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ABSTRACT

The Oak Ridge National Laboratory (ORNL) has carried out a comprehensive aging assessment
of motor-operated valves (MOVs) in support of the Nuclear Plant Aging Research (NPAR)
program. This paper provides a summary of the ORNL MOV aging assessment with emphasis
on the identification, evaluation, and application of MOV monitoring methods and techniques.

The diagnostic information available from many MOV measurable parameters was evaluated by
ORNL using MOVs that were mounted on test stands. Those tests led to the conclusion that the
single most informative MOV measurable parameter was also the one which was most easily
acquired, namely the motor current. Motor current signature analysis (MCSA) was found to
provide detailed information related to the condition of the motor, motor operator, and valve
across a wide range of levels.

As part of the MOV aging assessment, several tests were carried out by ORNL on MOVs having
implanted defects and degradations. Tests were also performed on many MOVs located within
a nuclear power plant. In addition, ORNL participated in the Gate Valve Flow Interruption
Blowdown Test program carried out at Wyle Laboratories in Huntsville, Alabama. Results from all
of these tests are summarized in this paper and several selected examples are given.

Other areas covered in this paper include descriptions of relevant regulatory issues and activities,
other related diagnostics research at ORNL, and interactions ORNL has had with outside
organizations for the purpose of disseminating research results.

INTRODUCTION

Motor-operated valves (MOVs) can be found in almost all nuclear power plant fluid systems. Their failures
have resulted in significant maintenance efforts and. on occasion, have led to the loss of operational
readiness of safety-related systems.
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The NRC Office for Analysis and Evaluation of Operational Data (AEOD) has long studied valve
operator-related events and has documented their assessments in several reports. One notable report,
published in 1986. presented findings from a review of approximately 1200 valve operator events which
occurred from 1981 to mid-1985 that were identified from Licensee Event Reports (LERs) and the Nuclear
Plant Reliability Data System (NPRDS). As a result of this study, the AEOD concluded that "... current
methods and procedures at many operating plants are not adequate to assure that valves will operate
when needed. Furthermore, the deficiencies would generally not be detected by existing plant procedures
intended to assure operability, such as surveillance testing (plant technical specifications and ASME Code.
Section XI inservice testing) or plant operator observations."

During that time period, one MOV-related event in particular reinforced the NRC position that MOV failures
can lead to a loss of critical safety system functions in a nuclear power plant. The event, described in IE
Information Notice 85-50, "Complete Loss of Main and Auxiliary Feedwater at a PWR Designed by Babcock
& Wilcox," was aggravated by two Limitorque motor-operated auxiliary feedwater gate valves which failed
to reopen on demand after they were inadvertently closed.

This event and other related concerns prompted the NRC to issue IE Bulletin 85-03, "Motor-Operated
Valve Common Mode Failures During Plant Transients Due to Improper Switch Settings" which requested
that all holders of nuclear power reactor operating licenses or construction permits develop and implement
a program to ensure that switch settings on certain safety-related MOVs were selected, set. and
maintained correctly to accommodate differential pressure conditions expected during normal plant
operations and in the event of an accident.

For these and other reasons, the Oak Ridge National Laboratory (ORNL) carried out a comprehensive
aging assessment of MOVs in support of the Nuclear Plant Aging Research (NPAR) program. The NPAR
program was established by the Office of Nuclear Regulatory Research (RES) in 1985 primarily as a
means to resolve technical safety issues related to the aging of electrical and mechanical components,
systems, and structures used in commercial nuclear power plants. A primary objective of the NPAR
program is to identify and recommend methods of inspection, surveillance, and monitoring that would
provide timely detection of service wear (aging) affecting important components and systems so that
maintenance can be performed prior to loss of safety function(s).

This paper summarizes the major results from the ORNL MOV aging assessment and focuses on the
identification, evaluation, and application of MOV monitoring methods and techniques, it has Deen
prepared primarily for readers who are already familiar with both the general operation and the specific
mechanical and electrical components of a Limitorque motor-operated gate valve.

ORNL AGING ASSESSMENT OF MOVS

The ORNL MOV aging assessment was divided into two major work pnases. Topics covered by the Phase
I study included:2

• MOV design features • Plant operating exoenences
• Surveillance requirements • Maintenance practices
• Failure modes and causes • Parameters to monitor

Results from this study were based primarily on information from operating experience records including
LERs, NPRDS, the In-Plant Reliability Data System (IPRDS), and the Nuclear Plant Experience (NPE). In
addition to these data bases, information was gathered from other sources including equipment
manufacturers, AE firms, and plant operators.



Phase II researcn efforts were focused on identifying and evaluating potentially useful signature analysis
methods for determining the operational readiness of MOVs.3

Identification of Commercially Available MOV Diagnostic Systems

As part of the Phase II aging assessment, only one system (MOVATS) was evaluated in depth.4 since it
was the only one commercially available at the time of the study. The last few years have seen a dramatic
increase in the number of available MOV monitoring systems (see Table 1).

Table 1 MOV Diagnostic Systems'

System Name Manufacturer

Motor Operated Valve Analysis and Test System (MOVATS) ITI Movats

Valve Operation Test and Evaluation System (VOTES) Liberty Technologies

Valve Motor Operator Diagnostic System (AVMODS) Wyle Laboratories

Motor Current Signature Analysis (MCSA) Predictive Maintenance Inspection. Inc.

Non-Intrusive Condition Evaluation System (MCSA/NICES) Performance Technologies, Inc.

Motor Current Signature Analysis System (MOCSAN) Spectrum Technologies USA, Inc.

Valve Intelligent Test and Analysis System (VITALS) Westinghouse Electric Corp.

ana Valve Monitoring System (VMS)

Microprocessor Control ana Diagnostic System Foster-Miller Inc.

Operations Analysis & Testing Interpretive Systems (OATIS) impetl Corporation

Comoact Valve Diagnosis System for AC MOVs Siemens/KWU

Motor Actuator Charactenzer (MAC) Limitorque Corporation

Note: This list may not include all MOV diagnostic systems that have been deveiopea. In addition, some of these
systems may not be available at the time of this writing.

These systems operate by making measurements of one or more MOV parameters and providing
graphical displays (signatures) for manual and/or automated analyses. These signatures (e.g., time
waveforms, frequency spectra, etc.) provide detailed quantitative information related to the condition of
the motor, motor operator, and valve.

MOV monitoring systems may be used to assist maintenance personnel in setting MOV switches properly
and to provide information useful in assessing MOV aging and service wear. The sensitivity ana selectivity
available from these systems provide the capability to identify both the type and location of an MOV
problem so that corrective actions can be carried out quickly and efficiently.

MOV diagnostic systems generally monitor one or more of the following parameters:

• Valve stem position, torque, and thrust • Spring pack displacement
• Time of actuation of all control switches • Actuator output torque
• Motor current, voltage, power, and power factor • Actuator vibration

While many of the commercially available systems monitor similar parameters, they utilize different



transducers and signal conditioning equipment and provide varying levels of signature analysis
(interpretation).

Only one MOV measurable parameter, motor current, is monitored by all commercial systems. Motor
current monitoring may be performed remotely and nonintrusively (e.g., at the motor control center). Motor
current signature analysis (MCSA) is described in more detail later in this paper.

Valve stem thrust is also commonly monitored. Most systems employ sensors that monitor either stem
thrust directly (via stem strain), or the reaction forces in other structures (e.g., yoke, bolts, etc.). Stem
thrust monitoring using one of these techniques is generally preferred over the indirect method of deriving
stem thrust from other measurements since the relationship between stem thrust and other parameters
(such as spring pack displacement, motor current, etc.) can vary over time due to changes in lubrication,
gear mesh friction, etc.

Since each MOV measurable parameter provides different (and complementary) information, the
simultaneous monitoring of more than one of these parameters can provide additional diagnostic details
unavailable from any one measurement. In that regard, the MOV diagnostics provided by the majority of
these commercial systems are strongly based on concurrent analyses of several signatures. With
continued use and development, the ability to identify and quantify MOV aging and service wear effects
will improve. These systems not only provide a means of determining MOV operability, but offer the tools
necessary for carrying out predictive maintenance.

ORNL Evaluation of MOV Measurable Parameters

Beginning in 1985, the diagnostic information available from many MOV measurable parameters was
evaluated by ORNL using MOVs that were mounted on test stands (see Fig. 1). Those parameters
included valve stem position, valve stem velocity, valve stem strain, torque and limit switch actuations,
internal and external motor temperatures, vibration, torque switch angular position, and motor current.

Each monitoring method was evaluated primarily from tests carried out on two MOVs: a 6-inch ac motor-
operated globe valve actuated by a Limitorque SMA-2 operator (M0V100), and an 18-inch ac motor-
operated gate valve actuated by a Limitorque SMB-1 operator (MOV200). Additional monitoring method
evaluations were carried out on-site using a 16-inch dc motor-operated gate valve with a Limitorque
SMB-00 operator and a 4-inch ac motor-operated gate valve actuated by a Limitorque SMC-4 operator.
The following discussion summarizes the findings from these evaluations.

Valve Stem Position

MOV valve stem position was monitored by means of a linear variable differential transformer (LVDT) which
was installed in a vertical position above the MOV100 valve stem such that the instrument's movable core
rested on top of the valve stem. The LVDT provided a DC voltage proportional to stem displacement and
thus was an indicator of instantaneous stem position.

It was recognized that movement observed at the top of a valve stem did not guarantee that valve
obturator (i.e., globe or gate) movement nad occurred since the obturator may have become detached
from the stem due to stem failure or stem-obturator coupling failure. Nevertheless, the stem-mounted
transducer provided a direct measure of stem position in the gross sense: however, no additional useful
information could be extracted using this monitoring method due to the lack of sensitivity for detecting
low amplitude stem movements.

y
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Figure 1 MOV measurable parameters evaluated by ORNL during the phase II study (see text for
sensors used).

Valve Stem Velocity

A linear velocity transducer (LVT) was used to obtain instantaneous stem velocity signatures on MOV100
and MOV200. It functioned by moving a magnetic core through a stationary coil of wire and thus inducing
a voltage in the coil proportional to the magnet velocity and field strength. The LVT signal output reflected
the core direction of travel as well, such that when the core moved upward through the coil, the LVT
signal was positive and as the core descended through the coil, the signal was negative. The LVT was
installed in a manner similar to the stem position sensor and provided a means to accurately measure
the instantaneous velocity at the top of the valve stem.

The stem velocity signatures contained many features which reflected MOV operational characteristics in
unique ways. One interesting observation was the reduction in the stem velocity during valve seating, even
though motor speed was relatively unaffected during the seating event (verified by other measurements).
The explanation is that increasing valve loads developed during seating resulted in the motor operator
worm sliding axially along the worm shaft splines, which reduced the rotational speed of the worm gear
and thus reduced the rotational speed of the stem nut and the linear velocity of the valve stem.



Valve Stem Strain

Valve stem strain was measured using stem-mounted strain gages which were installed on an unthreaded
region of the MOV100 valve stem between the stem nut and packing gland areas. The stem strain sensed
by the gages therefore reflected the compression and tension loads associated with packing friction and
obturator/seat contact. Using a calibrated load cell, a calibration between stem strain and stem thrust was
developed.

Stem thrust signatures provided an adequate means of sensing and quantifying valve loads, and changes
in those loads resulting, for example, from variations in torque switch settings and packing tightness.

Application of strain gages to nuclear plant MOV valve stems can indeed provide direct valve stem thrust
measurements; however, strain gages are generally not very rugged in construction and must be expertly
applied to avoid bending and torsion load effects and temperature variations.

MOV Switch Actuations

MOV10Q and MOV2C0 limit switch and torque bypass switch actuations were detected by monitoring
current through the valve position indicator lamps. Botn MOV100 and MOV200 used a two-rotor limit
switch; therefore, one pair of contacts on each limit switch rotor was associated with an indicator lamp.
Furthermore, on a conventionally-wired two-rotor limit switch, the torque switch is bypassed at the
beginning of the ciose-to-open valve stroke as long as the open lamp is off (no current flow). Once the
open lamp turns on (current detected), the torque switch is no longer bypassed.

Utilizing nonintrusive clamp-on AC current probes, the current passing through each lamp was sensed
and subsequently converted to an AC voltage that was easily recorded. Since the indicator lamps were
located at the motor control center (MCC) away from the MOVs, limit switch actuations could be detected
remotely by this simple method, which required no additional sensors or wiring.

Internal and External Motor Temperatures

M0V100 motor temperature measurements were made using thermocouples installed internally (in contact
with the outer shell of the stator winding) and externally (strapped on to the motor housing between two
adjacent cooling fins). Several tests were conducted with motor temperature as the primary diagnostic
signal. Cyclic tests of M0V100 showed that internal motor temperatures increased at a rate of approx. 6°F
per valve stroke.

It was concluded that monitoring motor temperature would provide early detection of impending motor
burnout; however, a primary limitation was that the temperature measurements nad to be made at the
MOV. If MOV motor temperature was monitored remotely, MOV motor burnout events might be
substantially reduced.

Vibration

MOV100 vibration signatures were acquired from accelerometers which were permanently installed
(stud-mounted) at three locations on the motor operator as shown by Fig. 1. Analyses of vibration
information were done in both time and frequency domains. The time-domain signatures were useful



primarily in detecting transients that occurred during MOV starting and stopping.

Accelerometer signals were more effectively interpreted by means of frequency spectrum analyses. Each
of the three accelerometers provided useful information, such as gear tooth meshing frequencies and
motor shaft speed; however, absolute amplitudes of specific frequency components differed from location
to location depending on the coupling between the accelerometer and the source of vibration. Typical
vibration frequency spectra included frequency components that were associated with the motor pinion
gear tooth meshing, worm gear tooth meshing, and motor speed. Harmonic and sideband components
were also observed, providing indications of shaft/gear eccentricity and/or wear.

Since the response of mechanical objects to forced vibrations is a complex phenomenon, vibration
monitoring of MOVs presents a challenge to obtain accurate and reproducible results. A large base of
diagnostic information is obtainable from a spectrum analysis of vibration signals but for an effective trend
analysis, measurement consistency must be achieved.

Torque Switch Position

The angular position of a MOV torque switch shaft directly reflects the axiai position of the worm on the
worm shaft. The position of the worm on the worm shaft is principally determined by the reactive 'orce
between the worm and worm gear and the spring pack spring constant but may also be influenced by
worm shaft spline friction and hydraulic loads due to the existence of grease within the spring pack.

The spring pack is generally installed in the MOV in a pre-loaded state which determines the force
required to initiate spring pack compression. This pre-load does not adversely affect the torque switch
function unless the pre-load exceeds the desired torque switch trip point. With respect to diagnostics,
measurements of the rotation of the torque switch shaft can be useful in determining axial worm loaas
(above the pre-load level) which generally are proportional to stem nut torque.

Fig. 2 illustrates the method employed to measure torque switch position on MOV200. An angular
displacement transducer (ADT) was directly coupled to the torque switch so that torque switch shaft
rotation was matched by an equal rotation of the ADT shaft. The ADT was a variable capacitance device
providing a DC voltage output which varied linearly with the angular position of its shaft. The ADT provided
high sensitivity (100 mV per degree of rotation), and an insignificant mechanical load on the torque switch.

Fig. 2 also illustrates a typical torque switch position signature for a partial MOV200 valve cycle. As
observed in the figure, distinctive transients were observed such as vaive seating, operator hammerolow
and valve unseating.

Since an ADT can be physically installed within most MOV switch compartments, it represents a means
by which to acquire a continuous diagnostic signal before, during, and after all MOV actuations. However,
it requires attachment to the MOV and, by itself, does not provide a remote monitoring capaoility.

In 1986. ORNL developed and tested a system for transmitting low-frequency analog signals over ac
power lines.a The system is comprised of a transmitter which can be powered by the control circuit wiring
within a motor-operated valve. The transmitter accepts incoming analog signals, converts them to a
frequency modulated signal in the 200 kHz range, and transmits them from the MOV to the motor control
center (MCC) over the same control circuit wiring. At that point a receiver detects, demodulates, and

' Statutory Invention Registration (SIR) Number H678 (U.S. Cl. 340-310 R)



converts the signals to their original form for recording. This system was used successfully to transmit
torque switch angular displacement data from MOV200 to the MCC where they were plotted and analyzed.

ANGULAR DISPLACEMENT TRANSDUCER (ADT)
INSTALLED ON MOV TOHOUE SWITCH

TORQUE SWITCH POSITION SIGNATURES DURING
VALVE SEATING AND UNSEATING EVENTS
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Figure 2 Measurement of MOV torque switch angular position.

Motor Current Signature Analysis (MCSA)

ORNL evaluations of MOV monitoring methods led to the conclusion that the single most informative MOV
measurable parameter was also the one which was most easily acquired, namely, the motor current. Motor
current signature analysis (MCSA)0 was found to provide detailed information related to the condition of
the motor, motor operator, and valve across a wide range of levels from mean values and gross variations
during a valve operation to information which characterizes transients and periodic occurrences.

Basic Principles

MCSA is based on the recognition that a conventional electric motor (ac or dc) driving a mechanical loaa
acts as an efficient and permanently available transducer, detecting both large ana small time-aepenaent
motor load variations generated anywhere within the mechanical load ana converting them into
electric-current noise signals that flow along the power cable.

As illustrated in Fig. 3, MOV motor current signals can be obtained remotely (e.g., at a motor control
center, which may be several hundred feet from the equipment to be monitored). By utilizing a clamp-on
current probe to acquire raw motor current signals, no electrical connections need to be made oi broken,
thus, equipment operation is not interrupted and shock hazard is minimal.

U.S. Patent Number 4,965.513 "Motor Current Signature Analysis for Diagnosing Motor Operated Dev jes
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Specially developed signal conditioning electronics were developed by ORNL to transform the raw current
signal provided by the probe into two diagnostic signals: one optimized for time-domain analysis, and the
other optimized for frequency-domain analysis.

The basic objective of the signal conditioning is maximizing dynamic range in the subsequent data
analysis process. This is accomplished in part by demodulation of the raw current signal, followed by
selective filtration and amplification. The resultant processed signals provide MOV condition indicators
(within both time and frequency domains) that may be trended over time. MCSA has a number of inherent
strengths, the most notable being that it:

• Provides nonintrusive monitoring capability at a location remote from the equipment;

• Provides diagnostic information comparable to conventional instrumentation but without the attendant
disadvantages of added sensors and signal cables;

• Offers high sensitivity to a variety of mechanical disorders;

• Offers means for separating one form of disorder from another (selectivity);

• Can be performed rapidly and as frequently as desired by relatively unskilled personnel using portable.
inexpensive equipment; and

• Is applicable to high-powered and low-powered machines, driven by either ac or dc motors.



Time Waveform Analysis

Fig. 4 presents a motor current time waveform for a close-to-open stroke of MOV200. This signature
includes features that reflect normal gate valve operations such as the relatively large motor inrush current
generated during motor starting and the motor current peak associated with valve unseating. Additional
quantifiable features identified in this figure include the valve stroke time and the average running current.
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Figure 4 Typical motor current time waveform for an 18-inch motor-operated gate valve
{close-to-open stroke).

Fig. 5 presents the initial 3.5 seconds of the motor current time waveform shown in Fig. 4. but is replotted
with an expanded amplitude scale in order to better illustrate the signature details which are generally
seen during the beginning of a close-to-open valve stroke. In addition to the large vatve unseating peak,
several other pre-unseating events are observed including the motor operator hammerolow. and the
indication of initial valve stem movement. The increase in motor running current observed when the valve
stem begins to move reflects the increase in motor running torque required to overcome the friction
between the valve stem and the stem packing gland.

Both the amplitudes and the times of occurrences of these features provide useful condition indicators
which may be trended over time. For example, the time differential between the hammerblow and initial
stem movement generally reflects the clearance between the stem nut and stem thread surfaces. Likewise,
the time between initial stem movement and gate unseating largely reflects the clearance between the
gate and stem coupling surfaces. Thus, an increase in either (or both) of these time measurements
provides an early indication of wear in these regions.



(V
)

JR
R

E
N

T

-j

O
CO

o
1—o

10

9

8

7

6

5

4

3

2

1

0

-1

MOTOR STARTUP GATE VALVE UNSEATING

MOTOR
OPERATOR

HAMMERBLOW

A PACKING FRICTION LOAD

- VALVE STEM BEGINS TO MOVE

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

TIME (S)

Figure 5 The initial 3.5 seconds of the close-to-open MOV motor current signature
shown in Figure 4, plotted with an expanded vertical scale.

Only an abbreviated description of an MOV motor current time waveform for the close-to-open valve stroke
has been presented in this paper. A full time waveform analysis (including both valve stroke directions)
can provide many useful signature features which provide a means of determining and quantifying MOV
performance and condition.3

Frequency Spectral Analysis

Early in the motor current signature assessments, it was recognized that, if properly pre-conditioned (e.g.,
demodulated, filtered, and amplified), motor current signals couid be effectively examined for frequency
content using standard spectrum analysis equipment. Fig. 6 illustrates a motor current frequency
spectrum for MOV200. Included in the frequency spectrum are two peaks which provide direct motor
speed indication. Besides a frequency component at the true motor shaft speed, a peak identified as the
slip frequency is also seen. The slip frequency is related to the motor shaft speed by the relation:

slip frequency =• (synchronous speed - motor shaft speed) x (no. of motor poles)

Since the number of motor poles is typically 2 to 6, the slip frequency provides a sensitive means of
detecting otherwise subtle changes in motor speed which could provide initial indication of running load
changes within the valve or operator. A more detailed characterization of running loads is accomplished
by an examination of the remaining spectral peaks. A major frequency component in this and other MOV
motor current spectra is the worm gear tooth meshing frequency. The existence of this peak indicates that



a significant motor load component is associated with the meshing of the worm and worm gear. In
addition to the fundamental worm gear tooth meshing frequency, its second narmonic was also observed
along with worm gear rotational sidebands, providing further MOV condition indication related to the worm
gear drive.
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Figure 6 Demodulated motor current spectrum for an 18-inch motor-operated gate valve.

Additional MCSA Analysis Techniques

As mentioned above, the MCSA method offers high sensitivity and selectivity for monitoring MOV
operational characteristics. These benefits are further exemplified through the use of the selective
waveform inspection method (SWIM). By selectively filtering the demodulated motor current noise signal,
a unique time waveform is obtained which reflects the amplitude modulations of a specific periodic load
component. Thus, if the worm gear tooth meshing frequency component is "singled out* using this
technique, a tooth-by-tooth gear meshing profile can be produced, as shown by Fig. 7. As shown in this
figure, the signature exhibits a basic repetitive pattern consisting of a fixed number of peaks equal to the
number of teeth on the worm gear (34 for MOV200).

Reproducibility of this pattern throughout a valve stroke is generally observed: however, some siight
modifications may be seen during a valve stroke as a result of the worm sliding axiaily (along the worm
shaft in response to changing running loads) which results in slight variations in the worm and worm gear
meshing surfaces.
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Figure 7 Application of SWIM (Selective Waveform Inspection Method) to the demodulated motor
current signal from an 18-inch MOV whose worm gear has 34 teeth.

Other MCSA techniques have been developed for MOVs such as:

• Estimating motor voltage (at the MOV) from motor current amplitude and noise frequency information
acquired at the motor control center

• Determining motor operator gear ratios from motor current noise spectra

• Estimating valve stem travel from motor current time and frequency signatures

Further information on these and other techniques may be found in Ref. 3.

Summary of MCSA Capabilities for MOVs

It has been demonstrated that numerous performance indicators are exti actable from MOV motor current
time- and frequency-domain signatures which may be quantified, documented, and trended over time.

iJ



These include:

• Mechanical and frictional loads such as gear train friction, packing gland friction and gate/guide
friction

• Initiation time, duration, and magnitude of transients including hammerblow. valve seating,
unseating, backseating, and any unusual transient events

• Worm gear tooth meshing waveforms on a tooth-by-tooth basis using the selective waveform
inspection method (SWIM)

• Periodic load variations within the MOV drive train such as worm gear tooth meshing, stem nut and
worm gear rotation, motor shaft speed, motor slip, etc.

Tests of MOVs with Degradations and Implanted Defects

Several tests were carried out by ORNL to investigate the capabilities of monitoring methods (especially
MCSA) for detecting, differentiating, and tracking the progress of the following MOV abnormalities:

• Degraded valve stem lubrication • Abnormal line voltage
« Obstructions in valve seat area • Worm gear tooth wear
• Disengagement of motor pinion gear • Stem nut thread wear
• Stem packing degradation or tightness changes • Valve stem taper
• Incorrect torque and limit switch settings • Degraded gearcase lubrication

Two of these, degraded stem lubrication and degraded gearcase lubrication, are described briefly below.
Ref. 3 discusses all abnormalities listed above and describes their effect on MOV performance and on a
variety of diagnostic measurements.

Degraded Valve Stem Lubrication

The reader should recognize that a MOV torque switch inherently responds more directly to changes in
operator output torque than to changes in stem thrust. Therefore, changes in the relationship between
torque and thrust is significant since the torque switch is generally set so that a desired stem thrust is
generated during valve seating. The relationship between stem nut torque and valve stem thrust can be
strong\y influenced by frictional losses which depend largely on the state of lubrication between the stem
nut and stem and on the smoothness of the mating surfaces.

Fig. 8 presents the results of an experiment performed on MOV100 during mid-1985. After initially greasing
the valve stem, a baseline relationship between torque switch angular position (obtained with an ADT
mounted on the torque switch shaft) and stem thrust (obtained with a stem-mounted strain gage) was
established. One hundred sixty-five cycles were subsequently carried out without maintaining proper stem
lubrication. After the 165 cycles, the delivered stem thrust was observed to have been reduced by 17%
(6900 lbs) at a torque switch setting of 1.5 as a result of "degradation" in stem lubrication condition. A
re-greasing of the valve stem returned the stem thrust levels to approximately those attained during the
baseline tests.
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Figure 8 Impact of valve stem lubrication on stem thrust.

Fig. 8 also shows that during the initial 50 valve cycles, the stem thrust delivered per unit of torque switch
rotation decreased at a rate of approximately 0.3% per cycle. This was followed by a leveling off in the
thrust/torque relationship during the remaining 115 cycles.

Degraded Gearcase Lubrication

The gearcase of a MOV is normally packed with grease to provide sufficient lubrication to reduce friction
and wear of drive train elements, including the worm and worm gear. One test, carried out by ORNL at
a utility training facility, demonstrated the adverse effect of insufficient gearcase lubrication on MOV
operations. This MOV was normally used by the utility for training purposes only and was frequently
assembled and disassembled; thus, only a light coating of lubricant was used on the internai drive train
components, rather than packing the entuj L, ~rcase with grease.

Motor current signatures were obtained during valve actuations with insufficient lubrication under two
conditions of load: the as-found condition when the valve packing was loose, and after the packing was
tightened. The results (Fig. 9) yielded a normal signature for the loose packing, but a high motor loaa
condition when the packing was tightened moderately. Because the high loads occurred in the drive train
at a position between the motor and the torque switch, the normal torque switch cutout of the motor did
not occur and the motor stalled. When the worm and worm-gear were sufficiently lubricated, actuations
with both loose and tight packing, as shown in Fig. 9. yielded normal motor current signatures.
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Figure 9 Impact of motor operator internal lubrication on motor loads of a 3-inch MOV:
as found (left) and after lubricating worm and worm gear surfaces (right).

Tests of Nuclear Power Plant MOVs

In-situ signature analysis tests were carried out by ORNL on a total of twenty aged MOVs at a nuclear
power plant. Five of these MOVs were later re-tested after they were refurbished. In all tests, MOV motor
current signals were acquired at the motor control center with a clamp-on current transformer,
demodulated and further processed by battery-powered signal conditioning electronics, and recorded on
a portable tape recorder for off-site analyses. Selected results from those tests are described in Ref. 3 and
illustrate difference? <n motor current signatures from similar MOVs that reflect control switch setting
variations and suggest differences in component wear. The influences of refurbishing and inactivity on
MOV operations were clearly seen in motor current signatures as well. For example, several nuclear plant
MOVs exhibited notable motor running current level changes between their first and second actuations
following a period of inactivity. These changes were clearly seen by comparing time waveforms from the
first two strokes in the same direction.

Fig. 10 illustrates the first two close-to-open strokes for one of the MOVs tested. An analysis of the first
close-to-open stroke time waveform showed that the no-load current level was 4.72 A and was followed
by an initial running current level after unseating of 5.13 A. The reader should recall that the no-loaa
current level reflects the motor torque needed to turn the operator's internal gearing and does not include
other loads (e.g., loads associated with stem travel).

The second close-to-open stroke, when compared to the first, showed a 5.1% (4.72 to 4.48 A) reduction
in no-load current and a 9.6% (5.13 to 4.64 A) reduction in the initial running current level after valve
unseating occurred. The reduction in the no-load current level indicated that less motor torque was
required to turn the MOV gear train during the second close-to-open stroke which suggests that the gear
tram was operating with less internal friction. This likely was a result of improved gear and bearing
lubrication conditions within the operator, as is generally observed in lubricated mechanical equipment
during initial operation after a period of inactivity.
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Figure 10 Impact of inactivity on initial MOV actuations. Increased motor running current
levels during the first stroke indicate increased internal friction within the operator.

In addition to the reduction in running current levels between first and second actuations, comparisons
in motor current frequency spectra showed reductions in the worm gear tooth meshing peak amplitude
and an increase in motor shaft speed, both of which reflect a smoother operating gear train. It is not
known how long this MOV or other tested MOVs were inactive prior to the tests.

Tests of MOVs Under Line Break (Blowdown) Conditions

ORNL participated in the Gate Valve Flow Interruption Blowdown (GVFIB) tests carried out in Huntsville.
Alabama during April-June, 1988.3 These tests were intended primarily to determine the behavior of
motr --operated gate valves under the temperature, pressure, and flow conditions expected to oe
experienced by isolation valves in Boiling Water Reactors (BWRs) during a high-energy line break
(blowdown) outside of containment. In addition, the tests provided an excellent opportunity to evaluate
signature analysis methods for determining the operational readiness of the MOVs under those accident
conditions. Results from those tests are described in Ref. 3.

The following two MOVs were tested:

• Valve "A" : a 6-inch Anchor/Darling gate valve with a Limitorque SMB-2 operator
• Valve "B": a 6-inch Velan gate valve with a Limitorque SMB-0 operator

Both MOVs utilized 460 Vac, 3-phase, 60-Hz electric motors. The motor operator used on valve *B" was
sized in accordance with current practices, whereas the motor operator used by valve "A" was oversized,
although its delivered torque was adjusted (via the torque switch) so that it did not damage the valve.

ORNL acquired motor current and torque switch angular position signatures for both MOVs at various
times throughout the test program. Signals acquired from the valve-mounted sensors were transmitted
along a 250-ft cable to a remote site where they were conditioned and recorded for on-site analysis and
for further study in Oak Ridge.



Fig. 11 illustrates the effect of a system blowdown on the closure of valve "B" as seen via motor current
and torque swrtch position signatures. For comparison, signatures are also shown wnich were obtained
during an open-to-close stroke carried out prior to the blowdown at similar valve internal fluid pressure
conditions but with no flow. Examination of these signatures indicated that the flow-induced valve running
loads were so substantial that they almost tripped the MOV torque switch prior to valve seating. The
maximum running loads developed during the blowdown event thus "pushed" this MOV to the limits of
its available operating range.
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Figure 11 Impact of high flow-induced loads on MOV seating margin.

Another novel MCSA technique used by ORNL during the blowdown tests was a method for determining
whether motor running current level changes were caused by cnanges in mecnamcai loaa or from
variations in motor voltage without actually measuring the motor voltage. This was accomplished by
plotting motor slip (obtained from the motor current frequency spectrum) vs. motor running current level
(obtained from the time waveform). A plot of motor speed vs. running current is a motor characteristic
curve that is fixed at any given voltage. Deviations from this curve can occur only at different voltages.

To illustrate this technique. Fig. 12 shows cross-plots of motor slip and average motor running current for
valve "A" actuations under various pressure, flow, temperature, and voltage conditions. In addition to major
changes observed between the three line voltage conditions (368, 460. and 510 Vac), a relatively large
amount of scatter was seen in the 460 Vac data. By a simple linear interpolation between the 460 and 368
Vac data sets, a ± 12 volt variance was estimated for the 460 Vac data (±2.6%).

u
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Figure 12 Technique for evaluating motor voltage consistency during MOV testing using
motor current time and frequency information. Data plotted are from the MOV blowdown
test.

Further examinations of the 460 Vac data led to the discovery that the apparent voltage variance was
largely a result of data acquired on 4/27/88 (the day of the first blowdown). The 8 MOV actuations
recorded on this day prior to the first blowdown appear to have been carried out during a time of slightly
lower line voltage, whereas the three runs carried out after the blowdown lie within a narrow band defined
by the other 22 runs at 460 Vac. The estimated voltage variation for this band is only ± 4 Vac.( ± 0.9 %).
Since ORNL did not monitor motor voltage during these tests, the apparent voltage variations at 460 Vac
identified by MCSA could not be verified. An attempt was made to extract line voltage readings from Ref.
6; however, the line voltage waveforms illustrated in this report were excessively noisy and could not be
analyzed adequately.

REGULATORY ACTIVITIES

NRC Notices, Bulletins and Generic Letters

From 1979 to the present, over 30 NRC Inspection and Enforcement (IE) Notices and Bulletins have been
issued. In particular, Bulletin 85-03 (issued November 1985) and its supplement (issued April 1988)
recommend that utilities develop and implement a program to ensure that switch settings for MOVs in
several specified safety-related systems are selected, set, and maintained so that the MOVs will operate
under aesign-basis conditions for the life of the plant.

In June, 1989, the NRC issued Generic letter (GL) 89-10 "Safety-Related Motor-Operated Valve Testing
and Surveillance," which supersedes the recommendations in Bulletin 85-03 and its supplement. GL 89-10
extends the scope of Bulletin 85-03 to include all safety-related MOVs as well as all position-changeable
MOVs (capable of being mispositioned) in safety-related systems. The GL includes the following list of 33
common MOV deficiencies, misadjustments, and degraded conditions discovered by utilities from their



MOV testing experiences, including their efforts to comply with Bulletin 85-03:

1. Incorrect torque switch bypass setting
2. Incorrect torque switch setting
3. Unbalanced torque switch
4. Spring pack gap or incorrect spring pack preload
5. Incorrect stem packing tightness
6. Excessive inertia
7. Loose or tight stem-nut locknut
8. Incorrect limit switch settings
9. Stem wear
10. Bent or broken stem
11. Worn or broken gears
12. Grease problems (hardening, migration into spring pack, lack of grease, excessive

grease, contamination, non-specified grease)
13. Motor insulation or rotor degradation
14. Incorrect wire size or degraded wiring
15. Disk/seat binding (includes thermal binding)
16. Water in internal parts or deterioration therefrom
17. Motor undersized (for degraded voltage conditions or other conditions)
18. Incorrect valve position indication
19. Misadjustment or failure of handwheel declutch mechanism
20. Relay problems (incorrect relays, dirt in relays, deteriorated relays, micwired relays)
21. Incorrect thermal overload switch settings
22. Worn or broken bearings
23. Broken or cracked limit switch and torque switch components
24. Missing or modified torque switch limiter plate
25. Improperly sized actuators
26. Hydraulic lockup
27. Incorrect metallic materials for gears, keys, bolts, shafts, etc.
28. Degraded voltage (wirhin design basis)
29. Defective motor control logic
30. Excessive seating or backseating force application
31. Incorrect reassembly or adjustment after maintenance and/or testing
32. Unauthorized modifications or adjustments
33. Torque switch or limit switch binding

In April 1989, the NRC issued Generic Letter (GL) 89-04, "Guidance on Developing Acceptable Inservice
Testing Programs," in recognition of the differences among utilities in the scope of valves included in iST
programs, and concerns about methods of fulfilling the requirements of 10 CFR 50.55a(g), which requires
that certain pumps and valves be tested to assess their operational readiness in accordance with the
Section XI requirements of the ASME Boiler and Pressure Vessel Coae.

ASME/OM and IEEE Activities

Testing requirements for nuclear plant MOVs are contained in the plant Technical Specifications and are
in accordance with Section XI of the American Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessel (BPV) Code, and more recently the ASME OM code. Required testing consists primarily
of exercising the valve to verify obturator (i.e., disc or gate) travel to the positions required to fulfill its
safety function. Confirmation of obturator movement may be by visual observation, a position indicator
(if available), observation of relevant pressures in the system, or other positive means. Certain valves (e.g.,
those used for containment isolation) are also required to be leak tested. These tests generally involve
pressurizing downstream of the check valve and comparing leakage rates through the valve with the



specified standard. Motor-operated valve stroke times are also measured and compared against reference
values.

All of these required tests help to demonstrate MOV operability under test conditions but do not
necessarily ensure valve actuation as required under other anticipated operating conditions. In addition,
these tests are generally recognized to be inadequate for timely detection and trending of degradation.

In February, 1989, the ASME Board of Nuclear Codes and Standards decided to transfer responsibility
for the entire Inservice Testing (1ST) Program from the BPV Code Section XI to the O&M Committee. Valve
testing requirements (defined in OM-Part 10, and more recently by subsection ISTC) continue to be
updated as MOV operational characteristics are better understood. The OM-8 working group is currently
addressing several potential technical changes in these requirements including acceptance criteria and
trending of test results.

Other activities by standard-writing committees include the preparation of a maintenance "good practices"
document by the Institute of Electrical and Electronics Engineers (IEEE).

OTHER RELATED DIAGNOSTICS RESEARCH AT ORNL

ORNL has established an Advanced Diagnostic Engineering Research and Development Center (ADEC)
in order to play a key role in the relatively new field of diagnostic engineering. ADEC has an organized
multi-disciplinary diagnostics research program that brings together experts in many fields in order to
develop and apply new advanced diagnostic technologies having broad applications in the electric power.
manufacturing, and defense industries. ADEC activities comprise the following four areas: (1) Diagnostic
Sensor Research, (2) Signal Processing Research, (3) Data Analysis Research, and (4) System ana
Application Testing. Funding for this work has been provided initially by the ORNL Director's Discretionary
Fund. Long-term funding is expected to be provided partially by industrial partners that are participating
with ORNL in cooperative research programs.

A substantial portion of the ADEC research projects to date have focussed on solving problems that were
identified by the NPAR and other NRC-sponsored programs. In particular, several ADEC research tasks
have concentrated on the development and demonstration of nonintrusive monitoring methods for valves
and other equipment. Descriptions of a few of these tasks are provided below.

Development of an On-Line MOV Monitoring System

ORNL has installed and demonstrated an on-line, automated motor current data acquisition system for
monitoring the long-term effects of aging and service wear on the performance of eight critical MOVs
located in a turbine steam extraction system in Unit 2 of the Philadelphia Electric Company's Eddystone
Power Plant. This system is one of the monitoring systems showcased at the EPRI Monitoring and
Diagnostic (M&D) Center. The computer-based MCSA system features hardware and software developed
by ORNL and Computational Systems, Inc. of Knoxville, Tennessee.

The raw data acquired by the on-line system are converted into a database that is compatible with a
commercially available data analysis and plotting package. A full motor current signature analysis may
then be carried out in both time and frequency domains.

The use of MCSA at the Eddystone Plant on MOVs and other equipment is described in a paper that was
presented at the EPRI-sponsored 4th Incipient Failure Detection Conference7 in 1990.



Detection of Broken Rotor Bars in an Induction Motor Using MCSA

Electric current signs's were acquired on a specially designed test rig comprised of two motors: one in
"good" condition and one in "bad* (defective) condition, each connected to an electric generator (provic:ng
a means of loading each motor) by a belt of identical length. The bad motor was identical to the good
motor with one exception: four rotor bars were purposely cut (broken) in order to simulate one type of
naturally occurring motor defect.

It is recognized that the use of motor current analysis for detecting broken rotor bars and other motor
degradation has been well documented by others and consists primarily of examining the amplitude of
motor slip sidebands observed around the power line frequency in the "raw" motor current noise
spectrum. Broken rotor bars are known to increase the induced currents in the stator windings, resulting
in increases in slip sideband amplitudes.3

ORNL tests demonstrated that the use of demodulation provides enhanced sensitivity (increased dynamic
range) for acquiring motor current diagnostic information that would be undetectable in the raw motor
current signal. Fig. 13 illustrates demodulated motor current spectra for both motors, operating under no
load and while fully loaded by the electric generator.
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The application of MCSA to detect rotor degradation in MOV motors was investigated in a series of tests
carried out by a nuclear utility and a commercial supplier of MCSA technology.3 The purpose of these
tests was to evaluate the effectiveness of MCSA techniques in detecting open circuited rotor Dars in valve
actuator motors ana to determine the maximum number of rotor bars that can be broken before the motor
torque output drops below its rated torque value. These tests confirmed that MCSA can be used not only
to detect motor rotor bar faults, but can identify seriously degraded motors in need of repair or
replacement.

Seating Detector and Switch for Motor-Operated Valves

The current practice for de-energizing a MOV motor in the closing direction is to sense delivered torque
to the motor operator stem nut by measuring the spring pack compression, and opening the motor circuit
when the compression exceeds a predetermined value. The MOV torque switch is normally set to trip
open at the maximum torque anticipated under the most severe operating conditions expected, e.g., at
the highest differential pressure across or flow rate through the valve. However, three problems arise:

• It is difficult to predict the torque switch setting needed at the extreme conditions. The needed
torque changes with both differential pressure and aging- or maintenance-induced changes. If the
torque switch trip setting is underestimated, the valve may not close completely when such action
is needed the most, e.g., during a line rupture.

• It is often impossible to test the valve at the extreme conditions at which operation will be necessary
in order to determine the accuracy of the torque prediction.

• When the torque switch is set to deliver the amount of torque needed to actuate the valve under the
worst conditions, it may deliver excessive force to the seat when it is closed under less demanding
conditions, such as may exist during normal operation.

ORNL has carried out proof-of-principle tests of a device for de-energizing the MOV's electric motor when
and only when the valve is properly closed. This device overcomes the problems cited above and
achieves the desired result by tripping the MOV motor based on a special algorithm that utilizes the
measured instantaneous motor current. The device de-energizes the MOV motor only when the slope,
duration, and amplitude of a motor current rise exceed predetermined criteria.

Preliminary tests of the device have been carried out using ORNL MOV test stands and using recorded
motor current data from the gate valve blowdown test described earlier. These tests indicate that the
device avoids unwarranted mid-stroke tripping due to spurious motor current fluctuations of small
amplitude or short duration, such as may occur due to roughness of valve guide surfaces, for example.
This device may be useful in a variety of applications but has particular promise as a seating detector and
switch for MOVs or other motor-driven devices where it is desired to trip the device motor according to
a special algorithm which detects a large, sustained, and abrupt rise in the measured instantaneous motor
current relative to recent running current history. By changing the circuit time constants, the
characteristics of the device can be adapted to a wide variety of motor-driven devices and operating
needs.

Application of MCSA to other equipment

ADEC is also conducting research aimed at further developing and improving MCSA technology and
demonstrating MCSA on other equipment. For example, ORNL has carried out experiments that have



demonstrated the applicability of MCSA technology for a wide variety of motor-driven equipment including:

• Nuclear power plant motor-operated valves
• Gaseous diffusion plant axial-flow compressors
• Air conditioning systems (residential heat pump, room a/c units)
• Fossil plant equipment (ORNL and Y-12 facilities, Eddystone power plant):

motor-operated valves, induced draft fans, overfire fan, coal pulverizers, boiler feed pumps.
condensate feed pump, air compressors

• ORNL chilled-water systems
• Fans (various sizes)
• Water pumps (various sizes, including Navy firepump)
• Laboratory vacuum pump
• Misc. home appliances

Throughout these investigations, one relationship is consistently observed - the correlation between motor
current frequency spectra and vibration spectra. This is perhaps best illustrated by Fig. 14 which
compares motor current and vibration spectra obtained from a laboratory-grade vacuum pump. The
vacuum pump was driven by an electric motor by means of a belt which was known to be loose. As
shown in the figure, both spectra were observed to contain many similar frequency components (although
at different relative amplitudes) which were representative of the mechanical load frequencies being driven
by the electric motor. Differences between motor current and vibration spectral peak amplitudes primarily
reflect variations in the coupling between the source(s) of mechanical load and the measurement location.
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DISSEMINATION OF RESEARCH RESULTS

Interactions with Outside Organizations

A good indicator of the significance, relevance, and visibility of the MOV diagnostics research at ORNL
is the continued interest shown by electric utilities, private companies, government agencies, universities,
and other national laboratories. A list of organizations that have corresponded with ORNL on MOV- and
MCSA-related topics is included at the end of this paper.

ORNL Reports, Papers, and Articles

We have made and continue to make a major effort to disseminate technical information to others via
presentations at meetings and conferences and through numerous technical reports, papers, and articles.
MOV monitoring technologies (especially MCSA) have been demonstrated to others on more than 40
occasions at Oak Ridge and other sites. In addition to those documents referenced in earlier sections of
this paper, technical articles have appeared in several magazines including Power Engineering'0 and
Sound and Vibration." Other notable publications and presentations are listed at the end of this paper.

Commercialization of MCSA Technology

Mechanisms for transferring MCSA technology to prospective users are available. Three private companies
are presently marketing MCSA technology (equipment and services) under non-exclusive licensing
agreements with Martin Marietta Energy Systems Inc.

These companies have used MCS\ on a variety of electrically powered devices including:'

Motor operated valves • Sludge pump
Induced draft fan • Nitrification aeration tank
Log de-barker • Containment cooling fans
Conveyor system • Battery powered diesel generator
Chiller • HVAC air balance
Feed-water valves • Metering pump
Cinder block forming • Waste disposal-trash compacting
Blower • Chlorine injection water pump
Ball mill • Fire control pump
Weapons/cargo elevator • Steam extraction valves
Compressor • Locomotive traction drive motors
Diesel engine driven emergency ac generator

Organizations that have benefited from MCSA equipment and services provided by these three
companies include electric utilities, chemical plants, universities, hospitals, research organizations, valve
diagnostic companies, and other private businesses.

List provided by a MCSA licensee.



CONCLUSIONS AND RECOMMENDATIONS

This paper has provided a summary of work performed by the Oak Ridge National Laboratory on the
effects of aging and service wear on electric motor-operated valves used in nuclear power plants and on
monitoring methods that are useful in detecting, differentiating ana trending those effects.

Of all MOV measurable parameters evaluated during this assessment, the single most informative one was
the one most easily acquired, namely the motor current. Research carried out by ORNL. private
companies, and electric utilities has demonstrated that motor current signature analysis (MCSA) provides
detailed information related to the condition of the motor, motor operator, and valve.

Beyond MOVs, MCSA has been shown to be a viable monitoring technology for a wide variety of
motor-driven equipment, including pumps, fans, and compressors. Further investigations in the use of
MCSA for all important motor-driven machinery and electrically powered devices should be encouraged.

Many diagnostic systems are now available to assist plant maintenance personnel in setting MOV switcnes
properly and to monitor for aging and service wear. With their continued use and development, the ability
to accurately determine the performance and condition of MOVs will improve. These systems not only
provi.de the utilities a means of determining MOV operability, but offer the tools necessary for carrying out
predictive maintenance. The ability to demonstrate operational readiness of MOVs and other critical power
plant components should provide important contributions towards the resolution of life extension issues
as well.
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Engineering and Design, issue 118, pp. 399-408.

3 K. G. DeWall, R. Steele, BWR Reactor Water Cleanup System Flexible Wedge Gate Isolation Valve
Qualification and High Energy Flow Interruption Test, Date Report, NUREG/CR-5406, Vol.2, Idaho
National Engineering Laboratory, October, 1989.

7 H. D. Haynes, R. C. Kryter, B. K. Stewart, Use of Motor Current Signature Analysis at the EPRI M&D
Center, presented at the 4th EPRI Incipient Failure Detection Conference, October 15-17, 1990.

a J. Reason, Pinpoint Induction-Motor Faults by Analyzing Load Current, Power Magazine. October, 1987.

9 J. D. Kueck, J. C. Crisco, N, M. Burstein, Assessment of Valve Actuator Motor Rotor Degradation by
Fourier Analysis of Current Waveform, first presented at the IEEE Winter Power Meeting, January 26-30,
1992.

10 R. C. Kryter, H. D. Haynes, How to Monitor Motor-Driven Machinery by Analyzing Motor Current.
Power Engineering, October, 1989.

'' R. C. Kryter, H. D. Haynes, Condition Monitoring of Machinery Using Motor Current Signature Analysis.
Sound and Vibration. September, 1989.



ADDITIONAL ORNL PRESENTATIONS AND PUBLICATIONS

• Application of Diagnostics to Determine Motor-Operated Valve Operational Reaamess (D. M. Eissenoeraj
A technical paper, presented at the 14th Water Reactor Safety Information Meeting, October 27-31. 1986' Paper
published in the proceedings.

• ORNL Researcti on Motor-Operated Valves - Motor Current Diagnostics (H. D. Haynes)
An oral report presented at the NPAR Program Managers Technical Review Meeting, February 26. 1987

• Motor Current Signature Analysis for Determining Operational Readiness of Motor Operated Valves (H D. Haynes.
R. C. Kryter)
An oral report presented at the 4th Conference on Utility Experience in Reactor Noise Analysis. May 12. 1987

• Application of Diagnostics to Determine Operational Readiness of Aged Motor-Operated Valves (D. M. Eissenderg)
A technical paper, presented at the International Symposium on Safety Aspects of the Aging and Maintenance
of Nuclear Power Plants, June 29\luly 3, 1987. Paper published in the proceedings.

• Use of Non-Intrusive Condition Evaluation Techniques for Nuclear Plant Equipment - Motor Current Signature
Analysis (D. M. Eissenberg)
An oral report presented at the IEEE Symposium on Nuclear Power Systems, October 21-23, 1987

• The use of Motor Current to Monitor MOV Operational Readiness (D. M. EissenDero)
An oral report presented at an ASME O&M Committee Meeting, December 8, 1987. Presentation published in the
meeting minutes.

• Application of Sionature Analysis for Determining the Operational Readiness of Motor-Operated Valves Under
Blowdown Test Conditions (H. D. Haynes)
A technical paper, presented at the 16th Water Reactor Safety Information Meeting, October 24-27, 1988. Paper
published in the proceedings.

• The Application of Motor Current Signature Analysis (MCSA) to Motor-Operated Valve Diagnostics in Nuclear
Power Plants (H. D. Haynes)
An informal technical information package, first disseminated August 3, 1988

• Additional Equations and Procedures Found Useful in Carrying out Motor-Operateo Valve Diagnostics Using
Motor Current Signature Analysis (H. D. Haynes)
An informal technical information package, first disseminated August 30, 1988

• Condition Monitonna of Machinery Using Motor Current Sianature Analysis (H. 0. Haynes. R. C. Kryter)
A technical paper, presented at the Seventh Power Plant Dynamics, Control, and Testing Symposium.'May 15-17
1989

• Condition Monitoring of Machinery Usina Motor Current Signature Analysis (H. D. Haynes. R. C. Kryter)
A technical paper, presented at the Tst International Machinery Monitoring and Diagnostic Conference,
September 11-14, 1989

• Motor Current Sionature Analysis (H. D. Haynes. D. M. Eissenoerg)
A technical article, published in the Oak Ridqer newspaper (December 17, 1989 issue)

• Detection of Broken Rotor Bars in a Defective Motor Using Motor Current Signature Analysis. ADEC-P3 (H. D.
Haynes)
An informal technical information package, first disseminated May 16. 1990

• Condition Monitoring of Machinery Using Motor Current Signature Analysis (H. D. Haynes. R C. Krvten
An oral report, presented at the Predictive Maintenance Technology Conference, CctoDer 22-25, 1990'

• Motor-Operated Valves: "Summary of Research Results" and "Aging Inspection Guide" (H. D. Haynes)
Condensed (2-3 page) document's to be included in a larger NRC report to be issued

• The Application of Motor Current Signature Analysis to the Diagnostic Monitoring of Friction Generated Wear (H.
D. Haynes, D. M. Eissenberg)
A technical article, to appear in the 10th Edition of the Metals Handbook - Friction. Lubrication and Wear
Technology, published by the American Society of Metals (ASM) International

Note: In addition to the documents listed above, other short articles describing ORNL MOV-related work have appeared
in various magazines including Sensors (Dec. 1989), Process Engineering (Oct. 1989), Design News (Feb. 1990),
Nuclear Plant Journal (Mar. - Apr. 1990), Power Engineering (Jan. 1990), and ORNL '90
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ORGANIZATIONS THAT HAVE CORRESPONDED WITH ORNL ON MOV AND MCSA-RELATED TOPICS'

GOVERNMENT AGENCIES AND ADVISORY GROUPS (5)

Nuclear Regulatory Commission (flES. NflR. AEOD)
Advisory Committee on Reactor Safeguards
United States NAVY (NAVSEA NAVSSES. NAVSEACENLANT. DTRC)
Department of Energy (Oak Ridge. Idaho)
U.S. Environmental Protection Agency

NATIONAL LABORATORIES (6)

Pacific Northwest Laboratory
Brookhaven National Laboratory
Idaho National Engineering Laboratory
Oak Ridge National Laboratory
Sandia National Laboratory
Argonne National Laboratory

ELECTRIC UTILITIES AND UTILITY ORGANIZATIONS (31)

Electric Powor Research Institute (Palo Alto. M&D Center)
Institute for Nuclear Power Operations
Nuclear Maintenance Applications Center
Ontano Hydro
Gulf States Utilities Co.
Pacific Gas and Elect/ic Company
Virginia Power
Washington Public Power Supply System
Tennessee Valley Authority
Philadelphia Electric Co.
Public Service Electric and Gas Company
Cleveland Electric Ilium. Co.
Duke Power Co.
Baltimore Gas and Electric Co.
Northeast Utilities
Pennsylvania Power and Light Co.
Toledo Edison Co.
Wisconsin Public Service CorD.
Niagara Mohawk Power Corp.
Florida Power and Light Co.
New Hampshire Yankee
Vermont Yankee Nuclear Power Corp.
Wisconsin Electric Power Co.
Commonwealth Edison Co.
Connecticut Yankee Atomic Power Co.
Sacramento Municipal Utilitv District
New York Power Authority
Texas Electric Service Company
Boston Edison Co.
Carolina Power and Light Company
Southern California Edison Company

INDUSTRIAL PLANTS AND PRIVATE COMPANIES (70)

Paducah Gaseous Diffusion Plant
SL Johns River Power Park
Franklin Research Center
Gilbert/ Commonwealth
Bechtel Power Corporation
Tecnnotoqy tor Energy Corp.
Computational Systems. Inc.
Rockwell International (ETEC. Space Systems Division)
Umitorgue Corporation
Wyle Laboratones
MOVATS. Inc.
Rotork Controls Inc.
Predictive Maintenance Inspection. Inc.
Liberty Technologies
Impell Corporation
Performance Technologies. Inc.
Ram-Q Industries
Stone and Webster Engineering Corporation
Byron Jackson Pumps
G. A. Technologies, Inc.
NUTECH
Enercon Services
Nuclear Power Consultants, Inc.
Environmental Systems Corp.
Foster Miller. Inc.

Westinghouse Electric Corp.
Life Cycle Engmeenng
Resource Technical Services
Spectrum Technologies USA
Cygna Energy Services
Honeywell Inc.
E. I. DuPont DeNemours & Company. Inc.
Engineering Computer Optecnomics. Inc.
Analysis and Measurement Services Corporation
DYNATECH Services
Exxon Chemical Company
NUS Corporation
General Electric Company
Mechanical Technology Inc.
Banelle
Bruel & Kjaer Instruments Inc.
Shell Development Company
Dow Corning USA
Stony Brook Regional Sewerage Authority
KALTEK Inc.
Degussa Corporation
Engineenng Development Laboratory Inc.
Amencan Systems Engineenng Corporation
Kimberly-Clark Corporation
RWD Technologies Inc.
Atlantic Science and Technology
Hoechst Celanese Corporation
Yadkin. Inc.
NASA Marshall Space Flight Center
Motorola Corporation
Barnant Company
Amencan Scientific, Inc.
Ebasco Services Incorporated
Modular Cogeneraoon Corporation
J. W. Harley Company
Grove Engineenng. Inc.
ENCEPT, Applied Acoustics
Alden Researcn Laboratory. Inc.
B&W Nuclear Service Company
ASM International
Siemens Nuclear Power Services, inc.
Trane Company
Weyerhauser Company
OilAir Hydraulics. Inc.
Arion Systems. Inc.
PRC Engineering Systems

U.S. UNIVERSfTIES (9)

Louisiana State Univeisity
University of Tennessee (Knoxvillel
Massachusetts Institute of Technology
Northern Illinois University
University of Southern Indiana
George Mason University
Tennessee State University
University of Alaska (Fairbanks)
Georgia Institute of Technology

FOREIGN COMPANIES AND UNIVERSITIES (13)

INYPSA (Spain I
Bechtel - KWU Alliance (Germany)
Indian Institute of Technology, ITMMEC
British Royal Navy
Siderca SAIC (Argentina)
University of Manitoba (Canada)
Naval Engineenng Test Establishment I Canada)
National Technical University of Athens (Greece)
Bindal Agro Chem Limited (India)
University of Coimbra (Portugal)
Marcus Wallenberg Institute (Sweden)
AECL Chalk River Laboratory (Canada)
Rotork Actuauon (England)

Received documents (reports, papers...)
and/or witnessed demonstrations


