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1.0 Background

Early phases of a program to utilize risk-informed methods in development of programs for in-service
testing (1ST) of components to monitor the reliability of critical components and systems are now being
developed by plants with approval from the Nuclear Regulatory Comumission (NRC). The nsk-informed
IST program relies on risk .nalysis for categorization of specific plant component safety significance and
it relies on component testing to establish the health of the component and to determune its margin
relative to design goals as does the traditional prescripuve method of testing at more-frequent intervals
However, the nisk-informed IST program relies more heavily on effective diagnostic and/or monitoring
technologies and techniques than programs of the past. Where testing is to be performed less frequently,
it is necessary to have monitoring tools that are more effective or sensitive in detecting various levels of
degradation and incipient failures. It is also necessary to know what are the most likely failure
mechanisms, the affected sub-components, and the best means of monitoring them. This letier report
focuses on pumps and related equipment and attempts to address many of these needs






2.0 Scope

A characteriza*ion of pump failure data for the years 1990 through 1993, inclusively, was prepared and
issued in January 1996 [1]. An aging report on turbine drives was also prepared and issued in June 1995
[2] Following these studies, an update report’ was prepared to characterize data for 1994 and 1995 The
present study on diagnostics will be based. in large part, on this update study. The update study was of
much interest since the data indicated a rather dramatic 1mproy ement in pump system reliability w hen
compared 1o the earlier four-year study This improvement in rehiability began in the late 1980's and has
continued through the 1990’s to the present The improvement is apparently broad-based and includes a
large number of pump and valve types throughout the domestic nuclear industry {3)

The data characterization upon which this analysis 1s based. considers pumps, pump motors turbine
drives, and pump-related circuit breakers and therefore encompasses the entire pump system The critena
used o obtain failure data is described in the update study and, briefly, includes the following

Safety-related pumps, motors, and turbine drives

Circuit breakers with pump applications

Only centrifugal pumps (1.€, no posiuve displacement pumps)

Inclusion of the following generic pump applications (by common name)

PWR Plants BWR Plants

Auxiliary feedwater (AFW) Component cooling ‘waler (L CW)
Component cooling water (CCW) High pressure coolant injection ( HPCI)
Containment spray (Cont. spray) Emergency service water (ESW)

Charging/high pressure safety injection Low pressure coolant injection/ residual heat
(CVCS/HPSI) removal (RHR)

Emergency service water (ESW) Reactor core 1solation cooling (RCIC)
Low pressure safety injection/residual heat Low pressure core spray (LPCS)
removal (RHR)

These systems generally account for approximately 15 pumps at a ty pical plant and represent about
§3% of the IST pumps

Only pumps and motors for w hich the Nuclear Plant Reliability Data System (NPRDS) application
code was provided were included in the anal"sis (eliminating less safety significant safety-related

pumps)

The above charactenzation study made possible the methodical identification of failure-prone areas in the
pump system for which parameters and indicators can be monitored or trended 10 establish aging rates in
support of IST. These arcas were ranked in importance and matched to potential technologies/techniques
that might be used for diagnostic monitoring These technologies are briefly discussed in Sect. 4 and
additional considerations pertaining to root causes and preventative maintenance considerations are
discussed in Sect. 5. Recommendations are provided in Sect. 6 and an overview of typical circuit breaker
periodic maintenance 15 illustrated in Appendix A

R H Staunton, A Characterization Update of Pump and Related Equipment Failure Experience in the
Nuclear Power Industry (1994-1995), ORNL NRC/LTR/96-32, Oak Ridge National Laboratcry Oak

Ridge TN (October 1996 - DRAFT)







3.0 Identification of pump system component diagnostic need

ected pump, pump motor, turbine drive, and circuit breaker failure

data obtained during 1994 and 1995 from PWR and BWR plants in the U. §. These data are being
presented 1o establish where the need exists for diagnostic and monitoring technologies or techmques for

The following sections summarize sel

improving/maintaining the reliability of the pump system Note that where ngmber of failure indications
are provided, these numbers may exceed the number of failures since many failures produced more than

one indication.

Method of detection refers to the general activity in the plant that was being performed (¢.g , tesung,
maintenance. normal operations) at the time when the failure was detected The method of detection will
be used in this section to show both strengtias (e.g., detection of degradation by regulatory code testing)
that de-emphasize the need for diagnostics and weaknesses 1n detection that suggest areas where
diagnostics may be needed.

The three methods of detection are, (1) regulatory code - where failures or degradation are detected by the
criteria associated with regulatory/code required monutoring, (2) plant programmatic - where failures are
detected as the result of a monitoring processes that are used as part of the plant’s routine operation or
predictive/preventative maintenance programs that are voluntarily implemented, and (3) inoperable -
where failures are not detected before the component becomes inoperable.  For the purposes of this study,
“inoperable” is not defined as 1" is in the plants where a technical specification definition is used, but
rather. it 1s defined more conventionally where it simply means that the component will not function as
required ° The “moperable” classification strongly suggests a need for more effective diagnostics o
monitoring and, although “plant programmatic™ is preferred 1o it, plant programmatic is still weak 1in that
such detection relies on a voluntary programs that can vary significantly from plant to plant.

3.1 Pumps

Table 3.1 shows the number of failure indications by reactor type and significance. The failure
indications for overall PWR failures were varied with poor hydraulic performance and extern. water
leakage being the most predominant. For significant failures, all of the poor hydraulic performance
failures remain and “noise/vibration” and “failure to rurvstart” are other significant indicators.
Significant BWR failures had similar indicators’ except for the absence of failures to start.

The first chart in Figure 3.1 shows the number of failures by affected area and method of detection. For
comparison, the second chart in the figure shows only significant failures. The number of inoperable
pumgp failures is the same in the two charts since they are all significant. Of special interest are the
bearing failures where plant programmatic actions detected 9 significant failures and 7 were not detected
before the pump became inoperable Code testing discovered only 3 bearing failures (16%). The code
standard is to use vibration velocity of the pump shaft as the diagnostic parameter. Numerous studies
have shown this method unabie to detect bearing defects until the bearing is almost totally degraded which
accounts for the 16% effectiveness. For internals, which corresponds closely with “poor hydraulic
performance” in Table 3.1, code testing was very successful having detected 74% of the significant
failures however in 8 (19%) instances the pump became inoperable before detection was made.  All 10 of
the shaft and coupling related failures lacked detection and S sea! and packing failures (all significant)
also lacked detection.

* In almost all cases, “inoperable” was applied to pumps that would not start, could only run briefly
before tripping, and/or fluctuated widely in speed due to turbine drive problems.

* The draft report referenced in Sect. 2 shows generally lower failure counts for BWRs due mainly 1o
smaller plant populations and better performance.



Table 3.1 Failure indication by reactor type and significance

Indicator PWR BWR

Significant . Significant

Poor hydraulic performance 28 11

Noise or vibration ! 12

Fail to run/star 7

Hot bearing 5 4

Other 4

External water leakage

Lube oil anomaly

Hot packing

All failures
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Figure 3.1 Failures by affected area and method of detection - all failurew/significant failures




Having reviewed the above relevant pump failure data, the weaknesses and needs for failure
detection/diagnostics are summarized in Table 3.2 The pump areas comprised of the bearings, internal
compouents (¢ g . impeller), shaft and/or coupling, and scal and/or packing are all candidates for
improved diagnostics and/or monitoring  These needs will be further addressed in Section 3.5

Table 3.2 Summary of pump component areas potentially needing improved diagnostics

Bearing  Internals  Shaft/coupling  Seal/packing
5

Significant failures lacking any means of T 8 10
detection
Additional significant failures relying only on 9 3 0 4

_plant programmatic detection

It 1s acknowledged that a high number of failures that are not significant exists for the seal/packing and
“other” pump areas (Figure 3.1). These represent needs that may potentially improve plant maintenance
however the savings. if any, are not likely to justify improved monitoring and diagnostic programs For
instance, installing a system to detect water dripping from a seal might speed maintenance but would not
reduce costs or significantly improve either pump reliability or availabibity

3.2 Pump motors

Figure 3 2 shows the number of taotor failures for each major component area, bars indicate significant
fa‘lures and the line plot indicates all failures. In contrast to pumps, motor failur=s are most often
detected after they become inoperable (64% of significant failures) and all stator, wiring, and rotor failures
are significant {also, six of the eight bearing failures are classified as significant). The stator and beanng
are the most common sources of failure as one might expect. The highest stresses that the motors must
endure are the load stresses in the bearing and the thermal, high voltage, and magnetically-induced
mechanical stresses in the stator.

Pump motors

— Sgnficant
—a— Al failures

Y i

fam.e.

Stator  Bearing Unknown Wiing Other  Oileak  Rotor
Affected area

Figure 3.2 Number of motor failures by affected area

Tabie 3.3 lists the methods of detection for significant pump motor failures. As indicated atove, many
(i.c., 15 or 63%) of the failures were not detected before the pump motor had become inoperabie and thus
no method of detection is assigned to those 15 failures. Table 3.4 shows the motor component areas that
are candidates for improved diagnostics. Although the number of motor failures are sma:l for the 2 vear
study, the stator and bearing are believed to have the greatest need for monitoring and diagnostics  In the
previous study [1], stator and bearing areas were the affected area in 78% of the significant failures.
Although the percentage is also high (64%) in the present study, the real contrast is that there were 61



combined fatlures in stators and bearings in the pre

vious 4 vear study while there were onlv 16 in the
current study (i.e., the failure rate was half the

failure rate recorded during the 4 vear study). This
reliability improvement is presently a relatively short trend and therefore the nee

d for improved
diagnostics, haseC - ainly on the prior study, remains for now

Table 3.3 Method of detection for pump motor failures

Method of detection  No. of significant failures
Inoperable 15
Plant programmatic 6
Regulatory Code 3

Table 3.4 Summary of pump motor component areas potentially
needing improved diagnostics

st o ———— e Stator ___Bearing
Significant failures lacking any means of detection 10 2
Addidonal significant failures relying only on plant 1 ]
_programmatic detection

3.3 Turbine drives

The detection of turbine
alarms/visual indicators
indicated in Table 3.5
monitoring scheme

drive failures has depended on indications of tnips, visual evidence of anomalies

indications of degraded speed regulation. and other indicators or symptoms as

None of the indicators listed present unusual challenges in applying some type of

Table 3.5 Turbine drive failures by indicator/symptom

Significant All Significant All
Failure indicator __failures _failures _Failure indicator _failures _failures
Trips 20 20 Indicator (alarm) 6
Visual 5 9 Hot bearing
Speed regulation 4 5 Fails to trip
Fails to stari 2 2 Lube oil

Other | 7 Vibration

The first chart in Figure 3.3 shows the number of failure

s by affected area for both significant failures
(bars) and all failures (line plot) T

he affected areas, as listed from left 1o right, are governor valve (GV)
stem, the governor, trip-related hardware other or miscellaneous components, the GV (other than stem)

and operator, trip and throttle valve (TTV) shaft bearing, turbine piece parts, lubricant, and the steam
admission valve (SAV)




- -
L% kS

—
o

[digand) Sngr\sf'r,an(
o— Al falures

Number of failures

P

> €
o - §
1
[+ o]

.
B owm
-
5

GV stem

Affected area

@ noperable 2 Rant programmatic & Code testing

Number of failures

R ﬂmi BEm . . B

GV stem Governor Trip W  Other GV TV Bearing Turbine
Affected areas

Figure 3.3 Turbine drive failures by affected area and method of detection

The second chart in Figure 3.3 shows the significant failures by affected areas further broken down by
method of detection. The turbine drive was found to be inoperable at the time of detection for failures
involving the GV stem and GV and in most failures of the governor and trip-related hardware  All other
methods of detection are spread over the various turbine drive areas in instances of only one or two
failures per avea. However, it is noteworthy that code testing successfully detected five failures before the
failures incapacitated the turbine drive. The regulatory code does not require any momtoring of the
turbine drive (or of the pump motor and pump-related circuit breakers). There is generally only one or, at
most, two turbine-driven pumps in any IST program. Therefore, turbine-driven pumps only represent
about 3% of all pump IST

Table 3 6 summarizes the causes/conditions av ibuted 1o the significant turbine drive failures. Aside from
perhaps “corrosion,” the major causes (e.g., worn part, out-of-adjustment) should not preclude possible

detection through diagnostic and/or monitoring technmiques

Table 3.6 Causes/conditions attributed to significant turbine drive failures

Cause No. Cause No
Worn Part Human error
Corrosion Other
Unknown Gummed-up or iack of lubrication
Out-of-adjustment Loose part (mechanical)

Based on the above resuits, Table 3.7 summarizes the turbine drive component areas that are candidates
for improved diagnostics. The table indicates the number of significant “inoperable failures for the
turbine drive component areas. These are the areas that need diagnostic or momitoring




technologies/practices for detecting degradation before the turbine drive becomes inoperable. The
governor valve stems experienced corrosion in nearly all of the instances shown indicating that improved
design might be much more effective than enhanced diagnostics in improving reliabiliny

Table 3.7 Summary of turbine drive component areas potentially
needing improved diagnostics

Turbine drive area Significant failures lacking
LTI means of detection
Goveraor valve stem® 9

Trir -related hardware 5

Governor K

Governor valve 3

(a) design problem

3.4 Circuit breakers

There were 115 (81significant) circuit breaker farlures comprising a population of breakers whose voitage
ratung distribution i1s: 55% 4160 volt, 32% 480 volt 6% 600 volt, and 7% miscellaneous higher voltages
As shown in Table 3.8 circuit breakers exhibit a vanety of failure indicators including failure to close
failure 1o charge springs. spurious trip ("pump stops™ racking difficulties, alarms, and others. These
indicators, nine categories in all. exempafy the com exity of the circuit breaker system of electrical and
mechanical mechanisms that must all work together. The motor-driven mechanical system of rotating
shafts, gears, and cams drive a number of springs and electrical switches that are controlled by electrical
commands and mechanical push buttons and levers Although some functions have limited redundancy or
mechanical back-up controls, the system is frequently unforgiving of degradation iny olving a single loss
of adjustment, critical lubrication, failed switch_ etc

Table 3.8 Circuit breaker faiiures by specific indication

Indicator Significant All failures*
Bledeneenia e Mailures”
Failure to close 35
Fail to charge spring 15
Pump stops 14
Rack difficulties 6

Alarm

Other, unknown
Fail to tnp
Visual

Load timing

(a) Total exceeds failure count due to multiple indicators i .nany failures

The first chart in Figure 3 4 shows numbers of significant failures (bars) and all faitures (line piot) for
cach affected area of the circuit breakers. The three areas most affected are electrical areas, trip-related
hardware, and electnical components relaied to the spring charging mechanism.  Also significant are
failures involving electrical relays rail-related hardware. and spring charging hardware

T :second chart in Figure 3 4 shows the significant failures by affected areas furiher broken down by
method of detection  The chart indicates that there are primarily five degraded areas that were responsible
for the circuit breakers being found inoperable at the ime of detection. These areas are miscellaneous




electrical areas, trip-related hardware. electrical components related to the spring charging mechanism,
electrical relays. and spring charging hardware. There also was a dependence on plant programmatic
activities to detect failures in the first three of these areas as well as for the rail hardware. Note that
regulatory code testing did not detect any significant failures in circuit breakers (as would be expected
since there is no required testing of breakers).

—e— All failures
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¥ ’ 101
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Bectrical, Trip Hectrical, Relays Spring W  Fuses Unknown  Rail MWW
msc hardw are sprg chrg

Affected areas

Figure 3.4 Circuit breaker failures by affected area

Table 3.9 shows the numbers of significant failures of circuit breakers by cause/condition. Diagnostic and
monitoring systems or techniques are needed that would be able to detect circuit breaker failures due to a
wide vanety of causes including degradation in various electrical components, lack of required
adjustment, loose fasteners, fractured parts, etc. The monitoring system would have to monitor one or
more operations of the circuit breaker system and/or sense the condition of various mechanical and
electrical devices.

Table 3.10 summarizes the candidates for diagnostic and monitoring systems or techniques and is based
on the number of inoperable failure and failures detected by plant programmatic activities. Diagnostics
and/or monitoring systems are needed for a total of three electrical systems and two hardware systems.
All but one (i.¢., trip hardware) of these five systems have some relationship to circuit breaker closure.
The table does not include hardware associated with the circuit-breaker-to-cubicle racking in and out
operations since nearly all of these hardware problems were detected at the time (i ¢., no need for

improved diagnostics).
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Table 3.9 Significant failures of circuit breakers by cause/condition

Cause/condition Significant Cause/condition Significant

failures failures
Electrical component 22 Design 6
Out-of-adjustment 12 Human error 5
Loose part/fastener 11 Worn part 5
Fractured or cracked 9 Gummed up/lack of lube i
Defective contacts 9 Missing item 2
Unknown 7

Table 3.10 Summary of circuit breaker component areas potentially needing improved diagnostics

Elect.

Electrical Trip Spring Electrical Spring

misc, hardware charging  Relays hardware
Significant failures lacking any 17 15 7 7 5
means of detection
Additional significant failures 6 3 5 1 2
relying only on plant

programmatic detection

3.5 Final ranking of diagnostic need

Figure 3.5 shows the significant failure counts (bars) and rates (line plot) for pumps, pump motors,
turbine drives, and circuit breakers. In establishing the ranking of diagnostic needs for the various
components, 1t 1s important 1o note that the incident of motor failures is quite low and, while the number
of turbine drive failures is also low. its rate is far higher than that of the other components due to its small
population (and service time). Clearly, less priority can be given to motor-related diagnostics but the

90 1 o Nmoer of \ 10
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"1 : \ {01 !
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Pump Motor Turbine Croutt
drive breaker

Figure 3.5 Failure count/rate of pumps and related equipment
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decision is not so clear for the turbine drive. For turbine drives, the overall failure count and maintenance
burden is low but, more importantly, the reliability is quite low and this should not be acceptable for a

non-electrical pump drive that is so criti ‘
turbine drives will be emphasized over other components but not quite as m

cal during station blackouts. Thus, diagnostic needs pertaining o
uch as the relative failure rates

would suggest
Table 3.11 Final ranking of diagnostic need for component affected areas
3 4 5 6 7
Not Number not
detected Plant detected plus = Component-
prior to | program- 1/2 plant related Final

Component Affected area failure matic programmatic | multiplier | Ranking
Turbine Drive |GV stem 9 0 9 10 90
Circuit Breaker |Misc. electrical 17 6 20 34 68
Circuit Breaker |trip-related HW 15 3 16.5 34 56
Turbine Drive  |trip-related HW 5 1 55 10 55
Turbine Drive  |governor 4 1 4.5 10 45
Circuit Breaker [electrical - CS* 7 5 95 34 32
Turbine Drive |GV 3 0 3 10 30
Pump bearing 7 9 115 2.5 29
Circuit Breaker |relays 7 1 7.5 34 26
Pump shaft/coupling 10 0 1o 2.3 25
Pump internals 8 3 95 25 24
Circunt Breaker |spring hardware 5 2 6 34 20
Pump seal/packing S 4 7 2.5 18
Motor stator 10 1 10.5 1 11
Motor beanng 2 1 2.5 1 3

(a) CS = Charging spring

Table 3.11 shows the final ranking of affected areas for the various pump system components. The higher
the ranking, the greater the need for improved diagnostics/monitoring.  The ranking 1s based on a process
that is dependent on diverse factors such as, (1) how successfully the failure detection was, (2) the method
of detection (e.g , regulatory versus the “optional” plant programmatic), and (3) the failure rate of the
main component (i.¢., pump, motor, turbine drive, or circuit breaker). Thus, the ranking worsens by the
number of applicable failures that were not detected and 1t worsens if the main component has a high
failure rate  In contrast, the ranking will be favorable for components whose failures were discovered by
the required code testing and where the main component is reliable (e.g., motor).

This method was selected because it uses available information pertinent to the need for diagnostics
and/or monitoring to perform an initial, quantitative ranking of the specific failures as identified by the
affected areas. This methodology is deemed adequate for ranking diagnostic needs for the purposes of this
report and it presumes that current monitoring requirements will continue. This ranking method 1s based
only on needs for improved diagnostics. The number of turbine drives is much smaller than the number
of motor drives (approximately 130 ratio). Therefore, a more detailed cost-benefit analysis should be
completed to adjust the rankings.

13



Numerical columns in the table are described as follows

Column 3 - Number of failures not detected prior to the pump system becoming inoperable

Column 4 - Number of failures detecied only by plant programmatic activities

Column 5 - Column 3 value added to haif Column 4 value (second value halved since plant
programmatc, although not regulated or consistent from plant to plant, is not as serious a failure
detection concern as failure to detect before the system becomes inoperable)

Column 6 - Scaling factors based on failure rates (Figure 3.6) with the turbine drive factor being adjusted
by a 0.5 factor [due to concerns (e g, cost) for developing monitoring for a component with a relatively
small population)

Column 7 - Column § multiplied by the scaling factors (Column 6)

Manv of the affected

areas in the table failed due to system problems and/or root causes such as shaft

Musalignment, shaft imbalance, high vibration, poor pump/motor base integrity, and design weaknesses

Table 3 12 relates the list of failed affected are

further discussed in Sect

Table 3.12  Possible root causes for established significant pump system failures

as 1o possible root causes Many of these root causes will be

Component

-

Affected area

Possible root causes

Turbine drive

Circuit breaker
Turbine drive
Pﬂ_o!py

l'urbine drive

Circuit breaker
Circuit breaker
»I urbine drive

Pump
Motor
Pump

Pump

Pump

Circuit breaker

Circuit breaker

-4

GV stem

(musc. electrical
[relays
{governor

Jsator
trip-related HW

trip-related HW
Electrical - CS*

spring hardware

GV
’bc‘mng
jbeanng
shaft/coupling

4

internals

";cal”p'u‘ck.l;l{ '

IDesign (i.e., matenal selection) frequency of testing/low duty
icycle resulting in a wet stagnant environment and corrosion

Environmental stress. normal wear

e e e st oS———————————— y——————— S ——————————————

\Frequency/quality of maintenance alignment, environmental
stress

n— ——————————————

;(‘OFAT()SI()H( foreign matenial. normal wear i
[poor shaft alignment, hydraulic instability high vibration," oil

—contamination, loss of lubrication, normal wear
\poor shaft alignment, hydraulic instability, high casing stresses
{hydrogen embrittlement, high vibration® -
poor water quality, low suction pressure off-design operation

—jpormalwear =00 R
|poor shaft alignment, hydraulic instability, normal wear

(@) €8 = charging spring
(b) caused by a varniety of factors. such as hydraulic and mechanical imbalances to the bearing (e g

matenial deposition on impeller, cavitation vane fracture), poor motor base imtegnty, and/or by stresses
transmutted by attached piping

I'he importance of shaft alignment is known to be critical. however it 15 not possible to determine how
many of the bearing and seal packing failures were related to less-than-desirable precision in the

alignment. Most of these syste

m problems and/or root causes need (o be precluded early on (e g . by the

use of precision alignment) and also detected through monitoring or found by inspection (¢.g , mtegnity of
pump base plate) in order to reduce the number of significant failures. The ranked listing in Table 3.11
has the advantages of being identified in a methodical process, of being absolutely pertinent, and ranked
however the system problems and root causes need to be highlighted and likewise considered for
diagnostic and momtoring technologies (Section §)




4.0 Diagnostic and monitoring technologies

The application of diagnostic and monitoring technology and practices in the nuclear pump system 1s nol NEW

Testing of pump bearing lubrication, motor stator megger tests, turbine drive s 1 regulation momitoring,
maintenance/testing of circuit breakers per manufacturer’s specifications (sec »  ndix A), and, of course,
regulatory code testing of pump vibration and hydraulic performance have been performed in the nuclear
industry since the beginning. Newer technologies such as pump motor current signature analysis have seen

limited use at certain plants

Some of the conventional testing and monitoring that has been used histoncally has been of less than optimal
design  These are the types of tests that need to be upgraded to most effectively support IST. For instance,
the code-specified vibration tests that are performed on pumps as part of the surveillance testing program are
ineffective in detecting bearing problems  Vibration spectral analysis, if performed correctly, is effectve in
the detection of bearing problems and other anomalies as well (see Sect. 4.6).

4.1 Potential methods and parameters for trending aging effects in the pump system

Diagnostic testing and monitoring can be performed on components in the pump system using a variety of
technologies and techniques and what can be used effectively vanes depending on whether the pump 1s off-
line or on-hne  Table 4 | summarizes diagnostic/monitoring methods and parameters for off-line testing of
pump system components by the affected areas that were determined most significant in Sect 35 Becausc a
test 15 listed in the table does not necessarily mean that it 1s recommended for use in connection with an IST
program for the pump systern. The table also, n the last column, provides a reference to sections that provide
additional details Table 4.2 summarizes the same types of information for on-line testing of pump system

components

The technologies shown in the tables are generally suited for monitoring pump operation, diagnostic analyses
of anomalies, and trending the aging of the components (1.¢ , pump, motor, turbine drive, and circuit breaker)
and the overall pump system The rate of aging can be determined through the trending of the pertinent
indicators generated by the diagnostic/monitoring devices. The technologies shown in the tables are available
for application unless otherwise noted. In some cases the technology is quite conventional although it may
not have been commonly applied as described These cases are not noted since they do not present a
significant obstacle or represent significant product development

The GV stem 1s not shown in either of the tables in spite of it being ranked highest in significance. The
reason for this 1s that it 1s a design- and application-related corrosion problem that needs corrective action
more than diagnostics Furthermore, the problem does not lend itself well to detection prior to complete
failure (1 ¢ , becoming pitted and stuck where it enters the packing) Because of the infrequent operation of
the turbine drives in nuclear industry service, the valve stem sees a corrosive environment that 1s not
encountered in applications in other industries  In nuclear service, the valve may see hot steam for fifteen
munutes and then cool temperatures for an extended period (¢ g., a month) before exposure to hot steam for
another fifteen minutes and so on  The valve stem and packing were not designed for such low duty cycles
and an effective correction has not been implemented to date (see Sect 6)
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Table 4.1 Off-line diagnostic/monitoring methods and parameters/criteria

(a) Development requircd
(b) CS = charging spring

b Affected area Methods Parameters/Criteria_ Ref. Sect,

Circunt breaker misc electrical  |Periodic servicing Manufacturer's ifications sch-l___- anatory

Circuit breaker relays - (self exp ¥)

Motor stator [Megger test and polanization index Established test parameters - finds morsture Standard tests (except
ac and dc high potential tests Established test parameters - can cause inductive imbalance

- damage described in Sect 4 3)

Inductive imbalance* Trend and monitor imbalance in windings

Turbme dnive governor Monttor lubrication (flvball) General oil quality - no dirt/water (self explanatory)
None (clectrohydraulic units) Either failed or not failed

Circunt breaker trip-related HW  |Inspection Manufacturer's specifications (self explanatory)

Turbine drive trip-related HW

Circuit breaker electrical - CS*  |Periodic servicing Manufacturer's specifications

Circunt breaker spring hardware

Turbine drive GV Inspection of valve movement Stem must move freely

Pump bearing Inspect lubrication system Visual (see Table 4 2,

Motor bearing lubrication analysis)

Pump shaft/couphing Alignment check/monitor Precision alignment 51
Inspection of coupling Visual - no significant wear

Pump internals Disassembly and mspection No erosion, foreign materials. out-of-spec (self explanatory)

itions n rotating hardware or wear
Pump scal/packing Visual - no lcakage while off-lin (self explanatory)
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Table 4.2 On-line diagnostic/menitoring metheds and parameters/criteria

Affected area

Methoeds

Parameters/Criteria

{Circust breaker misc electnical

{Circutt breaker relays
{Circunt breaker electrical - CS

I'nmed response

Command to response iimes

Current

Current level as an indicator of effort (circust breasker motor)

[ransition waveforms

Waveform trending as indicator of component degradation

.
}
[Motor stator

ESA*" (FFT of electrical signals)

Most effective on rotor, TBD for stator

Partial chscharge tests

Detects discharges in winding (for over 4KV motors

High freq waveform analy s1s”

Developmental

b
-
|
|

Turbine drive governor

wlomitor speed regulation

Apply himut to or trend speed fluctuations

—
!('!rcml breaker trip-related HW
{Turbine dnve tnp-related HW

[''med response

Command to response (e g , latch) imes

{Circuit breaker spnng hardware

{Turbine dnive GV

None

{Minor degradation 1s apparent when online)

“’um;\ beanng
!,Mnh-r bearing

L

Vibration/acoustic spectra analysis

Established frequency and acceleration limits

Thermography

['emperature himit at bearing

[ ubncation analvsis

Profile of particle count and size, contamination, viscosity, water
himuts, etc

{Pump shaft/coupling

ESA (FFT of electrical signals)

Analysis can detect shaft misalignment/crack

Standard vibration analysis

Limuts of imbalance/misalignment

{Pump mternals

ESA (FFT of electrnical signals) or
hydraulic performance test

Flow instabihity measured using ESA or std testing/trending of flow,

head, and power parameters - use established cnitena

4 5, surveillance

testing or derivative

Vibration spectra analysis

Established frequency and acceleration hmits

46

Vibratton/acoustic

Established vibration himits in the pump casing

47

f
{Pump seal/packing

L

'herma! measurement

Temperature lumt

48

Leak detection

Visual or use of sensors, leakage rate Limit pump Jdevendent

(Self explanatory)

(a) Development required
(b} ESA

electrical signature analysis




4.2 Timed response and electrical monitoring of components

Nearly all of the significant failures of the pump-related circuit breakers involved a failure to close or remain
closed The failures were nor due to defective arc contacts. main contacts interrupters, vacuum breakers, arc
chutes, or high voltage dielectrics, but to ordinary loose fasteners. cracked parts, gummed-up linkages, lack »f
lubrication, incorrect adjustment, worn hardware, and failed ~iectri al components such as solenoids,
switches, relays, etc

Visual cbservations of indicators, marks, indicator lirhts gauges, whether performed at the breaker or
remotely , are not effective means to monitor the degradation of these types of components The circust
breaker may be said to contain a “clock works™ of mechanical shafts gears, springs, cams, etc. and several
clectrical components (¢ g | relays, switches) The electrical components can be monitored, often separately
or i small groups, and mechanical parts can be monitored in groups or subsystems (¢ g , charging of closing
spring). Electrical parts that can be monitored indiv idually include solenoids/relavs, the motor, and switches
that support breaker closing and tripping

I'imed response testing involves a measurement of significant response times in single- or multi-part systems
Response might be measured beginning with a command signal and ending with the completion of the
commanded sequence This sequence can be simple (1.¢., a solenoid movement) or a sequence of events such
as ones brought upon by the rotation of a cam and activation of switches The more events included in a
sequence, the larger the number of potential problem locations making the timed sequence anomalous Timed
response testing may be simple o implement especially where signals are readily available [e g , at a motor
control center (MCC)] but difficult to implement in instances where there are ses eral sequences to monitor

(¢ g, circuit breaker opening, trips, opening spring charging, closing spring charging)

Timed response /imits can be specified for pieces of equipment once they are established or where
determuned by a vendor Where greater sensitivity 1s needed or complexity is greater, it may not be possible
to specify a limut but, instead, the timing trended for sigruficant changes in response times Generally a limut
can still eventually be developed/specified with experience as a percent increase relative to iitial value(s)

Other types of monitoning that may be simple to apply at the same time signals are being obtained for timed
response are the monitoring of current, voltage duration, and transition waveforms Monitoring current or
voltage duration for a circuit breaker relay or solenoid can reflect the effort required to activate and whether 1t
successfully made the full travel For circuit breaker tnp and close spring charging, the determination of the
munimum motor voitage for operation 1s an indicator of the force required (1.¢., an indicator of degradation)
for the spring to reach full compression Alternatively. monitorng motor current level can be used as the
indication of force required  Transition waveforms are useful as an indicator of degradation of electrical
components such as switches and motors  Switch bounce, current-induced arcing, and surge current are
examples of anomalies that are evident with such monitoring

Of course, when the breaker is out of service, several tests recommended by the manufacturer can be
performed These tests are comprehensive in scope and offer high confidence that the electrical components
are functional and that the mechanical systems are adjusted and free to operate  Many dynamic
charactenistics are also covered that can only be measured during operation with the mains energized

More advanced or comprehensive diagnostics that are both non-intrusive and. at least partially permanenthy
wstalled. will permut the diagnostic momitoring of trip spring charging current, close spring charging current
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relay contacis, auxihary contacts, trip initialion. and close initiation. As described in an IEEE publication
focusing specifically on circuit breaker diagnostics and fatlure investigation [4), parameters that can be
measured for these items include slow moving linkages changes 1n current signatures, opern coils, defective
contacts. contact bounce, event timing (¢ g , relays, solenoids) . motor current draw, and others. The IEEE
publication presents qualitative “effort” and “‘benefit ratings” for many diagnostic options

4.3 Motor stator testing methods

An important, new, off-line motor stator test for three phase motors 1s the measurement of inductive
imbalance Inductive imbalance in the windings can be caused by poor manufacturing or rew inding
techniques, emerging shorts between turns, partially open windings phase-to-phase current leakage paths,
and internal hugh resistance joints  Although new and expenimental, equipment 1s av ailable' on the market for
measunng inductive imbalance and other parameters which. when trended. show the present and predicted
condition of a motor. Research is underway to develop this technology for on-line applications

The primary methods of testing the motor stator on-line are electrical signature analysis (ESA), partial
discharge tests, and high frequency wa eform analysis ESA uses fast Founer transform (FFT) analysis of
the motor current waveform as described in Section 4.5 to identify degradation of the stator windings Thas
degradation can either be shorted windui gs or significant changes in the winding capacitance or insulation
mntegrity

The partial discharge test can be perfo med on motors that operate on over 4 kv This test determines
whether localized discharges are occur.ing in the stator windings due to degradation of the insulation

The high frequency waveform analysis method uses special charactenzation of high frequency spectra (o
determune the presence of stator winding degradation Although thus 1s a developmental technology, it holds
promuse of becoming a uscful diagnostic tool in the next couple years if research continues

4.4 Speed regulation monitoring

The electrohydraulic turbine dnve governor cannot be monitored effectively using available technology Thus
ciectronic device usually fails to an inoperable state and does so without producing unusual electrical or drive
performance precursors In contrast the mechanical flyball drive governors may exhubit minor degradation n
the speed regulation of the turbine and may therefore be monitored using speed regulation monitoring where
the stability of the turbine speed is monitored under start-up, transients, changing pump loads, and, of course
steady state operation  Electrical speed sensors indicators already exist necessitating only the addition of
enhanced monitoring and perhaps provisions for the trending of the data

4.5 Electrical signature analysis

Electrical signature analysis (ESA) has been dev eloped, in part, and used at the Oak Ridge National
Laboratory (ORNL) [5.6] in a series of tests where the pump motor 1S used as a transducer for diagnostics

PdAMA Corporation, 5909-C Hampton Oaks Pkwy, Tampa, Flonda
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The motor in certain cases is an effective transducer of torsionally-related load phenomena such as relative
precision in shaft alignment, suction conditions, and vanation in pump hydraulic conditions Rotor
degradation monitoning 1s also possible since the amplitude of shp-pole side bands of 60 Hz and harmonics

any technology that shows much promuse for the detection of monitoring of diverse phenomena in both the ‘
pemp and motor merits high emphasis and a brief summary discussion follows

In a recent study [6] where hydraulically-related encrgy was analyzed in three pumps to gain
some perspective on the usefulness of motor data in assessing flow stability, flow rates were
varied from shutoff to equal or greater than the best efficiency point (BEP) It was observed
that as flow rate was reduced from the BEP, the level of low frequency noise in the power
spectrum increased for all motors Significant differences were observed in the spectral
noise levels for honizontal, single suction pumps and the double suction pump The same
study presented the results of an on-line motor current monitoring system used to trend
motor data on pumps and other equipment n a utihity system at ORNL.  Motor power
specmnndaumomtoredinthnssmdyhubecnusedtosmcenﬁnllydewctblochgcmﬂw
pump suction strainer.

Portions of the current spectrum associated with rotor bar and stator slot pass frequencies
show a clear potential for indications of rotor, and possibly, stator condition The greatest
usefuiness here 1s not in making comparisons to an absolute criterion, but in trending the
data to identify degradation patterns  Advanced motor models hold promuse for improving
on-line degrudation detection, but work remains to be done

Research also shows that ESA is not as effective as spectral vibration analysis for the detection of bearing
defects or mechamical imbalance.

4.6 Vibration - standard and spectra analysis

Standard vibration analysis is a commonly used tool for the effective monitoring of pump rotor imbalance.
musalignment, and instances of severe (i¢., energetic) cavitation. However, vibration analysis 1s not as
effective as ESA for the detection of motor rotor clectromagnetic imbalance

Vibration spectra analysis is an effective tool for the detection of pump and motor bearing defects
Accelerometers are generally placed on the bearing housings however other options can be employed such as
eddy current shaft position sensors to sense shaft deflection

4.7 Acoustic monitoring

Acoustic monitoring may be used on pump casings as is pu'formcdm a pump momnitoring program initiated in
Japan in 1993 [5] Acoustic encrgy is trended and a spectral analysis is performed andthmc arc analyzed
together relative to specific operating conditions (e g , rotating speed, flow rate, clecgnul power) High
frequency spectral energy and high noise floor are general indicators of cavitation using this technology.
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4.8 Thermography

IR thermography is the collection and analysis of thermal images to ascertain various types of component
degradation IR inspections are an ideal complement to a comprehensive monitoring program because the
technology 1s noncontacting and analysis results are quickly and easily obtamed Thermography has always
been recognized as an effective monitoring techmque for electric and steam systems, but it should not be
overlooked in evaluating the operating conditions of pumps and motors

One advantage of IR monitoring of bearings 1s that it can quickly detect carly signs of overheating by
observing the temperature nises on the rotating shaft This information is particularly beneficial during start-
ups since it enables the monitoring of heat propagation through the shaft This technology has also proven
invaluable 1n assessing the true operational conditions of equipment that have no temperature sensors or
where existing instrumentation is considered to be faulty

Post maintenance testing procedures that utilize thermographic analysis have been particularly helpful in
diagnosing problems such as packing being too tight, nadequate cooling flows to packing glands, and scal

clearances

Thermographic data can be acquired with a portable IR scanner and subsequently interfaced with a computer
where the IR data are downloaded Data analysis software is then used to catalog the data and develoj
hustorical trends. Plots of component temperature vs time for the various types of equipment have be¢ n
successfully utilized in the prevention of operation problems by numerous industrial and utility predic tive

maintenance programs

4.9 Lubrication Analysis
4.9.1 New innovations in testing

Lubrication analysis has been utilized as a form of predictive maintenance in the nuclear power industry since
the first plants were built. This analysis methodology has made numerous technological advancements in the
past two decades. It can be as simple as evaluating the oil in a sight glass to determunc 1f 1t has changed color
or level, or as advanced as using a scanning electron microscope to study the particles in an oil sample
Nuclear plants use different types of lubricant analyses based on component requirements, and the
maintenance goals of the particular organization The common dilemma 1s that most nuclear plants must send
their o1l samples, some of which are radioactive, off-site to be analyzed This 1s a very expensive and record-
intensive procedure due to regulatory requirements. However, recent innovations to the predictive
maintenance industry have enabled industries to not only perform theu own oil analysts on-site but to collect,
store. trend, and correlate the results with vibration analysis data on personal computers [7,8)

At least one utility (Arizona Public Service) has recently found [9] that in-house oil analysis 1s a powerful
enhancement that can be coordinated with vibration monitoring programs for a very significant overall
advantage in bearing momitoring A visual microscope method 1s used to detect abnormai wear debris in the
larger-than-5-micron range (1 ¢, where most abnormal wear 1s) This precedes any possible degradation
indications by vibration analysis and 1t 1s used to determuine the frequency of testing by both methods When
both methods are used together in thus way, sufficiently early knowiedge and confidence of impending failure
allows for scheduled repair and frequently the beanng damage 1s mild enough to facilitate root cause
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mvestigation. Thus 1s an important example of how the management of a monitoring program (1.¢ , the
integration of testing programs and mainienance) 1s as important as the choices of technologies and
monitoring methods that are employed

4.9.2 Testing methodologies

Anzlvses performed to determine the quality and suitability of the oil for continued usage are commonly
knc.n as oil analysis (OA) techniques Analyses performed to determine the mechanical condition of the

be performed on oil samples, a hmnéd number are routinely used in predictive maintenance programs Many
of these techniques are also valuable in the evaluation of greases

Spectrographic analysis is a techmque also referred to as trace metals, spectrochemical, or wear metals
analysis This analysis provides information on the condition of the lubncated components by momitoring
concentrations of wear metals such as iron, lead, tin, copper, etc Coolant and dirt contamunation are detected
by monitoring the concentration of elements such as silicon, sodium, and boron Lubricant consistency is
monttored by trending concentrations of lubricant additives such as phosphorous, calcium, zinc, etc

Parucle count is a technique that provides a distribution of particles present in the oil sample Particle count
complements spectrometals analysis by monitoring particles greater than 10 microns, which are beyond the
spectrometer s detection capabilities This analysis technique 1s critical to systems that are extremely
sensitive to particulate contamination On the other hand, certain systems, such as gearboxes, generate
particles in such quantities that particle count information is virtually useless

There are two types of ferrographic analysis techmiques: direct reading ferrography (DRF) and analytical
ferrography (AF). DRF provides a ratio of large-to-small magnetically influenced particles and can provide
mnsight into the wear rate of the lubricated component. AF 1s usually employed when other analyses indicate
the presence of a potential problem fmouspamclesmcxummdbyammedmdystwhocmdetmnm
possible particulate source and wear severity. AF should be used when adverse wear trends are noted and
before a decision 1s made to conduct a visual mspection of the component

IR analysis monitors the chemical composition of the oil in certain key wavelengths Contaminants such as
glveol, fuel, and water can be detected as well as lubricant degradation products, such as oxidation and
mutration.

There are also more commonly recognized lubricant analysis techmques Viscosiry, the most important
property of an oil, provides a measure of its load bearing and lubricating properties  Solids content indicates
the gross particulate contamination and can reveal potential mechanical and lubricant-related problems Total
acid number (TAN) is a measure of the amount of acidic agents present and indicates lubricant oxidation or
contamination 7otal base number (TBN) monitors the acid neutralization reserves of the lubricant

In addition to these analyses previously discussed, there are analytical techniques which are critical to the
evaluation of the lubricant condition of reactor main coolant pumps. These pumps present a special problem
for a lubricant analysis program, since they operate for extended periods without an opportunity for sample
analysis and are generally radiologically contaminated These additional analyses indicate the effective level
of the lubricant additives. With this information determination of the remaining life of the lubricant can be
made A decision can then be made to change the lubricant or extend its use through another cycle Analyses
critical to the evaluation of main coolant pumps include rotating bomb oxidation test (RBOT), which
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accelerates oxidation of the lubricant to determine the useful life of the lubncant s anti-oxidation additives
ubricant to inhibit rust formation on lubricated

and an anti-rust test, which determines the ability of the |
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