.75=0.00125 in.

Compressive Force:
F=cA=EgA=E(AL/L)4

~30x iOG(psi) % (0.00125 1n.

17751
Bending Moment:

)?752 ~65%)in? = 23,230 Ibs.

M=FxR= 23,2301bs. x3.51n./2=40,652in-1b

"' _
K 1734" } \/
R 6v2"
F = —V"F F &

Bowing (Bending) Deflection Over Sieeved Section Of Shaft:

Bending area moment-of-inertia of

1_—’%——3254_876 in*

MI? _ 40,652 in-1b x (37.5 in.)?

shaft at sleeve locations is as follows.

At impeller; both

Ymax = SEI T 8% 30 x10° psix 87.6 in*
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For only one sleeve pair in compression,
the maximum deflection over the 37.5 inch
sleeved section of the shaft is determined
by using the bending deflection of the L

= 17 % bent length and the straight-line
sloping deflection of the other 17 34 length
section not in bending. Relative to a straight

MI* 40,652 in-1bx (17.75 in.)?

line joining the two axial end points of the
37.5 inch sleeved section of the shaft, the
maximum radial deflection is also at the
impeller, and is given by the deflection
slope at the impeller times the L = 17 %", as
follows.

=0.0024 in. sleeve pair in

=0L=
Y ma 2E]

Based on the results of these analyses, it

was concluded that the most likely cause

of the cyclic rotor vibration excursions was
shaft bowing caused by differential thermal
expansion of the shaft sleeves. A positive

10 °F differential temperature of sleeves-to-
rotor could produce a shaft bow in the range
of 1 to 3 mils (radial). Unabated by bearing
and seal straightening forces, this would
translate into 2 to 6 mils Total Indicator
Runout (TIR) (i.e., 2 to 6 mils peak-to-peak
vibration). A worst case scenario is more than
two times these numbers. This conclusion
suggests the need to redesign both shaft-
sleeve retaining nuts so that when the nuts are
tightened, the shaft sleeves are not put into
“stiff” compression.

The next step was to develop tests to
challenge the basic conclusion that the cyclic
variation of shaft-to-shaft sleeve differential
temperature manifests as the cyclic increases
and decreases in the Vogtle SGFP rotor
vibration, particularly pump 2B. These tests
were conducted in the Ingersoll-Dresser Pump
(IDP, Charlotte, NC) repair shop using a spare
Vogtle SGFP rotor mounted in a Schenck
balancing machine. The essential unique
feature of the test setup was the application of
electric resistance heating elements arranged
in close proximity to the shaft sleeves and
housed in split cylindrical steel pieces that
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2 x 30 x10%psi x 87.6 in*

] Ai impeller; one

compression

circumscribed the shaft sleeves on both axial
sides of the impeller (see Figure 10). These
heating elements were used to simulate the
differential sleeve heating in actual pump
operation. Furthermore, a pair of displacement
proximity probes were installed (at 45°

and 135° relative to horizontal) to target an
impeller shroud OD cylindrical surface, to
detect any significant rotor mid-span radial
vibration response to the shaft sleeve heating.
All tests were run below 1000 rpm, which is

a significant factor since the pump operating
speed 1s typically around 5000 rpm. However,
the rotor first critical speed was well over
6000 rpm, and thus the low speed tests were
considered reasonable approximations of the
rotor response to unbalance or shaft deflection
at the field operating speeds.

The initial test plan consisted of three
scenarios: (1) both lock nuts securely
tightened, (2) both lock nuts loosened, and
(3) one lock nut re-tightened. To summarize,

‘the tests showed a significant change in

vibration amplitudes and phase angles as

the shaft sleeves are heated by 10-15 °F, a
temperature change commensurate with shaft
sleeve differential heating during operational
cyclic seal injection flow changes. These
responsive vibration changes were primarily
detected by the Schenck balancing machine
real time readouts of indicated balance
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correction magnitudes and phase angles

for both balancing planes. In general, the
vibration changes were primarily “dynamic”
as opposed to “static” unbalance changes,
consistent with the rotor mid-span proximity
probe measurements, which indicated only
small radial vibration changes (approximately
0.2 mil p-p). The dynamic character of the
vibration changes would be particular to the
specific pump rotor shaft sleeve assembly
tested. For other pump rotor shaft sleeve
assemblies, the resulting unbalance change
indications might be more static and less
dynamic, and then would probably show a
more significant radial vibration change at the
rotor mid-span (impeller) axial location. As
further confirmation of the effect of the shaft-
sleeve differential heating, subsequent tests
with both shaft-sleeve lock nuts loosened, did
not show vibration changes comparable to the
prior tests with both lock nuts shop tightened.
Furthermore, subsequent tests with one lock
nut re-tightened yielded vibration changes
comparable to the first set of tests with both
shaft-sleeve lock nuts tightened. It was
concluded that the series of tests supported
the findings of the analytical analysis that

the cyclic rotor journal vibration excursions,
often observed on the Vogtle SGFPs, was shaft
distortion caused by differential temperature
between the shaft sleeves and the shaft.

IDP proposed a design retrofit (Figure 11)
which incorporated a lock nut configuration
that inserts axially into an ID recess machined
in the outboard end of each shaft sleeve.
Between the end of the lock nut and recess
machined into the sleeve, Grafoil packing
was inserted. The lock nut tightens against
the Grafoil packing instead of direct against
the shaft sleeve. The packing provides a
sufficiently soft axial clamping force so that
shaft distortions are not caused by differential
temperature between the shaft sleeves and
shaft. The proposed design modification
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was implemented on the spare Vogtle SGFP
rotor and tested as before. The rotor with

the modified lock nut and sleeve responded
identically to the tests where the lock nut had
not been tightened. The rotor did not respond
to the temperature differentials between

the shaft sleeves and shaft. Based on these
test results, it was decided to proceed with
installation at the plant.

The shaft sleeve and locking nut modification
has been installed on two Vogtle SGFPs. The
vibration amplitudes were less than 1 mil on
the first pump (1B) & less than 2 mils on the
second pump (2A). The vibration amplitudes
have remained steady on both pumps, being
unaffected by fluctuations in seal water
temperature.

Conclusions

The VEGS SGFP synchronous vibration
problem provides an example where analytical
modeling was an effective troubleshooting
tool. The analytical model helped to identify
and resolve a recurring component reliability
1ssue at VEGS. However, before the results

of analytical model could truly be conclusive
several additional pieces of the puzzle had to
be gathered or established, such as

1) Vibration data,

2) Pump mechanical condition (i.e., fits and
tolerances),

3) Impeller and diffuser geometry (i.e.,
A-gap, B-gap, Overlap),

4) Bearing performance (pre-load),
5) Detailed rotor analysis, and
6) Shop testing of the conclusions.

With this information, it can be concluded
that the ever-present manufacturing tolerances
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mean that the clamping force on the shaft
sleeves probably have a radial offset in any
such assembly. Therefore, unless the shaft
sleeves are “softly” clamped, differential
thermal expansion between sleeves and
shaft are likely to impose some temperature
sensitive shaft bowing. This conclusion was
supported by the shop testing and ultimately
with the successful implementation of a
design modification to give “soft” clamping of
the shaft sleeves.

These pumps routinely had challenged unit
reliability at VEGP. The pumps required
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extra operational, management, and
maintenance attention over many years. The
use of analytical modeling made it possible to
identify the “root cause” of the problem, and
in turn resolve the long standing operational
issues with the Vogtle feed pumps.
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Figure 5. Shaft Centerline Plot During Step Change in Vibration - 2B Inboard Bearing
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Figure 6. Shaft Centerline Plot During Step Change in Vibration - 2B Outboeard Bearing
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Figure 7. Varying Seal Water Temperature - 2A SGFP
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