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ABBTRACT

As part of the NRC Nuclear Plant Aging Research (HPAR)
Program, a comprehensive aging assessment was made of relays and
circuit Dbreakers. Relays and c¢ircuit breakers are important
nucloai power plant equipment which are susceptible Lo degradation
with time.

This is a Phase 1II NPAR report which follows the NPAR
strategy. Tests on naturally aged and degraded relays and circuit
breakers were performed, in-situ measurements made and current and
improved methods for inspection, surveillance and monitoring (I8M)
evaluated. Significant results described in this report were the
identification of inspection, surveillance and monitoring methods
which provide a higher level of assurance that aging will be
detected and mitigeted. The potential exists that implementation
of the improved methods in nuclear plants would minimize the impact
of aging and result in more cost effective maintenance on relays
and circuit breakers.
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significant since false instantaneous trips can preclude
performance of safety-related eguipment.

A comprehensive effort was undertaken to verify improved
inspection, surveillance and monitoring methods (ISM). The Phase
11 effort was accomplished in four major elements. These were an
investigation inte current and advanced ISM methods, tests of aged
relays and circuit breakers, tests of degraded relays and circuit
breakers and in-situ tests,

Current and adva., .l ISM methods were ascertained by
soliciting information irem nuclear and non-nuclear utilities,
relay and circuit breaker manufacturers and maintenance facilities.

Testing of aged devices was performed., Test specimens for each
of the five relay (auxiliary, contrel, electronic, protective and
timing) and two circuit breaker (molded case and metal clad) types
were sclicited from nuclear and non-nuclear utilities and
manufacturers. A total of 39 specimens were tested to the current
and improved 15M methods.

Eleven specimens of relays and circuit breakers were purposely
degraded and the 1I1SM methods performed after each degraded
condition, The purpose of these degradation tests was to evaluate
the effectiveness of the method to detect and/ or predict the level
of degradation. This also provided some quantifiable parameters of
the extent of degradation., The degradations chosen for each relay
and circuit breaker type were purposely severe, but for the most
part, did not cause total loss of operability of the device. Thus,
it was an 7itempt to simulate the worst state of deterioration or
degradation prior to failure to operate. The degradations were
chosen based on a review and evaluation of the failure mode and
mechanisms reported in phase I, specified b{ the nuclear and non-
nuclear utilities, manufacturers, and experiences of the research
team.

These degradation condition evaluations showed that generally
accepted current nuclear maintenance practices do not always detect
significant aging mechanisms, This result provides insight into
the reason why failures of safety~-related relays have occurred in
service in spite of a comprehensive maintenance program.

The practicability of the effective methods was also evaluated
at Duke Power Company’s Catawba Nuclear Station and Niagara Mohawk
Power Corporation’s Nine Mile Point Unit 1 Nuclear Plant,

While at the plants, the research team witnessed plant
maintenance personnel performing routine plant maintenance on
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releys and circuit breakers. Copiles of procedures were obtained,
results of plant maintenance tests weve reviewed, and engineering
and maintenance personnel were interviewed. Additionally, non-
intrusive ISM methods of infrared pyrometry, infrared scanning and
vibration testing were demonstrated to the plant personnel, The
plant maintenance personnel and engineering staff at both plants
were found to be cooperative, professional, experienced,
knowledgeable and eager to discuss potential improved technigues.

It is the challenge of a good preventive maintenance program
to be sensitive to the effects of aging. Early identification of
age related degradation increases the probability that the satety
significance of this aging is minimized. An effective inspection,
surveillance and monitoring program enhances mitigation of the
impact of age related degradation on the safety of nuclear plant
operations,

This research has particular significance with respect to
Generic Letter 83-28, ‘"Required Actions Based on Generic
Inplications of Salem ATWS Events," Information Notice 84-20,
"Service Life of Relays in Safety-related Systems" and IE Bulletin
84-02, "Falilures of General Electric Type HFA Relays in Use in
Class 1E Safety Systems,

Generic letter 83-28, IN B4-20 and IE Bulletin 84-02 require
licensees to have preventive maintenance and surveillance programs
for wcircuit breakers and relays. This research provides
information on the effectiveness of preventive maintenance methods
that are required by these documents, The research showed that
improved ISM methods were more effective than current industry
practice at detecting aging and mitigating the effects of aging for
specific devices identified in these documents.

Specific recommendations to changes in current nuclear

industry practice of inspection, surveillance and maintenance on
relays and circuit breakers were made.
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1. INTRODUCTION

This report describes the results of a comprehensive aging
assessment of relays and circuit breakers that was completed as
part of the NRC Nuclear Plant Aging Research (NPAR) Program. Relays
and circuit breakers were analyzed because they are important
satety-related equipment which perform critical functions in the
operation and control of nuclear power plants.

This is a Phase II NPAR report. The research has followed the
established NPAR strategy described in NUREG-1144, Rev. 2, "Nuclear
Plant Aging Research (NPAR) Program Plan."

Relays and circuic¢ breakers are important nuclear power plant
equipment which are susceptible to degradation with time. In the
last 10 years, the failures of relays and circuit breakers at
nuclear plants have resulted in many NRC notices and bulletins. For
instance, an age related failure of circuit breakers resulted in an
Anticipated Transient Without Scram (ATWS), noted in Bulletin 83-01
and Generic Letter 83-28. Several instances of shorter than
anticipated life for various safety-related relays were noted in IE
Bulletin 84-02 and IE Notices 81-01, 82-04, 82~13, 84-20 and 88-98.
Recent age related circuit breaker problems have been noted in NRC
Information Notices 90-41 and 90-43.

Informution notice 84-20, and IE Bulletin 84-~02 had notified
the nuclear industry that service life of all relays in the
enerygized state was shorter than when in & cycled or de-energized
application. Additionally, specific experience on GE HFA auxiliary
relays, Agastat Timing relays and GTE Sylvania control relays had
showed that energized relays were «.periencing end-of-service-life
failures at intervals short of the manufacturer’s expected or
specified service life, Generic letter 83-28 had requested
licensees to maintain a program that includes specifications on the
gualification testing for expected safety service conditions to
support the life limits of life recommended by the suppliers of
components in safety-related systems. IN 84~20 advised that
preventive maintenance programs should recognize the application
dependent (energized ,/ de-energized) service life of relays from
all manufacturers and that it may be prudent to increase the
frequency of surveillance activities in systems where the current
surveillance interval is not small in comparison with the life of
relays iused in those systems. It was stated that, as an example,
an 18 month surveillance interval for a component with only a 4.5
year service life may not be appropriate.

Additionally, problems have surfaced with respect to the

pedigree and integrity of circuit breakers. NRC Bulletin 88-10
resulted from the finding that counterfeit and refurbished molded

1=1
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Figure 1-1 : NPAR Research Approach




1.2 Objectives

The objectives of Phase 11 are:

o review and verification of improved inspection,
surveillance and monitoring methods

0 in-situ examination and data gathering for operating
equipment

e} tests of naturally aged components or components with
simulated degradation

° evaluation of the role of maintenance in mitigating aging
degradation

o evaluation of service life prediction methods

1.3 Scope

The component and equipment which constituted the scope of
work were five categories of relays.

The relay categories were defined in Phase I as follows:

o

auxiliary relays - actuvated by protective relays for high
current applications

control relays - used in nuclear protective system logic

electronic relays - solid state device used in protective
or control relay applications

protective relays - protects plant power system from
effects of electrical overloads, faults and transients

timing relays ~ delays operating function until
initiating condition has existed for a selected time

Additionally, the scope of work included circu.it breakers.
The circuit breaker categories were defined in Phase I as follows:

0

molded case circuit breakers - 480 volt and below most
prevalent, used to supply individual circuits and feeders
tor low veoltage AC and DC distribution
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2. RESEARCH ELEMENTS

The NPAR Program research for relays and circuit breakers was
4 («0 phased effort following the established NPAR strategy. Phase
I was reported in NUREG/CR-4715, "An Aging Assessment of Relays and
Circuit Breakers and System Interactions." Phase II is the subject
of this report. In this section the research elements of Phase 1
are summarized, followed by the discussion of the Phase 11 research
elements.

2.1 Phase I Research

The objectives of the Phase I study were: to identify and
characterize aging and wear effects; to identify failure modes and
causes attributable to aging; and to identify measurable
performance parameters, including functional indicators.

In Phase I, the safety-related relay and circuit breaker types
under study were identified. They were relay types: auxiliary,
control, electronic, protective, and timing and circuit breaker
types: molded case and metal clad.

The aging assessments of relays and circuit breakers selected
for evaluation in Phase I, were based on readily available
information from public and private data bases, vendo: information,
open literature, utility sources, and expert opinions. The
products of the Phase I analysis include: an identification of
failure modes; a preliminary 1dentification of failure causes due
to aging and service wear degradation; and a review of current
inspection, surveillance and monitoring methods, including
manufacturer~recommended surveillance and maintenance practices,
Performance parameters or functional indicators potentially useful
in detectiry degradaticn were also identified and preliminary
recommendations were made regarding inspection, surveillance, and
monitoring methods. In Phase 1, recommendations were developed to
identify detailed engineering tests and analyses to be conducted in
Phase I1. In the Phase I evaluation it was decided that a Phase Il
assessment was warranted.

It was noted in Phase I that even though relays and circuit
breakers are often located in mild environments in nuclear plants,
electrical, mechanical, thermal and environmental stresses have
been shown to cause aging degradation. Failure information was
gathered from many sources, including NRC’s Licensee Event Report
(LER) system, the Institute for Nuclear Power Operations’ (INPO)
Nuclear Plant Reliability Data System (NPRDS), and Oak Ridge
National Laboratory’s In-Plant Reliability Data System (IPRDS). It
was recognized that limitations exist on these sources and that
reporting requirements differed. Considering this, qualitative

2=1



information on relay and circuit breaker failures was g’ aned from
these sources.

The significant conclusions were that failure rates were low
but energized relays failed at a greater rate than non-energized,
Additionally, certain relay and circuit breaker types, for
instance, protective relays, had a tendency towards increased
failure with age.

2.2 Phase 11 Research

In Phase II, a comprehensive effort was undertaken to verify
improved inspection, surveillance and monitoring methods (ISM),.
The Phase 1I effort was accomplished in four major elements. These
were an investigation into current and advanced 1SM methods, tests
of aged relays and circuit breakers, tests of degraded relays and
circuit breakers and in-situ tests.

2.2.1 Nuclear Industry Practice

Current and advanced ISM methods were a&ascertained by
soliciting information from nuclear and non-nuclear utilities,
relay and circuit breaker manufacturers and mairtenance facilities.
Wyle Laboratories was supported in this effort by a subcontractor,
General Electric Company'’s Apparatus and Engineering Services
Group, which routinely inspects and maintains this type of
egquipment. In addition to specific solicitations for information on
nuclear practice directly to nuclear plants, the Electric Power
Research Institute (EPRI) and NUMARC aided by soliciting
information from their member wutilities. Supplementing these
solicitations, procedures on relay and circuit breaker maintenance
were also gathered in the in-situ effort at two nuclear plants.
This was further discussed later in this section.

The result of the solicitations was the information that,
depending on relay or circuit breaker style, nineteen ISM methods
are in current use and constitute the state-of-the-art. These are
shown in Table 2-1 with respect to type of relay and circuit
breaker. Also, sixteen methods were designated as advanced methods
which were classified as not yet in use on relays and circuit
breakers in nuclear plants. These advanced methods are shown in
Table 2-2.






Table 2~2. Advanced ISM Methods

Contact Resistance

Coil Resistance

Magnetic Flux

Insulation Resistance (relays)
Inrush Current

Holding Currenc

Infrared Pyrometry

Infrared Scanning

On-contact Temperature

Current Surge Comparison
Vibration Testing

Acoustic Testing

Ion Detection

Zero Check (protective relays)
600 ¥ Overload (molded case breakers)
Dielectric (molded case breakers)

Incorporated: General Electric Company ; Klockner-Moeller
Corporation; Sgquare D Company; and Westinghouse Electric
Corporation.

Each type of relay and circuit breaker has unigue attributes
which were verified by specific methods, such as timing on timing
relays and 300% overcurrent on molded case breakers. Additionally,
some methods were more generic and thus were appiicable to most
relay and circuit breaker types. Examples of generic methods were
visual inspection, contact resistance and insulation resistance.
This information was utilized in the planning for the tests on aged
devices and the degraded tests.

Detailed test plans (References 10 through 16) were prepared
for the five relay and two circuit breaker types. These test plans
were reviewed by the NRC, Brookhaven National Laboratories, NUMARC
and EPRI. They contaired step by step instructions on how the
tests were to be performed and detailed checklists were prepared on
which to record the data generated.

The following paragraphs describe the I1SM methods which were
eveluated. The specific ISM methods evaluated for each of the
releys and circuit breakers tested have been listed in Table 2-3
for each relay and circuit breaker type.



Table 2~3. Phase 11 1SM Methods Evaluated

Device Type

15M AUX CONT ELEC PROT TMNG MLDCS MTLCD
Visual Inspection Yes Yes Yes Yes Yes Yes Yes
Contact Resistance Yes Yes Yes Yes Yes
Coil Resistance Yes Yes Yes Ye= Yes
Magnetic Flux Yes Yes Yes Yes
Pick=-up Voltage Yes Yes Yes
Drop out Voltage Yes Yes Yes
Inrush Current Yes Yes Yes VYes
Holding Current Yes Yes Yes
Infrared Pyrometry Yes Yes Yes Yes Yes Yes Yes
Infrared Scanning Yes Yes Yes Yes Yes Yes Yes
On-contact Temperature Yes Yes Yes Yes Yes Yes Yes
Current Surge Comparison Yes Yes Yes Yes
Vibration Testing Yes Yes Yes Yes Yes Yes Yes
Acoustic Testing Yes Yes Yes Yes Yes Yes Yes
Ion Detection Yes Yes Yes Yes Yes Yes Yes
Time / Current Characteristic Yes Yes
Induction / Overcurrent Pick-up Yes Yes
Target and Seal-In Yes
Instantaneous Trip Yes Yes Yes Yes
Operating Current Yes
Zero Check Yes
Timing Yes
Pole Resistance Yes Yes
Insulation Resistance Yes Yes Yes Yes Yes Yes
Mechanical Actuation Yes Yes
100% Rated Current Hold-in Yes
135% Rated Current Hold~-in Yes
300 % Overcurrent Yes
600 % Overload Yes
Dielectric Yes
Long Time Delay Overcurrent Yes
Short Time Delay Overcurrent Yes
Lubrication Inspection Yes

Legend:
AUX : Auxiliary Relay TMNG : Timing Relay
CONT: Control Relay MLDCS: Molded Case Circuit Breaker
ELEC: Electronic Relay MILCD: Metal Clad Circuit Breaker

PROT: Protective Relay
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Visual Inspection

Visual inspection of devices was performed to detect obvious
visible degradation and damage. Visual inspection was performed
before any testing was conducted to accurately record the condition
of the device including name plate information, condition of coils,
contacts, conductors, and wire insulation. Each device was also
checked for signs of overheating including odors, moisture
intrusion, foreign debris and loose connections and parts. The
visual inspection was performed with a pen light and approximately
10 times magnification,

Additionally, the protective relays were visually inspected
for foreign debris including metal filings and dirt on the
induction disk and drag magnet,.

Contact Resistance

The resistance of each contact and pole was measured by the
Kelvin method to determine their integrity. Excessive contact or
pole resistance indicated oxidation and / or contact wear,

Contact resistance was measured twice, in the as received
condition and after ISM methods of pick-up, drop out, inrush and
helding current to evaluate the effects of operation on the
resistance.

Coil Resistance
Coil resistance was measured on each relay at four different
times during the tests on aged devices. The four times were :

first, in the as received condition, at the start of the ISM
methods; second, after the relay had been energized for 2 hours;
third, after the coil had been allowed to cool to ambient after ISM
methods of pick-up, drop out, inrush and holding current; fourth,
after the relay had been energized for 2 hours, The coil
resistance was recorded at five second intervals for one minute.

The coil resistance was measured in this fashion to assess
differences in hot coil resistance caused by energization versus
ambient measurements and to evaluate the effect of repeated
operatiors which were performed in the course of performing the
other ISM operations. Information notice 84-20, and 1E Bulletin
84-02 had notified the nuclear industry that service life of all
relays in the energized state was shorter than when in a cycled or
de-energized application. Additionally, specific experience on GE
HFA auxiliary relays, Agastat Timing relays and GTE Sylvania
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control relays had showed that energized relays were experiencing
end-~of~-service~life failures at intervals short of the
manufacturer’s expected or specified service life. Generic le“ter
83-28 had requested licensees to maintain a program that includes
specifications on the qualification testing for expected safety
service conditions to support the life limits of life recoamended
by the suppliers of components in safety systems. 1IN 84-20 advised
that preventive maintenance programs should recognize the
application dependent (energized / de-energized) service life of
relays from all manufactu.ers and that it may be prudent to
increase the frequency of surveillance activities in systems where
the current surveillance interval is not small in comparison with
the life of relays used in those systems. It was stated that, as
an example, an 18 month surveillance interval for a component with
only a 4.5 year service life may not be appropriate. Thus the
measurement of coil resistance in hot and amhkient conditions and
changes over a one minute energization period would allow
calculations of coil heat rise and if resistances and heat rise
charge, could be indicative of approaching end of service lifu.

Magnetic Flux was performed by measuring the strength of the
magnetic field with a gaussmeter. Magnetic flux of the coil field
was measured to determine shifts in the field due to coil current
changes from shorted coil turns and magnetic core changes from
aging or obstruction such as a blocked armature. Magnetic field
1easurements were performed using a Bell 615 Gaussmeter with
connecting axial probe used to locate the area of highest flux.
This area was marked with a marker which identified the location
and orientation of the probe in order to locate the area in later

tests.

Pick-up Voltage

Pick-up voltage was determined by slowly applying voltage to
the device and recording the voltage at which the contacts change
state. The sequence of contact closure was also noted when

discernable.

Drop Out Voltage

Drop out voltage was ok*tained by slowly reducing the voltage
from nominal and recording the voltage at which the last contacts

changed state.



Vibration and Acoustic

In vibration testing, a vibration signature was obtained to
detect loose, worn or otherwise improperly operating mechanisms.
Vibration signatures were cbtained by mounting nine accelerometers,
on a device and its mounting surface. Figure 2-1 shows a typical
arrangement of the accelerometers. Vibration signatures were taken
during device changes of state in the tests on aged devices and
degradation tests. The accelerometers were mounted to the enclosure
door with studs and to the device with special adhesive coated
accelerometer mounting discs. The resulting vibration signatures
were captured on tape, transferred to a computer data base for
storage, analysis and trending. They were then analyzed in the time
domain and frequency domain.

The acoustic testing, was performed in conjunction with the
vibration testing. A microphone was utilized to obtain an acoustic
signature to detect loose, worn or otherwise improperly operating
mechanisms. The acoustic signature was <captured on tape,
transferred to a computer data base for storage, analysis and
trending.

Temperature and Infrared Meagsurements

Temperatures were measured using three different methods.
They were infrared pyrometry, infrared scanning and on-contact
temperature. Infrared Pyrometry consisted of obtaining temperature
measurements of a device using an infrared thermal pyrometer. A
hand held Raytek Ranger 1] was utilized. Infrared scanning was
performed with three systems from two manufacturers. AGEMA Infrared
Systems provided a Thermovision 870 and a 470 system., Inframetrics,
Inc, provided a Tuermal Imaging System Model 600. The infrared
scanners have the ability to produce infrared images as photcgraphs
and can also save the images into computer data bases for storage,
trending and analysis. Agema’s data was analyzed using AGEMA CATS
2.0 image analysis software. The temperatures at the accessible
surface of devices was measured with a Luxtron 755 Fluoroptic
Temperature Probe.

The infrared measuring instruments were approximately 24
inches from the device being measured. Temperature measurements
were recorded after the devices were energized for a period of one
hour and were obtained for several locations on all devices in each
of three views, as shown in Figure 2-2. The three views were normal
to the device, simulating the ability to take measurements at a
location approximately perpendicular to the normal mounting
location. Additionally, views of 45° to the right and left of the
normal view were taken. These were done to evaluate the changes in
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N e

view 2 (4% degrees 10 right of view 1)
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each visible terminal
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View 3 145 degrees 1o left of view 1)
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each visible terminal
hottest spot
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8. hottest spot from view 1
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Figure 2-2. Temperat.
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temperature visible fron different angles and thus the necessity
for more than one view to capture the important temperatures on
each type of device.

«mportant parameters of distance to the target and emissiv.ty,
the relative power of a surface to emit heat 'y radiation, were
recordeda. As shown in Figure 2-2, specific locatinns on eaclr device
were measured as well as the hottest spot in each view und the
hottest spot from the normal view. One of the locations was of a
known emissivity tape in order to evaluate emissivity effects,

sdditionally, eix more views of the auxiliary and protective
relaye ware taken., Temperatures were obtained in tlhiLee views on the
back of these devices, because these devices were mounted through
an enclosure panel. The front is visible outside the panel and the
back ic visible when ihe panel door is open, see Figure 2-3. The
auxiliary and protective relays had removeable covers. In order to
ascertain the necessity for cover removal when performing
temperature measurements, temperitures were also measured in three
views on these devices with the covers removed.

Inrush Current and Holding Current

inrush current was determined by the use of current probes and
oscilloscopes to measure the peak current through the ceil when the
coil was first energized. The holding current was obtained after
the inrush current transient using the same equipment. It
represented the steady state current in the energized coil.

Current Surge Comparisco

Current surge comparison testing was performed using a
modified Baker DW-8505 Advanced Impulse Winding Tester and a Baker
supplied current transformer. A high voltage, short duration
fmpuise designed to stress turn-to-turn insulation, was imposed
inte the winding under test and the voltage decay waveforn
generated by the windings in response to the impulse was displayed
on a CRT screen showing its Q-~factor and inductance. The waveform
from the inductor under test was superimposed upon the waveform
from a previously saved master waveform for comparison.

In order to verify that the surge tester could be used on
relays, samples were sent to Baker to test, Baker reported
information on testing relays. For instance, the GE IAC protective
relay was reported to have a coil with low turns count, heavy wire,
low resistance (40 milliohms) and low inductance (148
microhenries). The original waveforms showed that with the ring
capacitance in the DW-8505, the waveform damps out without one
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eycle ef ringing. To improve the waveform, the coil was tested
through &an impedance transformer resulting in a waveform which
rings for a couple of cycies., Most »f the ringing was due to the
transformer, however a comparison could be made between the two
signature patterns superimposed on a print.

lon detectlion

Ion detection was the detection of the presence of ionizing
gases by utilizing lonizatior smoke detectors mounted above each
specimen during the tests which required energization of the
specimens. Two styles of smoke detectors were utilized. They were
BRE model 83K, HRK Electronics, a division of Pittway Corporation
and Probe Model No., 101, BSouthwest laboratories, Inc. Any
outgassing caused by equipment aging or more rapid outiassing
caused by overheating of insulating naterials, would be detected
when air samwples are drawn across an lonization plate. After the
detectior of a threshold of icen particles, a transistor causes an
alarm,

Insulation Res stance

Insulation resistance was performed by appiying $00 VDC with a
General Radio Megohmmeter aind measuring the resistonce between
adjacent connections and connections to ground The resistance of
normally isoclated parts was measured to assure high insulating
characteristics,

Timing

Timing was performed on timing relays to detect changes in the
time delay characteristics, This was performed by applying a
voltage and recording the time delay before the contacts change
state.

Circuit Breaker Trip

Overcurrent trip tests for short and long time delay were
performed on metal clad circuit breakers. . The short time delay
overcurrent test, which tests the short time delay device, was
performed at 2500 amps, which was ten times the overcurrent
device’s coil rating. This device provided a time delay, usually
measured in a few cycles, which was normally used for ccordination
purposes. The leong time cdelay overcurrent test, which tests the
long time delay device, was performed at 300% of rating. This
measures the time duration that an overcurrent of this value cov'd
remain on the breaker prior to tripping. It had a characteristic
time delay measured in seconds to minutes and was normally used for
overload protection,

2=13
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Mechanical actuation of molded case and metal clad circuit
breakers was performed by manually and electrically operating the
Freaker to insure a clear, free operation in both the opening and
closing modes.

Molded case circuit breakers had the following specific
methods applied to them. Rated current hold-in tests were performed
at 100% and 135% of current rating. These tests checked that the
c¢ircuit breakers were capable of carrying the rated loads without
tripping for times up to several hours. An overcurrent test at 300%
of rating was performed to check the overload protection of the
circuit breaker. Instantaneocus trip tests were performed at 75% and
125% of the instantaneous rating. The 75% point verified that the
circuit breaker did not trip instantanecusly, characterized by a
typical trip time of greater than 0.1 seconds. At the 125% point,
the instantancous trip was verified when the trip time was less
than 0.1 seconds.

Molded case circuit breakers were also tested for 600%
overload. In the 600% overload, the breaker was closed on 600% of
rated current. Also, a dielectric test was performed with 2200 VAC
applied between poles, with the breaker open and closed and between
poles and ground. This was performed to verify the integrity of the
insulations and case, which may have been reduced due to aging or
degradation.

Protective Relay Measurements

Protective relays were additionally tested for zero check,
induction unit pick-up, ‘ime / current characteristic, target and
seal-in and instantanecus trip unit pick-up. The zero check
verified that the contacts close when the time dial was set at the
zero position f{or the GE devices and when the time dial was
uli?htly to the left of the zero position for the Westinghouse
devices. Induction unit pick-up verified the current required for
the induction contacts to operate., The time / current
characteristic was verified by monitoring the time for contact
closure when a test current was applied. The manufacturer’s
characteristic curves were compared to the resulting conditions.
This verified that the induction disk’s movement and rotaticn were
proportional to the applied current, The target and seal-in
functions were verified to deronstrate the current at which the
target picks up, and that the target was sealed in. The seal~in
function verified that the target unit did not drop out when the
current was removed from the induction unit. The instantaneous
trip unit pick-up verified that the instantanecus coil picks up at
a specitfied value of current and that the target or flag operates
properly.

2-14



The induction unit pickup current was measured by applying a
current source to the induction coil and monitoring the induction
contacts for closure, The minimum current required to clese the
erntacts was recorded as the induction unit pickup,

Time / Current Characteristic

The GE specimens have a "very inverse" time characteristic and
the Westinghouse specimens have "definite" time characteristic,
Timing of the induction wunit closure was measured by placing a
timer acioss the induction unit contacts, applying current to the
induction n~oil and monitoring the time required to close the
induction contacts, The time-current characteristics were measured
at 300%, 400% and 500% of tap value current for the GE specimens
and 300%, 500% and 1000% of tap value current for the Westinghouse
specimens,

Target and Seal-In

The DC Target and Seal-In Unit (GE relays) and Indicating
Contactor Switch Unit (Westinghouse relays) functions were verified
by using a DC supply. The typical acceptance criteria was 75% of
setting.

The instantaneous trip unit functions were verified by using
the 70 millisecond pulse mode of a Multi~Amp CB8160 Circuit Breaker
Test Set. The acceptance criteria for instantaneous pick~up was

+ 10%.

Electronic Relay

The electronic relay was additionally tested for its time /
current characteristic, The time / current characteristic was
verified by monitoring the time for contact closure when a test
current was applied. The manufacturer’s characteristic curves were
compared to the resulting conditions.

The tests on aged devices provided data which was compared by
age of device. This allowed assessment of the effectiveness of each
method by age. It also provided informaticn useful for service life
prediction which was discussed later in Section 5.
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2.2.3 Tests on Degraded Relays and Circuit Breakers

In the next series of tests, eleven of the specimens were
purposely degraded and the ISM methods performed after each
degradation. The purpoese of these degraded conditions tests was to
evaluate the effectiveness of the methed te detect and / or predict
the level of degradation. This also proviced some gquantifiable
parameters of the extent of degradation. The degradations chosen
for each relay and circuit breaker type were purposely severe, but
for the most part, did not cause total loss of operability of the
device. Thus, it was an attempt to simulate the worst state of
deterioration or degradation prior to failure to operate, The
degradations were chosen based on a review and evaluation of the
failure mode and mechanisms reported in phase I, specifled by the
nuclear and non=-nuclear utilities, manufacturers, and experiences
of the research team,

The degradation conditions were Blocked Armature, Contact
Damage, Contact to contact resistance, Dirt Accumulation, Increased
coil resistance, High potential test, Loose connections, Low
contact current, Overheated, Shorted coil turns and Lack of
lubrication. At least one of each type of relay and circuit breaker
was subjected to the degradation conditions. Only those degradation
conditions which were deemed applicable to the type of device weve
performed on a particular type of device, Table 2~4 summarizes the
degradetion conditions by device type and the following paragraphs
summarize each type of degradation,

The blocked armature degradation simulated loss of armature
movement due te changing tolerances or damaged parts. The armature
movement was restricted by adding an ohstruction to its movement,

The corntact damage degradation simulated the effects of

typical contact damage such as corrosion and pitting of contact

| surfaces and a contact which will not move when the relay is

operated. GSeparate contact sets were used to simulate these

conditions. Contact damage on the auxiliary, control, and

prutective relays consisted of three types of cuntact damage to

three independent contacts: soldering two contacts together, severe

pitting and burnishing contacts by removing the contact surface,

Two types of contact damage, soldering and pitting, were simulated

on the timing relay. For the electronic relay, contact damage was

| accomplished by indenting one of the contact surfaces on the
connecting plug.

The contact to contact resistance degradation simulated the
effects of a low resistance short hetween adjacent contact sets.

2=16
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The dirt accumulation degradation simulated the effects of
dust and dirt accumulation, A mixture of a 1light weight non-
conducting oil and fine dust particles and water were sprayed into
the devices to simulate a condition of neglect and obvious lack of
housekeeping.

The increased coil resistance degradation simulated the
effects of a weakening coil conductor over time. Coil resistance
v 1\ increased by p. ing a low resistance in series with the coil.
The resistance values used were : 200 ohms for the CE auxiliary
relay, 2 ohms for the Westinghouse Auxiliary relay, 20 ohmg for the
control relay, and 10 ohms for the ti =7 relay.

The high potential degradation simulated the «ffects of
application of high potential voltages. A voltage of 2200 VAC was
applied to the devices for a period of 10 minutes.

The loose connections degradation simulated the effects ¢
vibration and cycling to loosen critical connections. All screws,
nuts, and bolts were loosened on the devices to the point where
they were easily turned by hand, This was usually one~guarter teo
two full turns. The connections were then selectively tightened
until critical connections were ldentified.

The low contact current degradation simulated the effects of
lower than rated current loads on contacts which are rated for much
higher duty. Failures of relays have been described in NRC
information notice 88-98, when lower than rated currents were the
normal operating load for certain types of relays, especially thase
with silver contacts. In order to simulate this condition, all
contacts were loaded to %-10 mA for 6 hours.

The overheatad degradation simulated the effects of a device
being overheated. Overheating has occurred froin self heating in a
device as well as due to its proximity to some other heat source
such as a transformer or high wattage resistance. The devices were
overheated oxtornalli in this simulation until obvious effects were
visible such as melting or deformation.

The shorted coil turns degradation simulated the effects of
adjacent coil turns being shorted together. This was accomplished
by cutting into the coil and snldering the windings in the area of
the cut.

The lack of lubrication degradation simulated the cffects of
dormancy on metal clad circuit breakers. The research team’s
experience has been that most causes of failure toc operate properly
have been caused by lubrication becoming hard, no lubrication

2=17
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Table 2-4. Degradation Conditions on Relays and Clircuit Breakers

Device Type
Pegradat.en Condition AUX CONT ELEC PROT TMNG MLDCS MTILLD
Blocked Armature Yes Yes Yes
Contact Damage Yes Yes Yes Yes Yes
Contact to contact resistance Yes
Dirt Accumulation Yes Yes Yes Yes Yes Yes
Increased coil resistance Yes Yes Yes
High potential test Yes Yes Yes Yes Yes Yes
loose connections Yes Yes Yes Yes Yes Yes Yes
Low contact current Yes Yes Yes
Overheated Yes Yes Yer Yes Yes Yes
Shcrted coil turns Yes Yes Yes
Lack of lubrication Yes
Legend:
AUX ¢ Auxiliary Relay TMNG : Timing Relay
CONT: Control Relay MLDCS: Molded Case Circuit Breaker
ELEC: Electronic Relay MTLCD: Metal Clad Circuit Breaker

PROT: Protective Relay

coating critical surfaces and the device not being operated for
long perioas ot time, six months or greater. This degradation was
sinmulated by removing the existing lubricant.

In both the tests on aged devices aid the degradation
conditions tests, the normal installation and orientation were
simulated. For instance, some relays, such as the auxiliary relays,
are normally mounted through the doors of panels and supported by
bezels attached to the panel. The test specimenc were mounted this
way for these tests. The ISM methods were also performed with some
additional variations in order to account for limitations and
variations which would occur in actual plant conditions. An example
of this was measuring temperatures with infrared instruments.
Infrared pyrometers and infrared scanners were used and readings
taken at angles normal to the device and at forty-five degree
anqlo: to determine the effectiveness and necessity for more than
one view.

The common degraded conditions were contact damage, dirt
accumulation, loose connections, overheated and high potential
tast.






operations staff at both facilities were extremely knowledgeable
and helpful.

During the in-situ efforts, the research team performed the

following:

0

Witnessed plant maintenance personnel performing routine
plant maintenance on relays and circuit breakers,

Copies of procedures were obtained,

Results of plant maintenance tests were reviewed,
Engineering and maintenance personnel were interviewed,
Non=intrusive ISM methods of infrared pyrometry, infrared

scanning and vibration testing were demonstrated to the
plant personnel.

The in-situ efforts provided valuable insight into the routine
relay and circuit breaker inspections, surveillances and monitoring
methods currently in use, identification of the practicability of
methods which had proven effective in the age and degradatiun tests
and was helpful in evaluating the cost / benefit of the methods.
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3. EVALUATION OF TESTS ON AGED DEVICES

The I1SM methods were performed on thirty-nine relays and
circuit breakers, which were obtained from a variety of sources.
NPAR contractors, Battelle-Pacific Northwest Laboratory and
Brookhaven National Laboratory, provided specimens which they had
obtained as part of other NPAR efforts. Nuclear and non-nuclear
facilities and manufacturers were contacted and specimeins were
obtained frow many sources including Champion Paper Mill and
Huntsville Utilities. Additionally, the Electric Power Research
Institute and NUMARC solicited the U.S. nuclear power plants in an
effort to ol ain specimens. The result was that specimens were
obtained fron several nuclear power plants such as Diablo Canyon,
Peach Bottom and Shippingport.

The tests on aged devices allowed comparisons of the ISM
methods based on age of the relays and circuit breakers tested.
Correlations among methods were noted when applicakle. The results
of performing the ISM methods on each of the relays and circuit
breakers ar. ‘escribed below:

3.1 Protective Relays

Five protective relays were evaluated. Three of the specimens
were Ceneral Electric, Model 12IACS53B101A which were 10, 13, and 24
years old. Two of the protective relays were Westinghouse, Mcdel
CO which were 3C years old.

The most significant findings on the protective relays were :
o Oxidation was fcund on contact surfaces,

o Discolorations and slight odor of overheating were noted
on the Westinghouse devices,

o Evidence that last calibration interval was in 1985 for
the GE devices,

o Differences of induction unit pickup current were
significant and increased with age. This method was
performed four years since the last calibration in 1985
and shows that a calibration interval of 4 years was not
adeguate to assure typical accuracy,

o Significant variation in the time/ current characteristic
was noted in the Westinghouse CO protective relay,

L |




——— - e e e - e a— —— ———

o Results of instantaneocus trip unit pick-up current were
affected by the procedure and test egquipment used,

o Increased temperatures with age, observable with the
cover off, were noted with infrared pyrometry, infrared
scanning and the on-contact method,

The five specimens used were single phase, non-directional,
time overcurrent devices. The basic operating mechanism of the
devices consisted of a magnetic-core operating coil, an induction
disk and a damping magnet which combined to produce a time versus
current characteristic. Overcurrent relays are AC current sensing
devices which are used for phase and ground overcurrent protection.

Nineteen 1SM methods were evaluated on the protective relays.
The methods included visual inspection, contact resistance, coil
resistance, magnetic flux, insulation resistance, zero check,
induction unit pick-up, time/current characteristics, target seal-
in, instantaneous trip, infrared pyrometry, infrared scanning, on-
contact tomperature, current surge comparison, inrush current,
operating current, vibration testing, acoustic testing and ion
detection.

The rellowing results were obtained for the protective relays
in the condition in which they were received for this phase 11
effort.

Visual Inspection

A GE Type IACS53 and a Westinghouse Model CO protective relay
are shown in Figure 3~1.

All three GE specimens had calibration tags which indicated
that they we ‘e last calibrated on November 21, 1985, Calibration
was due November, 1986. The 24 year relay was extremely clean and
apreared to have seen little service.

The moving contacts of the seal~in and instantaneous unit were
open and operated freely on all specimens. The instantaneous and
seal-in contact surfaces of the 10 year and 24 year specimens were
slightly worn. The metal surfaces on the connecting plug of all
three specimens exhibited brown discoloration. The connecting plug
of the 24 year specimen had three connections that were highly
discolored with areas of brown and blue. The auxilia' y brushes
inside the case of all three specimens were discolored similarly to
the connecting plug metal surfaces. The metal brushes on the

connecting block undernecath each of the relays were highly
oxidized.
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The induction disk, instantaneous and seal-in contacts, which
were silver or silver alloy, of the 10 year specimen showed no
signs of unusual wear or contact pitting. However, the contacts on
the 13 year and 24 year specimens were lightly discolored and worn.
The insulation of tap lead wires 4 & 5 on the 10 year specimen were
discolored and appeared overheated. The 13 year and 24 year
specimens showed no evidence of tap or coil lead wire insulation
damage. The coil and drag magnets of each specimen were checked
for debris and metal filings. The coil magnet of the 10 year and
13 year specimens were lightly coverscd with metal filings. The
coil magnet of the 24 year specimen was clean. The drag magnet on
all three specimens had a slight amount of metal filings attached
to its surface. Each specimen was checked for evidence of loose
connections or parts and none were found.

The Westinghouse relays had three operational units: the
Induction Disc Overcurrent Unit (C0), Indicating Contactor Switch
Unit (ICS) and the Indicating Instantaneous Trip Unit (IIT). Due
to the age of these relays, 30 years, manufacturer information,
other than what was printed on the nameplate, including the time=-
current characteristics were not available.

The moving contacts of the ICS and 1IT unit were open and
operated freely on both specimens. The knife switches were dust
and oil covered and discolored around the hinges on both specimens.
The inside case of specimen 1 was covered with a light amount of
dust and had a fainc burnt odor. The induction disk, instantaneous
and ICS contacts, which were silver or silver alloy, of both
specimens showed signs ¢f wear including oxidation and slight
pitting. Wire insulation on the tap and coil leads showed signs of
wear including discoloration and an odor of overheating on both
specimens.

No foreign material or metal debris was observed on the drag
magnet, coil magnet or induction disk. There were no signs of
moisture present in the relay or other environmental contaminants,

Coil and Contact Resistance

Coil resistance is plotted against specimen age in Figure 3-2.
The 10, 13 and 24 year specimens had resistances of 49.8, 65.5 and
0.9 milliohms respectively. The 13 year specimen had the highest
resistance value and may have been a contributing factor to the
significant percent change in induction unit pick-up, noted later.
The Westinghouse specimens even though the same age, had

3~-4



resistance values of 293 and 145 milliohms respectively. These
values differed significantly and as did the results obtained in
the 18M methods: Induction Unit Pick=up, Time/Current
Characteristic, and Magnetic Flux.

The significance of the coil resistance method was that a
trend towairds increased resistance is evident with age between the
10 and 13 year old GE specimens. The reason for the lower
resistance in the 24 year specimen may have been its cleanliness
which suggested that it had seen little service. The Westinghouse
relays, being older showed very different coil resistance values,
suggesting a trend towards increased variability with age.

The contact resistance was measured from the two stud
terminais extending out from the back of the relay case with the
time dial set to zero so that the induction disk contacts made
contact. The studs were connected to several contact points by
pressure, soldering, screw connections and the actual contact set,
A total of seven series resistances were actually represented by
the contact resistance measurement. Oxidation, loose connections,
deterioration of wire insuletion, contact pressure and contact
damage significantly affect the values obtained. The contact
resistance values of the GE 10, 13 and 24 year specimens were 592,
1000 and 1500 milliohms respectively.

The contact resistance exhibited a definite trend with age.
Figure 3~3 shews this increase in resistance with age and the
relative difference in magnitude when compared to the Westinghouse
specimens. The high resistance values obtained with the 13 and 24
year specimens may have been due to the high oxidation observed on
the stationary contacts and on the metal surfaces of the contact
blocks. The higher contact resistance values obtained with the GE
specimens may also have contributed to the slight variation shown
in the time/current characteristic, discussed later. The
Westinghouse specimens had resistance values of 551 and 649
milliohms respectively. The resistance difference, 98 milliohms,
between the two specimens may have been a contributing factor to
the large variance in timing ranges obtained in time/current
characteristic.

Magnetic Flux

The magnetic flux of the GE specimens was measured at 300, 400
and 500% of tap setting current and the Westinghouse specimens were
measured at 300, 500 and 1000% of tap setting current. The
magnetic flux readings are shown in Figure 3-4. The magnetic field
differences did not appear significant. No trend with age and no
correlation with significant results of other ISM methods were

found.
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Insulation Resistance

1he GE specimens a)l had insulation resistance between 1.0 E10
ohms and 2.0 E10 ohms. The Westinghouse specimens had insulation
resistance between 1.0 E8 and 1.0 E9 ohms. Insulation resistance
differences were not significant, No trend with age and no
correlation with significant results of other IS8M methods were
found.

Zero Check

The contacts of all GE specimens indicated continuity at the
zero mark.

According to the manufacturer, Westinghouse protective relays
should indicate continuity when the index mark is approximately
0.020 inches to the right of the "“0" mark. Contacts of both
specimens indicated continuity at approximately zero. The index
mark was located slightly to the right of the zero mark. The offset
was not easily discirnible due to the location of the zero mark and
time dial pointer.

The differences in zero check were not significant. No trend
with age and no correlation with significant results of other 18M
methods were found.

Induction Unit Pickup

Since the relays were from different manufactures and were not
of the same mode¢l type, the percent change between the tap setting
of the unit and the induction unit pickup curreri was calculated
and compared along with the typical + 5% acceptance criteria,
Figure 3-5. Three of the five specimens were outside of the
typical acceptance criteria. The 24 year GE and one of the 30 year
Westinghouse specimens had a percent change of zero. The reason
for the 24 year GE being in specification, when last calibrated at
the same time as the other GE specimens, as noted on the
calibration tag, may be due to its cleanliness and suggestion that
it had seen little use.

Time / Current Characteristic

The time-current characteristics were measured at 300%,
400% and 500% of tap value current for the GE specimens and 300%,
500% and 1000% of tap value current for the Westinghouse specimens.
Figure 3-6 shows the time range for contact closure for the range
of values measured. The timing ranges for the GE 10 year, 13 year
and 24 year were 3.2-1.4, 2.9-1.3 and 2.8-1.2 seconds respectively.
The times obtained for the GE specimens were compared to the

3=7
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manufactures time/current characteristic curves and were all found
to be within the specifications. Although the change was very
slight, a 0.1 to 0.2 second decrease in time occurred with the
increasing age of each device. This appears to be correlated with
the increase in contact resistance with age, observed in the
contact resistance method.

The timing ranges for the Westinghouse specimens were 27.8-43
and 17.%«24.7 seconds. No time/current characteristic curves were
available for the Westinghouse specimens , however, the name plate
states that the relay is a definite time 40 seconds which would
indicate that the time should not vary much from 40 seconds. Time
variation for the Westinghouse specimens was considerable and the
ranges do not overlap., Typical timing acceptance is 4 5% and both
were significantly out of this typical requirement. The specimen
which was further from this acceptance criteria had the lower coil
resistance, the higher contact resistance, the lesser variation in
magnetic field and was out of typlcal acceptance for induction unit
pick=-up, thus suggesting a correlation among these methods.

Although the GZ protective relays showed little change in the
time/current characteristic, the Westinghouse specimens varied
significantly. This mothod was performed four years since the last
calibration in 1985 for the GE specimens and shows that a
calibration interval of 4 years was adequate for the GE protective
relay.

Target and Seal-In

The GE specimens had the tap set at 2.0 amps, which set the
maximum pick-up value of current, The pick~-up values, Figure 3-7,
obtained for the GE 10 year, 13 year and 24 year specimens were
within specification at 1.82, 1.87 and 1.7 amps respectively.

The Westinghouse specimens did not have a tap adjustment for
the ICS unit. However, they did have a current rating on the
nameplate of 1.0 amp for Indicating Coil and 2.0 amps for Contactor
Switch. The pick-up values for the Westinghouse specimens were
within typical acceptance at 1.01 and 0.9 amps.

The target flags for all five specimens functioned properly.
The seal~in function was checked by applying the tap setting
current (contactor switch current for the Westinghouse specimen)
which war 2.0 amps for all five specimens, and removing the power
from the Induction unit. All five specimens remained sealed-in.
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The differences in target and seal~in were not significant, No
trend with age and no correlation with significant results of other

I8M methods were found.

Instantaneous Trip Unit

The instantaneous pick-up setting of the GE specimens was 40
amperes and the induction unit tap setting was moved per the
manufactures recommendation to the highest tap setting of 16. The
instantaneous pick-up setting on the Westinghouse specimens was 80
amperes and the tap setting was moved to the highest setting of 6.

The instantaneous pickup current for the GE 10 year, 13 year
and 24 year specimens were within specification at 40, 43 and 42
amps respectively, Figure 3-8, at the highest tap setting. The
target indicators functioned properly on all three GE specimens.

The instantaneous pickup current for the GE 10 year specimen
was tested at the lowest tap setting with the same test equipment.
It was out of specification at 92 amps. It was then tested with a
Multi-Amp, SR-51-4 Protective Relay Test Set. The specimen picked-
up at 36 amps and 3.5 volts, while at the lowest tap setting.

It was concluded that the anomaly was the result of increased
impedance of the relay when set at the lowest tap setting and
inadequate voltage being supplied because of the voltage limiting
characteristics of the test equipment., Thus tha impedance of the
GE instantaneous unit circuit at the lowest tap setting was too
high to be driven by the test equipment.

The instantaneous pick-up for the Westinghouse specimens were
within specification at 80 and 82 amps. The indicating target flag
did not function for either specimen. The target flag colls were
in series with the instantaneous unit through a series of
connections in the relay. The target flag coil was isolated and
verified to be operational when disconnected from the remainder of
the circuit. This indicated that the impedance of the Westinghouse
instantaneous unit circuit and target coil was too high to be
driven by the test egquipment.

The instantaneous trip unit pick up current method was
significant. For both manufacturers, the results of the method
were effected by the procedure and test equipment used. Increased
irpedances in both devices were correlated with increased coil and
contact resistances, which had been shown to be correlated with

age.
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Inrush _and Operating Current

In order to compare the Westinghouse and General Electric
relays, the ratio of operating current divided by the inrush
current was calculated and compared. The current ratios were all
close to 1 indicating wvery little deviation between inrush and
operating current,

The differences in inrush anc erating current were not
gignificant, No trend with age and no c.rrelation with significant
res'*=~ of other I8M methods were found.

Vi, _ .aon Testing and Acoustic Testing

Vibration signatures were obtained during the timing tests and
inrush current tests. The GE relays were characterized by very low
level signatures. The signatures were repeatable and differences
were noted among the different aged specimens. However, the low
levels of the signatures makes interpretation of the differences
difficult,

The vibration signatures on the Westinghouse relavs were
different from the GE signatures and almost ten times higher in
magnitude. The Westinghouse vibration signatures were
characterized by a sharp peak at approximately 360 Hz, but there
was no significant difference in the two 30 year old specimens.

The acoustic signatures were repeatable and minor differences
noted,

Vibration and acousiiic signatures of aged specimens were
different. The significance of these differences, considering the
low levels of the signatures was indeterminate.

Ion detection

The detector only alarmed once. This happened when an
overcurrent was inadvertently applied to one of the sample relays,
A cloud of smoke formed on the inside of the relay case and shortly
after, the smoke alarm located on the inside top of the enclosure
al:ru.d. Both overheated relay insulation and test leads were
evident,

The lack of ion detector alarm indicates that no concentrated
ionization particles were outgassed from the specimens due to age.
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3.2 Control Relays

Seven control relays representing three manufacturers were
evaluated. The¢ three manufactures and styles of relays were common
satety-realated control relays. They were Klockner-Moeller
DILOOLb22, Struthers Dunn 219 and Westinghouse ARDAT, Figures 3-15
through 3-17.

The most significant findings on the control relays were :

o Some increase in contact resistance was noted with age on
the 8D219 rolays, however this did vot seem to effect
operation except for an initially open circuit indication
oy ¢ne contact,

o Pick-up voltage increased after energization on five out
of seven relays, which is signiticart because the pick-up
voltage on the cldest relay is approaching the acceptance
criteria after energization,

o Infrares I;rometry showed a poor connection which was
30°F hotter on cne DIL relay, this connection showed up
as a problem since the pyrometry tests were performed
with the relay operating at rated current conditions and
did not show up in the contact resistance tests, which
are run at sigrificantly less current,

[} Infrared scanning showed the maximum temperature to be
slightly hotter than pyrometry in six out of seven
relays, probably due to its ability to better define the
hottest spot,

o The maximum temperature for the DIL relays, from On-
contact measurement: was approximately 60°F higher than
the scanner, because the hottest spots were accessible
for the On-contact probe,

(o} The maximum temperature for the ARD4AT relays, from On-
contact measurcments was appruximately 20°F less than the
scanner, because the hottest spots were located at the
enceosulated coil, for which there was no specific
loc~*ion point for the On-contact probe,

© Current Surge ccmparison was shown to be difficult for
the ARD4T relays because of their high resistance and
high impedance,

Sixteen 18M techniques were evaluated on the control relays.
They were visual inspection, contact resistance, coil resistance,
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macnetic flux, insulation resistance, pick-up voltage, drop out
voltage, inrush current, holding current, infrared pyrometry,
infrared scanning, on=contact tenperature, current surge
comparison, vibration testing, acoustic testing and ion detection.

The following results were obtained from tne relays in the
condition in which they were received for this Fhase I1 effort.

Visual Inspection

The Klockner-Moeller DILOOLb22 control relays had no cover and
the contacts and coil were easily accessible for close inspection.
"he Klockner-Moeller control relay had four contact sets, two N.O.
ana twoc N.C., which were rated to carry 20 amps continuocusly at
600VAC / 250VDC, The coil was rated for 120 VAC / 60Hz. Both
specimens were approximately six years old and did not appear to
have been in service. No problems were visible on either one. The
contacte on both gpecimens showed no sign of pitting ox unusual
wear and neither specimen exhibited any sign of armature binding.
The coil and coil lead wires showed no insulation damage and no
unusual smell.

The Struthers Dunn c~ontrol relay was covered by a
polycarbonate cover that was connected to the relay with screws.
This made close inspection of the contacts and internal parts
difficult. It was inspected with the cover on. The Struthers Dunn
219 specimens contained 8 individual contact sets, 4 pairs of "FORM
c" gold-plated contacts, 4PDT. The contacts were rated for 30 amps
make and 10 amps continuous currenc. These relays had 24 VDC coils
with a manufacturer’s stated nominal cold resistance of 250 ohms.
There were three Struthers Dunn control relays evaluated. They were
reported to be 2, 12 and 12 years old, respectively. The contacts
of the Struthers Dunn 219 were in good condition. Non2 had contact
pitting or wear. The history of the 12 year specimens were that
both had seen significant heat in testing prior to the Phase IT
research. The copper fingers, on which the contacts are fixed,
were discolored on both the 12 year old specimens. The insulated
wires on all specimens were in good condition. The armatures were
in geod condition except for one of the 12 year specimens, which
had slight discoloration.

The Westinghouse ARDAT control relay had a 240 VDC rated coil
with four sets of N.O. contacts which were rated at 10 amps
continuc:s current at 600VAC, The two specimens were both
approximately six years old and apparently had never been in
service. The contacts and coil were not visible on this model. No
problems were evident from the visual inspection.
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The visual inspection on control relays showed that no obvious
problens existed and all appeared to be in good condition.

Contact and coil resistance

The contact resistance was measured in the as received
condition for each specimen anl after testing the other 1ISM
methods. The lowest to highest resistances measured for the
contact sets of each relay were summarized in Figure 3-18 for the
as received initial condition and in Figure 3-19 for the post test
condition. The contact resistance of the 8SD219 relays increased
with specimen age. The initial contact resistance cof the two year
old specimen ranged from a low on one contact set of 5.9% milliohms
te a high on another contact set of 25.2 williohms. Contact
resistance for one 12 year old specimen ranged from a low on one
contact set of 11 milliohms to an open circuit on another contact
set. The open circuit was reduced to 15 milliohms after relay
operation. The contact resistance of the other 12 year specimen
ranged from a low on one contact set of 7.3 milliochms to a high of
71.3 milliohms.

With the exception of the initial open circuit, contact
resistance in general varied more from contact to contact after
testing. The trend still was increased resistance with age.

Coil resistance was measured on each control relay at four
different times during the tests on aged devices. The four times
were first, in the as received zondition, at the start of the ISM
methods; second, after the relay had been energiced for 2 hcurs;
third, after *he coil had been allowed to cool to ambient after ISM
methods of pick-up, drop out, inrush and holding current; fourth,
after the relay had beer energized for 2 hours. Each time the coil
resistance was measured, it was monitored for one minvte and the
resistance recordeu at five seconds intervals.

The coil resistance for each of the control relays remained
stable cduring all measurements, Figure 3-20.

Contact resistance was found to have increased with age on the
D219 and to have varied more after testing and did not cause
problems exhibited in any of the other ISM methods. Coil resistance
did not exhibit a trend with age.

Magnetic Flux

The control relay specimens were measured at 80%, 100%, and
110% of rated coil voltage and were plotted in Figure 3-21 showing
the wvalue at 80% voltage at the bottom and the value at 110%
voltage at the top of each band. The magnetic rlux on the
Struthers-Dunn relays exhibited a slight increase with age and the
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ARD4 relays differed from each other although they were the same
age. The differences in magnetic flux were not significant and no
correlation with significant results of other ISM methods were

found.

Insulation Resistance

The insulation resirtance values of adiacent contacts and
contact to ground all exceeded ' EB ohms., Insulation resistance
differences were not significant., No trend with age and no
correlation with significant results of other 1SM methods were

found.

Lick-up and Drop-out. Voltage

The pick-up voltages for t%»e control relays were taken three
times when the relay was at ambient conditions in the as received
condition and three more times ufter it had been energized for 2
hours. Figures 3-22, 3-23 and 3-24 show the pick-up voltage for the
§D219, DIL and ARD4T, raespectively. All pick-up voltages were
within the manufocturers acceptance criteria. Pick-up voltage
increasnd after the relay was energized in five out of seven
instances. One twelve year 8D219 was most affected by the
energization and was approaching the acceptance criteris. During
pick-up, contact sequence was monitored to determine ary deviation
from simultaneous operation. Therc was no discernable coutact
cleosure pattern on pick-up for any of the control relays.

The drop out voltages were within specification for all
contrel relays.

The significant result for pick-up voltage was the trend
towards increased pick-up voltage requirements after energization
with age.

For drop out voltage, no trend with age and no correlation
with significant results of other ISM methods were found.

Inrush and Holding Current

Inrush current exceeds the holding current in the AC relays,
DIL, and was the same in the DC relays. Inrush current differences
were not significant, No trend with age and no correlation with
significant results of other ISM methods were found.

Holding current differences were not significant. No trend
with age and no correlation with significant results of other ISM
rmethods were found except for infrared pyrometry which showed that
the relays were cooler when the holding current was less.
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Current Surge Comparison

The ARDAT DIL showed no differences in Surge comparison
waveforms. The SD219 relavs showed a difference between the 2 year
specimen and the 12 year specimens. A small ringing was evident in
the waveform for the 12 year specimens, but was not evidenced on
the 2 year specimen.

Initial testing o©i the ARD4T by Baker Instrument C mpany
showed that it was difficult to test because it had a high
resistance and high impedance. Surge comparison waveforms on the
coil were improved when the top and bottom core pieces were
removed. This method would require disassembly on this type of
control relay. They were tested in this effort in their assembled
state.

The variations in waveforms between the 2 year and 12 year
$D219 relays were most likely caused by changes in the magnetic
circuit of each specimen which may be due to aging of the coil
insulation and may indicate some turn to turn shorting, but could
be due to differences in the manufacturing process. The current
surge comparison on control relays may indicate a trend with age.

Vibration Testing and Acoustic Tesiing

Vibration signatures were obtained during the pick-up tests.
The ARD4Y relays were characterized by very low level signatures.
The signatures were repeatable and differences were noted among tho
difterent aged specimens. The low levels of the signatures makes
interpretation of the differences difticult.

The vibration signatures on the SD219 relays were different
from the ARDAT signatures and almost five times higher in
magnitude.

The DIL relays had unique vibration signatures with a
characteristic peak at approximately 104 Hz.
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The acoustic signatures were low and difficult to ascertain
differences for the ARD4T. Both the 8D219 and DIL relays had higher
and more repeatable signatures.

Vibration and acoustic signatures of aged specimens were
different. 8ince each relay operated properly, the significance of
these differences was indeterminate, based solely on the tests of
aged control relays.

Ion detection

An ionization smoke detector was mounted above each specimen
during the above tests which required energization of the
specimens. The detector never alarmed.

The lack of ion detector alarm indicates that nc concencrated
ionization particles were outgassed from the specimens due tc age.

3.3 Electronic Relay

One electronic relay was evaluated in Phase II. It was a
microprocessor based device which could monitor the magnitude of
three~phase-and~neutral ac current providing time overcurrent and
instantaneous overcurrent protection for 50 Hz or 60 Hz power
systems. The srocimen was a new Basler Electric BE1-51 electronic
relay. Aged electronic relays were not available. Thus, no age
romparisons were possible. The ISM methods were performed and were
vompared later to the degraded tests on the electronic relay.

Twelve ISM methods were evalua. 4 on the electronic relay.
The methods include visual inspection, contact resistance, coil
resistance, overcurrent sensing pickup, time / current
characteristic, inst. .taneous overcurrent, infrared pyrometry,
infrared scanning, on-contact temperature, vibration testing,
acoustic testing and ion detection.

The following results were obtained from the relay in the

condition in which it was received from Basler Electric for this
phase II effort:
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Visual Inspection

The new electronic relay was found to be undamaged and in
ciean condition, Figure 3-28. The relay cover and two cennecting
plugs were removed and the relay slid out of the case for
inspection. The connecting plugs were secure in their peositions
and required some effort to remove. The main and auxiliary brushes
inside the case and metal surfaces of the connecting plugs and
relay contact block showed no signs of discoloration or damage.
The target indicator reset lever was manurlly operated and
functioned properly. The relay power requirement was 125 VDC and
had a current sensing input range of 0.75 to 4.0 amperes for phase
and neutral sensing elements. The relay had 16 different switch
selectable time overcurrent functions and a two thumbwheel switch
time dlal with 100 possible selections ranging from 00 to 99. The
name plate was unscrewed and the seleqgtor position was noted to be
set on zero which corresponds to the I“T characteristic curve. The
electronic components within the relay were mounted to PC boards
including a mother board, analog board, logic board, power supply
board and magnetics assembly.

All of the boards and electrical connections were new and in
good condition. No loos® parts, foreign materials or environmental
contaminants were present inside of the relay.

Contact and Coil Resistance

“he electronic relay o ntained three sets of contacts
designated as time, instantaneous 1 (INST 1), and auxiliary. The
electronic relay also contained four independernt overcurrent
sensing elements or coils designated as A, B, C and N, Each
element was identified on the front of the relay with a circular
target indicator which rotates 180° when the corresponding sensing
output was energized by an overcurrent condition.
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Overcurrent Senging Pickup

The overcurrent sensing pickup current was measured by
individually applying current to each sen~ing element and observing
the pickup indicated by the illumination of the corresponding LED
located on the front face of the relay. Once the LED was lit, the
relay timed out with closure of the time and auxiliary contact.
The current of each sensing element was 0.75 amps which was the tap
setting. The acceptance criteria was * 2% of the setting.

7§ o ¢ ) Sariss

The accuracy of the time overcurrent characteristic delay for
the electronic relay was checked by applying current to the
overcurrent sensing elements and monitoring the time required to
close the time and ccrresponding auxiliary contact. The time /
current characteristics were recorded at 300%, 500% and 700% of tap
setting. The time for contact flosure was compared to the time /
current characteristic curve I“T for each setting and were all
within specification.

Instantaneous Overcurrent

The instantaneous overcurrent pickup of the electronic relay
was measured using the 70 millisecond pulse mode of the Multi-Amp
CB8160 Circuit Breaker Test Set. Current was applied in pulses to
each sensing element and gradually increased uatil the INST 1 and
corresponding sensing element indicated the instantaneous
overcurrent pickup. The pick-up ranged from 47 to 51 amps for the
four sensing elements.

Infrared Pyrometry and Scanning

The hottest spot using pyrometry was 88 °F, from the front 90°
view with the cover off. Ambient temperature was 78°F. The hottest
spot using scanning was 91 OF from the front left 45° view with the
cover off.
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Vibration and Acoustic Testing

Vibration and acoustic signatures were obtained only in the
degraded tests on the electronic relay.

~n ionization smoke detector was mounted above the electronic
iiey specimen during above tests which required energization., It
never alarmed during any of the tests.

2.4 puxiliary Relays

fix auxiliary relays were evaluated in Phase II. Three of the
specimens were DC armature type General Electric 12HFAS1 which were
new, 4, and 18 years old. Three of the auxiliary relays were AC
armature type Westinghouse MG-6 one of which was new and two were
27 years old.

The most significant findings on tuhe auxiliary relays were:

o Pick-up voltage on two of the HFA relays, 4 year and 18
year specimens exceeds the acceptance criteria,

o Pick-up voltage on the HFA relays increased after
energization,
] The maximum temperature, observed with the covers off,

increased with age of the relay,

o Infrared ucanning located a hot spot on the back of an
HF\ relay which was 100°F hotter than those obtained with
pyrometry or on-contact measurements,

o Significant vibration signature differences were noted
among the HFA relays.
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Sixteen ISM methods were evaluated on the auxiliary relays.
The methods included visual inspection, contact resistance, coil
resistance, magnetic flux, insulation resistance, pick-up voltage,
drop out voltage, inrush current, holding current infrared
pyrometry, infrared scanning, on-contact temperature, current surge
comparison, vibration testing, acoustic testing and ion detection,

The following results were cbtained for the auxiliary relays
in the condition in which they were received for this phase 11
effort:

Visual Inspection

The basic operating mechanism of the devices consisted of an
eleccromagnetic operating coil, a magnetic core, a cnntrol spring
and a contact carrier attached to an armature assembly.
Energization of the coil created a magnetic field at the coil end
of the magnetic core, which overcame the control spring force and
pulled in the armature assembly towards the coil pole of the
magnetic core. Normally open moving contacts mounted to the
armature assembly were drawn intc the closed position by the
armature movement.

The three GE 12HFAS1 auxiliary relay specimens are show. in
Figure 3-29,. The two 27 year old Westinghouse MG-6 auxiliary
relays are shown in Figure 3-30.

The GE auxiliary relays had a phenolic case and removable
cover with a glass plate. The relay name plate and moving contacts
were visible. The relays had six stationary contacts mounted to
the phenclic case and six moving contacts mounted to the armature
assembly. The new relay was clean and appeared to have seen little
service. The moving contacts were open and operated freely on all
specimens. The contact surfaces of the 4 year and 18 year
specimens were slightly worn. The contact surfaces of the 18 year
specimen were slightly discolored and small deposits of dust were
present inside the relay case. Each specimen was checked for
evidence of loose connections or parts and none were found. The
new and 4 year HFA relay had Markel Flexite PVC tubing on each of
the back connection terminals.

The coil bobbins were inspected. The new and 4 year HFA relay
had tan Tefzel bobbins with "T" painted on the top. The 18 year
HFA had 2 clear Lexan bobbin with a triangle painted on the top.
The coil windings were visible through the clear Lexan and had no
cbvious problens. The 18 year HFA would have had a nylon
bobbin(milky white) at the time of manufacture (per General
Electric) and had obviously been changed with the Tefzel, which had
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The coil resistance for each of the auxiliary relays remained
stable during all measurements.

Contact resistance was found to have increased with age on the
auxiliary relays, to have varied more after testing but did not
cause problems exhibited in any of the other ISM methods. Coil
resistance did not exhibit a trend with age.

Magnetic Flux

The magnetic flux of the relay specimens were measured at B0O%,
100%, and 110% of rated coil voltage and were plotted in Figure 3~
34 showing the value at 80% voltage at the bottom and the value at
110% voltage at the top of each band. Since the new Westinghouse
MG-6 relay did not have a cover, the gaussmeter probe was closer to

@ coil. This resulted in higher magnetic flux values.

The differences in magnetic flux were not significant and no

correlation with significant results of other ISM methods were
found.

Insulation resistance

Insulation resistance values of adjacent contacts and contact
to ground all exceeded 2.8 E8 ohms. Insulation resistance

differences were not significant. No trend with ar and nro
correlation with significant results of other *.M = 'aods were
found.

Pick-up and Drop out Voltage

The pick-up voltages for the auxiliary relays were taken three
times when a relay was at ambient conditions in the as received
condition and three more times after it had been energized for 2
hours, Figure 3-35. The pick-up voltage on the HFA relays
increased with age. The acceptance criteria on the HFA relay was
7% Volts when cold and 100 volts when hot. The 18 year and the 4
year HFA exceeded the acceptance criteria in the as received
condition. After energization for 2 hours, the pick-up voltage
increased for all HFA relays. The pick-up voltage cn the 18 year
relay was 111 volts and exceeded the acceptance criteria.
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The MG~6 relays were within the manufacturers acceptance
criteria, did not change after energization and did not exhibit a
trend with age.

During pick-up voltage testing, contact sequence was monitored
to determine any deviation from simultancous operation. There was
no discernable contact closure pattern on pick-up for any of the
MG-6 or 27 year HF2 relays, but contact set 1 and 7 was a "make~
before-break" contact on the new HFA relay.

The drop »ut voltages were within specification for all
auxiliary relays.

The significant result for pick-up voltage was the trend
towards increased pick-up voltage requirements on the HFA with age
and the increase in pick-up voltage requirements after
energization. For drop out voltage, no trend with age and no
correlation with significant results of other ISM methods were
found.

Inrush and Holding Current

Inrush current exceeded the holding current ir the AC relays,
MG-6, and was the same in the DC relays, HFA. Differences in
inrush and holding current for the MG-6 relays were not
significant. No trend with age and no correlation with significant
results of other ISM methods were found.

Inicared Pyrometry

The maximum temperatures measured for the HFA and MG-6 relays
are shown, respectively, in Figures 3-36 and 3-37 for the front of
the relay with the cover on, front with cover off and the back of
the relay for those which were door mounted.
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Infrared pyrometry showed some significant differences among

the devices. The auxiliary relays exhibited a trend towards
increased temperature with age which was observable when the cover
was removed. For the 4 year HFA, the hottest spot, which was

obtained by the scanner and on-contact temperature measurement from
around the coil, was missed with the pyrometer. It was apparently
wverlooked since the pyrometer requires focusing a 0.2% inch spot
on tho specimen, Figure 3-36 shows the maximum tompcrnturo to be
116°F, which should have been approximately 150°F, Also, for the
18 year HFA relay, pyrometry and on-contact methods missed tho
hottest spot on the back of the relay, which was shown to be 100°F
hotter with the scanner.

Infrared Scannins

The maximum temperatures measured are showr 'n Figuies 3-38
and 3-39 for the HFA and MG-6 relays, re rec. .. ely, Infrared
scanning showed the same trends as infrared pyrometry. The maximum
temperature was measured to be slightly hotter with scanning than
pyrometry in five out of six relays. The clear bobbin on the 18
year HFA c¢2i]1 made the magnetic wire viliblc and this coil
exhibited a higher temperature of approximately 30°F than the other
coils. The scanner showed that the back of the 18 year HFA rolay |
opposite the coil, was 100”F hotter than cobtained with the
pyrometer and on~contact methods,

- L)

The maximum temperatuves measured are shown in Figures 3-40
and 3~-41 for the HFA and MG-6 relays, respectively. For the MG-6
relays, on-contart measured significantly hotter temp2ratures, with
the cover off, since the actual hottest spot was accessible with
the on-contact preobe for this model of relay. For tha HFA relays,
on-contact measured the hot spots at approxim:‘ely 10°F less than
the scanner and approximately the same &s the pyrometer, with two
exceptions. For the 18 year HFA, the on-con.act measurament on the
coil was 35°F less than the scanner. The on-contact measurements
were less because the hottest spots, the coil, was inaccessible by
the probe. Also, for the 18 year HFA ielay, pyrometry and on=-
contacl missed gho hottest spot on the back of the relay, which was
shown to be 100%F hotter with the scanner. The on-contact method
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pinpeints a spot, therefore the location of the hottest spot was
overlooked because it was on the case in a location not near the
contacts, which were suspected to contain the hottest spot.

Surrent Surge Comparison

Significant differen~es were noted In the MG-6 relays.
Ringing was noticeable on the two 27 year MG~¢ relays, which may be
due to agina of the c¢oii insulation, but could be due to
differences in the manufacturing process. The current surge
comparison on auxiliary relays may indicate a trend with age

Vibration Testing and Acoustic Testing

Vibration signatures were obtained during the pick-up trsts,
The vibration signatures were repeatable and differences noted
amcng the different aged specimens for both the HFA and MG-6€
auxiliary relays. The vibration signatures tor the HFA relays are
shown in Figure 3~42. Differences in the vibiation slgnatures wvere
mainly in the range from 636 Hz to 80D Hz although several
additional peaks were noted on the 18 ysar HFA,

For the MG-6 relays, Figure 3-43 shows the differences among
the three relay specimens. Changes wore noted in the peaks at
approximately 110 Hz, the addition of peaks at 1272, 1358 and 1800
Hz and loss of peak at approximately 1600 Hz in the 27 year
specimens.

The acoustic signatures were similar but different for each of
the HFA relays and the MG-6 relays. Significant differences in the
600 to 800 Hz range were noted on the HFA relay and in the 400 and
800 Hz range on the MG-6 relays.

Vibration and acoustic signatures of aged specimens were
different, The differences suggest that aging may have been
influencing the characteristics of the signatures,

lon detection

An ionization smoke detector was mounted above s#ach specimen
during the above tests which required energization of the
specimens. The detector never alarmed.

The lack of ion detector alarm indicates that no significant

concentration of ionized particles had outgassed from the specimens
due to age.
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3.5 Timing Relays

Seven Agastat timing relays were evaluated in Phese 11. These
devices are common relays used in nuclear power generating
stations. The specimens varied in aae from four to twenty-three
years old.

The most significant findings on the timing relays were :

o After energization, the pick-up voltage on three of “he
seven timing relays was out of typical acceptance
criteria,

o There was a trend towards increascd pick-up voltage with
age,

] There was a trend towards increased temperature with age

noted by infrared scanning.

Sixteen I1SM methods were evaluated on the timing relays. The
mathods included visual inspection, contact resistance, coil
resistaice, magnetic flux, insulation resistance, pick-up voltage,
drop out voltage, inrush current, holding current infrared
pyrometry, infrared scanning, on-contact temperature, current surge
comparison, vibration testing, acoustic testing and ion detection.
The following results weve obtained for the timing relays in the
condition in which they were received for this phaue 11 effort:

Visual Inspection

The timing relay specimens were Agastat "On delay"
electropneumatic timing relays, with an on delay on pick-up. The
Agastat timing relays were composed of three elements, a tiwing
head, wound potted coil, and the switch assembly. The switch
assembly contained two N.O. and two N.C. contacts, which were made
of silver cadmium oxide mounted on beryllium copper blades. The
termitiations for these specimens were all on the front of the
relay. All had a bracket on the back for mounting to a panel. The
models and ages were: two model 7012A7, 8 years; two models 7012A2,
8§ and 10 years; one model E7012AB, 4 years; one model 2412AD, 23
years; and one model 2412AN, 23 years.

All timing relays had time dial settings on the top except for the
2412AN, which had an adjusting screw. The two 23 year specimens
had gresy cases and the others had black cases. The date of
manufacture was stamped on each relay. The name plate on the
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2412AD was deteriorated and hard to read. Each relay had a aspindle
cover on the bottom over the spindle except for th: two 23 year

specimens which had no cover, All relays appeared in good
condi lon. No foreign material or metal debris was cobserved on the
relays, There were no signs of moisture or other environmental

contaminants in the relays. The coils were rated for 120 VAC and
the contacts were rated for 10 amps at 240 VAC,

The visual inspections on the timing relays showed no obvious
problems existed and all appeared to be in good condition. Figures
3-44 and 3-4%5 show the 4 year EJ012AB and 23 year 2412AN,
respectively.

Contact ond Coil Resistance

The contact resistance was measured in the as received
cuendition for each specimen and after testing the other ISNM
methods . The lowest to highest resistances measured for the
contact sets of each relay were summarizzd in Figure 3«46 [or the
as received initial condition and in Figure 3-47 for the post test
condition. The contact resistance did not change significantly
with age.

Coil resistance was measured on each timing relay at four
different times during the tests on aged devices. The four times
were first, in the as received condition, at the start of the ISM
methods; second, after the relay had been energized for 2 hours;
third, after the coil had been allowed to cool to ambient after ISM
methods of pick-up, drop out, inrush and holding current; fourth,
after the relay had teen energized for 2 hours. The coil
resistance was recorded at five second intervals for one minute,
after the 2 hour energized period.

The coil resistance for each of the timing relays remained
stable during all measurenents,

No significant differerces with age were found in the contact
and coil resistance of the timing relays.

Magnetic Flux

The relay specimens were measured at 85%, 100%, and 110% of
rated coil voltage and were plotted in Figure 3-48 showing the
value at 80% voltage at the bottom and the value at 110% voltagn at
the top of each band, The differences in magnetic flux were not
considered to be significant and no correlation with significant
results of other ISM methods were found,
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Insulation resistance values of adjacent contacts and contact
to ground all exceeded 1.1 E9 ohms, Insulation resistance
differences were not significant. No trend with age and no
correlation with significant results of other ISM methods were

found.
Pick-up and Dreop cut Voltage

The pick-up voltages for the timing relays were takan thiee
times when the relay was at ambient conditions in the as received
condition and three more times after it had been energized for 2
hours, Figure 3-49. The pick-up voltage on the 8 year 7012AC
timing relay was out of the typical acceptance criteria of 102
volts in the as received condition, After energization for 2
hours, the pick-up voltage increased for four out of the seven
timing rel«ys. The pick-up voltages on the 8 year 701ZAC, 10 year
7012Aciand 23 year 2412AN relays exceeded the typical acceptance
criteria.

During pick-up voltage testing, contact seguence was monitored
to determine any deviation from simultaneous operation. There was
no discernable contact closure pattern on pick-up for any of the
timing relays.

The drop out veoltages for the 4 year E7012A8, 23 year 2412AN
and 2412AD exceeded the typical acceptance critevia of %0% rating,
Figure 3-50.

The significant result for pick-up voltage was the trend
towards increased pick-up voltage .equirements with age and the
increase in pick-up voltage requirements after energization on cver
half of the specimens. For drop out voltage, the result of the 23
year specimens being out of typical specifica*ions may indicate a
trend with age. The ISM methods of timing and current surge
comparison were correlated with the significant results of pick-up
and drop out voltage for the 23 year timing relays.

Inrush and Holding Current

Differences in inrush and holding current for the timing
relays were not significant, Figure 3-51. No trend with age and no
correlation with significant results of other ISM methods were

found.
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Timing

The timing relay specimens operate by providing a delay period
on energization, at the end of which, the switch transfers the load
from one set of contacts to the other. The timing method was
accomplished by measuring the time between encrgization of the coil
and the time at which contact transfer occurred. This test was
perfurmed at three different voltage levels, 85%, 100%, and 110%.
The percent change from time dial setting to the actual time of
transfer is shown in Figure 352, The typical repeat accuracy
specification is $10%, All timing relays were within this accuracy
except for the 23 year 2412AD. Also, the 2412AN had no time dial
setting, so it was initially measured to be 15 seconds and did not
change during the testing. The increase in change from time dial
setting for the 23 year 2412AD was correlated to changes in current
surge comparison and Cemperature.

Infrared Pyrometry

The maximum temperatures measured for the timning relays are
shown in Figure 3-53,

Infrared pyrometry did not show significant differences among
the devices, except that the 23 year 2412AD had the hottest
temperature but this was only 5°F hotter than the 4 year E7012AB.

Infrared Scanning

The scanner showed the maximum temperatures, Figure 1i~53, to
be hotter than the pyrometer and on-contact methods for all seven
relays. A trend towards increased temperaturas with age was noted
with the scanner. The 23 year 2412AD relay was the hottest relay.

on-contact Temperature

The maximum temperatures obtained are shown in Figure 3-53. The
on-contact method pinpoints a spot, thererore the area of the
hottest spot was overlooked on the 8 year 7012AC, 10 year 7012AC
and 23 year 2412AD, because it was on the case in an area not near
the contacts, which were suspected to contain the hottest spot.
Thus the on-contact method did not show the trend towards increased
temperatures with age that was noted with the scanner.
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Current Surge cCompariser

Ringing was noticeable on the two 23 year timing relays, which
may be due to aging of the coil insulation, but could be due to
differences in the nunufacturing process. The waveform comparison
is shown in Figure 3-54 for the 23 year 2412AD, which had the most
noticeable ringing. The current surge comparison ot timing relays
may indicate a trend with age.

Vibration Testing and Acoustic Testing

Vibration signatures were obtained during the pick-up tests,.
The vibration signatures were repeatable and differences noted
among the different aged specimens of timing relays. Uifferences
in the vibration signaturrs were mainly in the range from %0 Hz to
400 Hz.

Acoustic signature diiferences were noted among tine timing
relays. The differences were mainly in the peaks at 110, 430, 700
and 800 Hz.

Vibration and acoustic signatures of aged specimens were
different. The differences suggest that aging was influencing the
characteristics of the signatures.

lon detection

Two ionizetion smoke detectors were mounted adjacent to each
specimen during the above tests which reguired energization of the
specimens. The detecters never alarmed.

The lack of ion detector alarm indicates that no significant
concentration of ionized particles had outgassed from the specimens
due to age.
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3.4 Molded Case Circuit Breakers

Eleven molded cage circuit breakers representing four
manufacturers were evaluated in this study. These devices were
safety-related circu ' breakers which had come from a variety of
sources including nuclear power plants. The specimens were Square
D FAL36070 and KAL26150, which were six years old; two Westinghouse
AB DE~ION, F~Frame, style No, 1222077A, which were 20 years old;
Westinghouse HFB 3045 and two 31550’s, which were 18 years old;
Xlockner-Moeller NZMH6-40 and NZMH6~100, which were 10 years old;
General Electric TFJ224150, which was new; and ITE KMB2F800 which
was 8 ymars old,

The most significant results on the mnmilded case ¢ircuit
breakers were as follows!

o Evidence of discoloration and overheating on pole 1 of
the ITE KMB2F800,

o Overheating on the 1TE KMB2F800 had caused distortion and
damage to the thermal element of pole 1, which caused it
to conduct overcurrent longer than specified before
trizr ng in the 300% overcurrent trip method,

o Overheating on the ITE KMB2F800 had rendered the
instantaneous trip mechanism inoperable on pole 1 and
significantly out of specification on pole 2.
Overcurrents as high as 22,000 Amps failed to trip pole 1
and 9,160 Amps was needed to trip pole 2. The
cpecification for instantaneous trip required a trip at
5,C00 Amps,

o Contusing labels and discoloration on the case of the
Klockner-Moeller NZMH6-40,

o Overheating cn the Klockner-Moeller NZMH6-100 caused heat
shrink tubing ¢n the trip mechanism to shrink, split, and
interfere with ithe trip mechanism, which cavsed it to
conduct overcurrent lorger than specified before tripping
in the 30C% ovarcurrent trip method,

o A damaged and misaligned trip pin on the Klockner-Moeller
NZMH6-40, caused the breaker to overheat, melt and fail
to open the circuit during the instantaneous trip method.
The damage to the trip pin suggests improper maintenance
in the installation of the trip unit,

o A missing spring on the Westinghouse HFB 31550 rendered
the instantaneous trip mechanism inoperable,
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The Westinghouse AB DE-ION circuit breakers were 100 amp, 600
VAC adjustable magnetic trip only. The magnetic adjustment range
was 500 amps to 1500 amps. The specimens were extremely dusty but
showed no signs of physical damage or missing parts. Theie were no
signs of electrical damage such as melting insulation or discolored
terminal lugs and the closing ard opening actions were crisp. The
sealing compound covering the back screws of the circuit breaker
was present and undamaged. Figure 2-55 shows a 30 year
Westinghouse AB DE~IOM, Style Number 1222077A mounted for testing.

The Klockner-Moeller NZMH6 circuit breakers were 40 amp and
100 amp, 600 VAC with both adjustable magnetic trip and adjustable
thermal trip units. The magnetic adjustment range was 160 amps to
320 amps for the 40 amp circuit breaker and 600 amps to 1200 amps
for the 100 amp civcuit breaker. The thermal trip range for the 40
amp specimen was 2% to 40 amps and the 100 amp circuit breaker was
63 to 100 amps. %he 40 amp breaker had two labels. One label was
on the thermal and magnetic trip assembly, which stated that it was
a ZM6-40, 40 amp breaker. The other label was on the contact and
trip arm assembly, which noted that it was a NIZIMH6-63, 100 amp
breaker. The specimeny had some chips in the case near the top
terminals. The prior history of thess apecimens had included
testing at high temperatuves and therefore the clear polycarbonate
cases had discolored to a vellowish color. There were no signs of
electrical damage such as mrlting insulation or discolored terminal
lugs and the closing and opening actions were crisp.

The General Electric TFJ.224150 circuit breaker was a 150 amp,
480 VAU with an adjustable maguetic trip. The magnetic adjustment
range was 700 amps to 1500 amps. The specimen was clean and showed
no signs of physical damage or missing parts. There were no signs
of electrical damage such as melting insulation or discolored
terminal lugs and the closing and opening actions were crisp. The
sealing compound covering the back screws of the circuit breaker
was present and undamaged. The trip button was pressed and the
circuit breaker moved to the tripped position. The circuit preaker

reset with no binding.

The ITE KMB2F800 was a 800 amp, 600 VAC adjustable magnetic trip
circuit breaker. The adjustable magnetic trip range was 3270 to
5600 amps. The specimen was clean except for dust on the top near
the arc chutes and dust and cobwebs inside the cover on the line
side of the breaker. The load and line poles of pole number one
were significantly discolored and had evidence of having been
overheated. The operating handle was cracked at the base. The
breaker was mnanually closed and then opened with the manual trip
button, which operates the instantaneous trip mechanism for pole
number 2. The breaker operated properly when manually set, tripped
and reset. The history of this breaker was that it had been
tripping at less than rated loads, which had been traced to a loose
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connection on the incoming bus, after the breaker had been
replaced. Figure 3-56 shows the KMB2FB800 and Figure 3-57 shows the
differences in coloer between the overheated pole 1 and normal pole
-

The three Westinghouse HFB circuit breakers were one HFB3045,
5 amp and two HFB31550, 100 amp, 600 VAC adjustable magnetic trip
only circuit breakers. The magnetic adjustnent range was 500 amps
to 1500 amps for the 100 amp specimens and 15 to 45 amps for the 5
amp breaker. The specimens were extremely dusty but showed no
signs of physical damage or missing parts. There were no signs of
electrical damage such as melting insulation or discolored terminal
lugs and the closing and opening actions were crisp. The sealing
compound covering the back scrows of the circuit breakers was
present and undamaged. The Westinghouse "Factory Sealed Breaker"
gticker was present and undisturbed on tne HFB 31550 breakers but
was missing on the HFB3045 breaker.

The significant results of the visual inspections on the
molded case circuit breakers were the evidence of overheating on
pole 1 of the ITE KMB2F800 circuit breaker, the discoloration of
the case on the Klockner-Moeller NZMH6é circuit breakers and the two
confusing labels on the NZMH6-40 circuit breakers, otherwise all

appeared to be in good cendition.

Pole resistance

The pole resistance was measured in the as received condition
for each specimen and after testing the other I1SM methods. Tre
highest resistances measured for the poles of each circuit breaker
were summarized in Figure 3-58 for the as received initial
condition and for the post test conditjon. The pole resistance of
one of the HFB breakers was 139 mohms and one of the poles of a 30
year breaker was 537 mohms. The pole resistance showed a trend
towards increased resistance with age. Lack of operation appears
to contribute to this increase in pole resistance since the initial
values were higher than the value obtained after the ISM methods
had been performed. Pole rosistance in general did not correlate
with problems noted in the other ISM techniques except for the
temperatures noted on the 30 year breaker with high resistance.
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Table 3-1. Time Delay at 300% Overcurrent

Mam <« ¢ r & Model Time Delay Acceptance
Pole 1 Fole 2 Pole 3 Criteria
(Seconds) (Seconds) (Seconds) (Seconds)
o 60.8 55.9 N/A 30 to 70
. 136,85 91.3 N/A 45 to 136.5
& 28.2 26.8 28.1 13 to 40
el S . 00 47.0 44.6 39.2 12 o 3%
Square & 6070 24.7 25.8 24.4 13 to 60
fguare o | ‘36150 120 105 101 60 to 175

‘n Figure 3-59, tlie actual trip time was diviued by the
manufacturer’s minimum required trip time from each manufacturer’s
trip curves for the pole with the greatest trip time. This allowed
& comparison of all breakers tested. Two breakers haa significant
resu.ts., The 8 year ITE KMB2F800 circuit breaker was out of the
manufacturer’s specification on pole one. Additionally, the ten
year Klockner-Moeller NZMH6-100 was out of specification on all
three poles. The <% . @specification conditicn on becth molded
case ~ircuit brea.c:.. :llowed the breakers to conauct higher

current for o longer pcriod of time h rore the breakers interrupted
the circuit.

A root cause failure analysis of the ITE KMB2F800 was
performed. The root cause was overheating of the mol'ad case
circuit breaker, from a loose connection on the bus to the breaker.
Thin overheating caused distortion of the thermal element of pole
romoer 1. In Figure 3-60, the thermal element of pole 1 and pole 2
were compared. The thermal element on pole number 1 had deformed,
developed a sharp corner instead of a rounded corner, and had taken
a w2t which changed the angle of the element and *the contact on
pole 1. hdditionally, the copper strips in the thermal element of
pole 1 were discolored and dull. The coppe. strips in the tharmal
element of pole number 2 were shinny, had a rounded corner ard more
spring.

i root cause failure analysis of the Klockr :r-Moeller NZMH6-100 was
performed. ™h. root cause was also overheating. The overheating
caused shrink tubing on all three poles to shrink further and
interfere with the thermal element. The shrink tubing was located
in the thermal and magnetic trip assembly in the base of the molded
case circuit Dbreaker. On pole number 1, the shrink
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Figure 3-60. Thermal Trip Elements
of TE KMBZFB00 Molded Case Circuit Breaker
(Pole 1 on Bottom, Pole 2 on Top)



tubing had shrunk to the point that it had split and was wedged
into and interfering with the thermal element of pole 1. The split
heat shrink tubing of pole number 1 and shrunk tubing on poles 2
and 3 are shown in Figure 3-61.

The 300% overcurrent method detected a trend with age and
identified age related failure mechanisms in the thermal trip
elements of m .ded case circuit breakers. In each instance, the
failure of the molded case circuit breaker was in a non-
conservative manner.

€00% Overload

Eight of the eleven circuit breakers were tested. The HFB
b akers were not tested due to equipment avail bility, Oniy the
Square D KAL36150 tripped automatically in this test, The other

breakers were manually opened after 2 seconds. The average
temperature iacrease du2 to this test was 6°F, No other
significant effects were noticeablie trom this method. No trend

with age an?® no correlation with significant results of other ISM
methods were found,

Instantaneous Trip

The Square D FAL36070 was a fixed instancaneous breaker and
therefore each pole was tested at 75% of the lower magnetic
threshold of approximately 578 amps and 125% of the upper magnetic
threshold, approximately 1837 amps. At the 75% point, the breaker
should not trip instantaneously, d.fined by a trip time of greater
than 0.1 seconds. At the '25% point, the breaker should trip with
no intentional time delay, defined as less than 0.1 seconds.

The other circuit breaker specimens  had adjustable
instantaneous trip ranges. Each pole of these bresnkers was tested
at rfour conditions. They were 75% of the lower magnetic threshold
at the low setting of the magnetic adiustment, 125% of the upper
magnetic threshold at the low setting of the magnetic adjustment,
80% of the lower magnetic threshold at the high setting of the
magnetic adjustment and 120% of the upper magnetic threshold at the
high setting of the magnetic adjustment. The trip time
requirements for all rndels were below 0.1 seconds, which was used
as the *vpical acceptance criteria.

Four out of the eleven nolded case circuit breakers exceeded
the typical 0.1 second acceptance criteria at the 125% test point,
Figure 3-62. They were the 8 year ITE KMB2FS8G0, 10 year Klockner-
Moeller NZMH6-40, and the two Westingho.se HFB31550 molded case
circuit breakers.
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For the ITE KMB2F800, the trip time at 125% of the upper
magnetic threshold at the low setting of the magnetic adjustment
was 26.6 and 0.07 seconds for poles 1 and 2 respectively. At 120%
of the upper magnetic threshold at the high setting of the magnetic
adjustment, neither pole was l2ss than 0.1 seconds. A current of

$600 amps should have caused an instantaneous trip. Pole 1 was
tested as high as 22,000 amps, using a short duration current
pulge, and never tripped inst-ntaneously. Pole 2 tripped

instantanecusly at a current of 9,160 amps.

A root cause failure analysis of molded case circuit breaker
ITE EMB2F200 was performed, The root cause was determined to be
overheating from a loose connection on the bus to the breaker.
This overheating caused different pcoblems in pole 1 and pole 2,
In pole 1, a foreign material, which apperrs to be grease, had
cooked on a spot on the instantaneous trip assenmbly. This then
interfered with the movement of the instantanecus plunger assembly
and prevented it from full movement, The lack of full movement
prevented the plunger from releasing the trip bar and the breaker
never tripped instantaneously. The source of the grease was the
magnetic trip adju.tment cam, In Figure 3-63, the burned grease
spot iz shown and some excessive grease is shown on the side of the
csm follower, which was in contact with the magnetic trip
adjustment cam.

For pole 2, the overheating caused Jdrying and solidification
of lubricant on the instantaneous plunger assembly and prevented it
from full movement when the magnetic trip adjustment cam was
rotated te the high setting of the magnetic adjustment, In the
test sequenca, the molded case circuit breaker was tested manually.
This manual test button is connected to the pole 2 instantanecus
pluanger. When the button was pressed, tho magnetic trip cam was at
or near its low setting. The low setting prepositions the
instantaneous plunger assembly closer to the stationary core so
that a lower current passing through pole 2 rcauses an induced
magnetic field and draws the plunger assembly to the stationary
core. When the plunger assembly approaches the stationary core,
the plunger exerts a force on the trip bar and the breaker trips.
when the magnetic trip cam was positioned to the high setting, the
distance that the instantaneous plunger assembly has to move was
increased and thus required a greater wmagretic field to pull the
plunger assembly to the core. In this instance, when the magnetic
trip cam was positioned to the high setting, the instantaneous
plunger assembly was moved into the solidified lubricant, Figure 3+«
64, which hung up the plunger assembly and required more force to
move it. The result was higher current was needed to move the
plunger and cause a trip to occur.

For the Klockner-Moeller NZMH6-40, the trip time at 125% of the
upper wagnetic tareshold at the low setting of the magnetic
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adjustment was 0.033, 0,056 and 4.92 seconds for poles 1,2 and 3
respectively. The instantaneous trip current for pole number 3 was
844 amps at the 125% point. After further testing to determine the
cause for high instantaneous trip, pole three overheated at
200(125%) amps and eventually melted and open circuited, Figure 3-
65. The maxiaum temperature at pole three was 584°F.

A root cause failure analysis of molded case circuit breaker
Klockner-Moaller NZMH6-40 was performed. The root cause wAs
determined to be a misaligned and damaged magn:2tic trip pin on pole
number 3. The instantaneous trip range on this style breaker was
achieved by a dial and cam on the bottom of the thermal and
magnetic trip assembly. This cam was connected to a trip pin which
extends out of the thermal and magnetic trip assembly. With
sufficient current, the trip pin exterds and contacts the trip bar
which is above the pin. The trip bar is a non-metallic and readily
moves to trip the breaker. The troip pin on pole 3 was found to be
bent, Figure 3-66, and sheared. The thermal and magnetic trip
assembly had been noted in the visual inspection to be labeled for
a 40 amp breaker and the contact assembly had been noted to be
marked for a 63 amp breaker. This suggests that the thermal and
magnetic trip assembly had been changed from a 40 amp breaker to
this 63 amp contact assembly and in this process, pin 3 misaligned
and damaged. With a damaged trip pin on pole three, a higher
current was required to trip the breaker instantaneously. When the
breaker was tested at the 125% (200 amp) peint, trip pin 3 failed
te contact the c¢rip bar and the sustained current caused the
breaker to overheat and melt.

For the Westinghouse HFB31550 molded case circuit kreakers, no
instantaneous trip occurred after the brerakers were maintained at
125. of the upper magnetic threshold at the low setting of the
magnetic adjustment, 562 amps, for greater than 70 seconds. The
instantaneous trip current was 851, 959 and 729 amps for poles 1,2
and 3, respectively for one HFB and 2870, 3500 and 2900 for poules
1.2 and 3, respectively for the other HFB breaker. Testing was
stopped after 316 seconds at 562 amps (125%) when the cables on the
test set melted. The circuit breaker temperature was 341°F.

A root cause failure ana sis of molded case circuit breaker
Westinghouse HFB31550 was performed. The root cause was determined
to be a missing spring on pole 1 of the instantaneous trip
mechanism. The armature in the instantaneous trip assembly for
each pole normally contains two springs, Figure 3-67. Only one
spring was found on the armature of pole 1. With only ore spring,
the armature assembly was twisted and higher current was required
to trip the break r. The root cause for the other breaker’s out of
specification condition was indeterminate.
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Figure 3-66. Root Cause [ailure Analysis of
Thermal and Magnetic Trip Assembly of

F. ockner-Moeller NZMH6-40, Showing Bent and Sheared

Trip

'in on Pole 3 Compared to Trip Pins for Poles 1 and 2
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The instancaneous trip method showed significant differences
among the molded case circuit breakers, Aging, heat, inadeqguate
maintenance and a manufacturing d:fect caused four out of the
eleven molded case breakers to exceed the manufacturer’s
specifications. In each instance the failure of the molded case
circuit breaker was in a non-conservati. e manner.

Rielectric

Dielectric strength was measured four times at 1760 volts:
between line and load terminals with the circuit breaker open;
between poles with the breaker closed; between all poles and ~round
with the breaker open and between all poles and ground wi 1 the
breaker closed. The minimum and maximum leakage currents were 29.5
and 115 microamps for all breakers except for the ITE KMB2F800
which had a leakage current of 220 microamps from line to line with
the breaker closed. The dielectric strength differences were not
significant. No trend with age and no correlation with significant
results c¢f other ISM methods were found.

Infrared Pyrometry

The: maximum temperatures measured for the molded case circuit
bireakers are shown in Figure 3-68. Additionally, the temperatures
of 584°F and 341°F were recorded on the Klorkner-Moeller NZMIi6-40
and Westinghouse HFB 31550, respectively, whzn they failed to trip
during the instantaneous trip method.

Infrared pyrometry did not show significant differences among
the devices at J.00% rated current.

Temperatures were also measured during the 135% rated current
test, 370% overcurrent and 600% overload tes®t. For the 135% rated
current test, temperatures averaged 6°F hotter than the 100% rated
current test. For the 300% overcurrent tests and 600% overload
tests, the temperatures of the molded case circiit breakers were
less than the temperatures during the 100% rated current tests.

Infrared Scanning

The scanner showed the maximum temperatures, Figure 3-68, to
be hotter than the pyrometer fcor all eight circuit breakers
measured. .o trend with age was noted with the scanner although
the highest temperatures were measured on one of the 30 year
breakers.
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On-contact Temperature

The maximum temperatures obtained are shown in Figure 3-68,
The on-contact method pinpoints a spot, therefore the poles were
hotter and caused the on-contact method to record the highest
temperature on four of the six circuit breakers meacured by this
method. The on-contact wethod does indicate » ‘rend towards
increased temperatures with age.

Vibration Testing and Acoustic Testing

Vibration signatures were obtained during mauual actuation and
the 125% instantaneous current tests. The vibraticon signatures were
repeatable for each breaker and did not change significantly
between manual actuation and the 125% trip test. Differences were
noted among the different molded case circuit breakers, with only
the two Klcckner-Moeller NZMH breakers having similar vibration
signatures. Since the specimens were diverse, the differences in
the vibration signatures could not be attributed to age but were a

reflection of the different breaker styles and their trip
mechanisms.

Acoustic signature differences were noted among the molded
case circuit breakers but the diversity of the breakers precludes
comparison of the acoustic signatures.

Ion detection

Two ionization smoke detectors were mounted adjacent to each
specimen during some of the above tests which required energization
of the specimens. The detectors never alarmed even though smoke was
present and visible. The lack of ionization detector actuation was
determined to be caused from lack of sufficient concentration of
the smoke in the area of the detectors. The long lengths of cable,
4 foot between specimen and current source and 8 foot between
poles, resulted in smoke coming from the cables not necessarily
near the ionization detectors. The temperatures achieved when some
of the components failed, were sufficient to damage cable and
insulations on some of the molded case circuit breakers.

The lack of ion detector alarm, when the molded case circuit
breakers operated properly, indicates that no significant

concentration of ionized particles had outgassed from the specimens
due to age.
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1 has a phenolic cover, the dashyot is not visible when the EC-1 is
installed on the breaker,.

Pole resistance

The highest resistances measured for the poles of each circuit
breaker were 7.254 and 0.212 mohms for the Westinghcuse DB 25 and
General Electric AK-28-25-M, respectively. There was little
difference in pole resistance in spite of the dirt; appearance of
the DB-25. No trend with age and no correlation with significant
results of other 1SM methods were found.

Insulation resistance

Insulation resistance was measured four times: between line
and load terminals with the circuit breaker open; between poles
with the breaker closed; between all line poles and ground with the
breaker cpen and between all load poles and ground with the breaker
open, The minimum resistance was 1.7 E8 ohms and insulation
resistance differences were not significant. No trend with age and
no correlation with significant results of other ISM methods were
found.

Leng Time Delay Overcurrent

The long time delay overcurrent trip times for each pole are
as follows. For the DB-25 breaker, tl'- *“rip device for each pole
was set at 20 seconds. The trip t ~«¢s varied from 22 to 30

seconds, which was 110% to 150% of the setting., The manufacturer’s
specification was 15 to 33 seconds.

For the AK-25-25~M breake:, one pole was testsd for over 426
seconds and never tripped. Smoke was visible from the area around
the arc chutes. The other pole tripped in 5.69 seconds while at
rated current and therefore three times the setting was not
attempted. The 1leng time delay overcurrent function was
accomplished by the EC-1 Series Overcurrent Tripping Device. Root
cause failure analyses of the EC-1 tripping devices were performed
to determine the cause for the significant differences in trip
characteristics. Thae root cause of the failure to trip on long
time delay was caused by binding in the dash pot. The dash pot was
bound and the dash pot arm would not move. The dach pot was full
of oil and eppeared to have reen overheated since the metal in
contact with the gasket had discolored the seal area, Figure 3-69.
Additionally, the coil insulation haa been overheated as noted by

its black color.
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I*'xz;'u;'e 3=69. General Electric EC-1 Series
Overcurrent Tripping Devices
(Left Device Failed to Trip;
Right Device had No Long Time Delay)



The root cause of the failure of the EC-1 tripping device,
which was tripping below specification on 100% rated current was a
losa of oil, The FC-1 was removed from the breakcr and the cover
removed. The dashpot was opened and found to be almest out of oil.
Figure 3-70 shows the outside of the dashpot where there was oil
and dust visible on the outside. In Figure 3-69, the lack of oil
is noticeable, when comparcd to the other EC~1 tripping device.

short Time Deiay Overcurrent

The GE AK-28-25-M metal clad circuit breaker had a short time
delay ifunction which was also part of th: EC-1 series overcurrent
tripping device. This test was performed py using a high current
test set at a current ecual to 100% of the short time delay current
setting to each pole of the General Electric AK-25-25-M. One pole
tripped at 0.04 seconds and the other pole tripped at €7.3 seconds.
The acceptance criteria was 0.8 to 70 secends at the test current.
A root cause failucse analysis was performed to determine the cause
of the Ec~1 device to trip at lower than the specification. The
root cause was the loss of oil in the dashpot for the long time
delay overcurrent trip machanism which was tripping the unit before
*he short time delay cou.d operate. Thus the test was detecting
the operation of the cefective long time delay overcurrent trip

function,

A roct cause faliure analysis of the other EC-1, which was
causing the short time delay overcurrent trip time to be near the
manufacturer’s upper limit, was performed. The root cause of this
problem was overheating caused by the failure of the long time
delay overcurrent trip function. When the dashpot arm was stuck
during the long time delay overcurrent test, current overheated the
coil and caused the short time delay function to approach the upper
limit of the manufacturer’s specification.

Instantancgous Trip

The Westinghouse DB-25 had an instantaneous trip function.
The currents causing an instantaneous trip were 2790, 2780 and 2730
Amps for the three phases. These were within the marufacturer’s
specifications. No trend with age and no correlation with
significant results of other ISM techniques were found.

fafrared Thermal Pyrometry

The usaximum temperatures were measured for the metal clad
circuit breakers. The undervoltage coil on the Westinghouse DB-25
circuit breaker was 1uch hotter than the current carrying parts of
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either circuit breaker and measured 187°F. The trip units were at
room ambient conditions and the main contacts approximately 15°9F
hotter at 87°F.

for the GE AK-25-25-M breaker, the maximum temperature was
115°F on the trip unit. The main contacts were 9°F hotter than
ambient. No trend with age and no correlation with significant
results of other 1SM techniques were found.

Infrared Scanning
The scanner showed the maximum temperatures to be the same as
the pyrometer, for all points measured. No trend with age was

noted with the scanner.

2n-contact Temperature

The on-contact method pinpoints a spot, therefore the coil of
the GE AK-28-25-M was slightly hotter than the temperature measured
with the infrared systems. No trend with age was noted with the

on-contact method.

vibrati Test | i 2 tic T :

Vibration signatures were obtained during manual actuation,
the long time delay and short time delay overcurrent tests. The
vibration signatures were repeatable for each breaker. Differences
were noted between the metal clad circuit breakers. The vibration
signatures were analyzed in the frequency domain, Figure 3-71. The
specimens had different trip mechanisms and therefore the
differences in the vibration signatures could not sclely, be
attributed to age but were a reflection of the different breaker
styles and their trip wechanisms.

The main vibration signature was caused by the tripping of the
main contacts. The vibration signature was continuously monitored,
before and during the manual actuation, the long time delay and
short time delay overcurrent tests. When the ribration exceeded a
trigger level, caused by the main breaker .rip, the vibration
signature and a set portion of the signature prior to tue trip were
captured and stored. The portion of the sigrature prior to the
trigger event was known as pre-trigger. Figure 3-72 shows the time
history of the vibration signnture for the GE AK-25-25-M, from a
short time delay overcurrent trip on pole 1. The main vibration
starts at approximately 18 milliseconds and lasts for approximately
30 milliseconds. The pre-trigger portion, prior to 18
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milliseconds, of the time history signature contained the
information on the initiating vibration firom the short time delay
function for the EC-1 trip device.

Analyses of the vibration signature tine histories for the
initiating events of manual trip, short time delay overcurrent trip
and long time delay overcurrent trip were performed for the pole 1
and pole 2 EC-1 trip devices. Significant differences were noted
among the three initiating events and between the performance of
the EC~1 ¢trip devices on each pole. Figure 3-73 shows the
difference between the EC-1 trip devices on pole 1 and pole 2
for the short time delay overcurrent trip. The higher pre-trigger
vibrations noted in pole 2 were caused from the defective long time
delay overcurrent trip function of the EC-1 on pole 2 which was cut
of oil and therefore not providing any delay. The analysis of the
vibration signature correlated with the time characteristic
information obtained from the short time delay overcurrent method
to show that the EC-1 on pole 2 was defective,

The vibration testing method was effective at determining
differences caused by age. This was particularly evident in the
vibration signature differences between the performance of the 29
year old EC-1 trip devices of pole 1 and pole 2 on the GE AK-28-25-
M metal clad circuit breaker.

Acoustic signature differences were noted among the metal clad
circuit breakers but the diversity of the ULre kers precludes
comparison of the acoustic signatures.

Ion detection

Two ionization smuka detectors were mounted acdjacent to each
spe imen during some of the above tests which required energization
of the specimens. The detectors never alarmed, even though smoke
was visible on the GE AK-25-25-M metal clad circuit breaker during
the long time delay overcurrent test. The cause of the non-
actuation o. the ion detector was due to an insufficient
concentration of smoke in the area of the detector. Even though
the detector was located directly above the breaker, since it was
tested outside of a panel, air currents caused a lack of
concentration of the smoke at the detector.

The lack of ion detector alarm, when the metal clad circuit
breakers operated properly, indirates that no significant
concentratior of ionized particles had outgassed from the specimens
due to age.
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4. EVALUATIONS OF DEGRADED CONDITIONS AND INSITU EFFORTS

Rpecimens of each of the relay and circuit breaker types were
purposely degraded and the 1SM methods performed after each
degraded condition. These tests allowed evaluations of the
effectiven.ss of each ISM method to detect and / or predict the
level of the degradation. Quantifiable parameters of the extent of
degradat.on were also possible in many instances. Each aegradation
was purposely severe and simulated typical failure mode conditions,
but did not cause total leoss of operability, The degraded
conditions performed on each device were chosen based on the
information from Phase I, NRC Information Notices, Bulletins and
Generic Letters and from the research team’s previous experience.
The degraded - onditions were performed based on the failure modes

unigue to e style of relay and circuit breaker. Thus the manner
in which a degraded condition was achievecd and numver of degraded
conditions was different depending on each device'’s

characteristics. This resulted in at least five common types of
degraded conditions being performed on each relay, with additional
degraded conditions being performed on some of the relays and
circuit breakers. The common degraded conditions were contact
damage, dirt accumulation, loose connections, overheated and high
potential test. The results of the degraded conditions testing are
provided in the following by device type.

4.1 Results of Degraded Conditjons on Protective Relays

The 10 year old General Electric and a 30 year old
wWestinghouse protective relays were subjected to five degraded
conditions and the ISM methods performed after each degraded

condition.
The most significant findings on the protective relays were:

o Visual inspection was effective at detecting 80% of the
degraded conditions,

o Induction unit pick-up was effective at detecting 80% of
the degraded conditions for the Westinghouse relay but
cnly 20% for the GE relay,

o Infrared Thermography was effective at detecting 40% and
80% of the degraded conditions in the Westinghouse and GE

relays, respectively,

o Loose connections in the GE relay caused temperature
increases of 63°F, which would reduce expected life to 6%

of original expected life
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<} The significant temperature increases were best observed
with the front cover off and by viewing at 45° from
normal,

o The target and seal 'in method was effective at detecting
40% of the degraded conditions for the Westinghouse relay

but detected none of the degraded conditions on the GE
relay.

The degraded conditions were contact damage, dizrt
accumulation, overheated, loose connections and high potential
tests. The ISM methods of current surge comparison, infrared
scanning and on-contact temperature were not performed during these
degradation tests on protective relayve bgcause the eguipment was

-~

unavailable at the time the tesis were performed.

The ISM methods of insulation resistance, zero check, time /
current characteristic, instantanecus trip unit, inrush current,
operating current and ion detection did not show any significant
change from the original baseline parameters during any of the
degradation tests. Figures 4-1 through 4~4 show the results of
induction unit timing(time / current characteristic), inrush /
operating current and instantaneous trip unit,

The ISM methods which did show significant changes from the
original baseline parameters during at least one of the degradation
tests were visuai inspection, contact resistance, coil resistance,
magnetic flux, induction unit pick-up, target and seal-in, infrared
pyrometiy, vibration testing and acoustic testing. The high

potential degradation did not cause significant change in any of
the ISM methods.

Vi.ual inspection was effective in four of the five degraded
conditions, They were contact damage, dirt accumulation,
overheated and locse connections.

Contact resistance changed significantly in one out of the
five degradeu conditions on the CE relay, Figure 4-5, and was about
the same or increased slightly on four out of five degraded
conditions on the Westinghouse relay, Figure 4-%. The significant
increase in contact resistance was on the GE specimen during the
loose connections test. It increased 48% from baseline.

Coil resistance changed significantly in one out of the five
degraded conditions on the Westinghouse relay and the GE relay,
Figure 4-6. The loose connections test caused an increase of 17%
from baseline for the Westinghouse relay. The contact damage, when
the induction unit contacts of the GE specimen were soldered
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temperatures when viewed with the cover off for the GE rela“
Figure 4-15.

When viewed with the cover on and from the back of the relays,
significant variations in temperature were undetectable. The angle
of view was also significant for thrse relays. Figure 4-16 shows
that the hottest temperatures wero masked in normal 90° view but
were detectable when viewe. at 45° angles to the right or left of
normal .

Vibration signature differences were caused by three of the
degraded conditions on the Westinghouse relay., Figure 4-17 shows
that loose connections caused a peak at 480 Hz. Overheat caused a
peak at 242 Hz and the characteristic peak at 359 Jdz decreased to
approximately one third by dirt accumulation. Acoustic signature
differences were caused by the same three conditions, although not
as noticeably. The vibration and acoustic signatures on the GE
reiay were different but the levels were too low to attribute the
changes to the degraded conditions,
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4.2 Results of Degraded Conditions on Control Relay

The new Struthers Dunn control relay was subjected to ten
degraded conditions and the ISM methods performed after each
degraded condition,

The most significant findings on the piotective relays were:

e] Pick-up voltage was insensitive to 90% of the degraded
conditions,
0 Inzulation resistance and ion detection were insensitive

and unchanged by the degraded conditions,

o) Infrared thermography was effective at detect g 40% of
the degraded conditions,

o The degraded conditions detected by infrared thermography

were undetected by the current industry practice of pick-
up voltage,

o Each of the degraded conditions detected by infrared
thermography result in shortened relay life due ¢to
increased temperatures. The increased temperatures would
result in a life expectancy of less than one fourth of
the original expected life,

o Significant temperature increases were caused by the
degraded conditions of loose connections, overheated,
dirt accumulation and shorted coil turns,

o Vibration signatures wer= sensitive to 70% of the
degraded conditions.

The degraded conditions were low contact current, contact
damage, contact to contact resistance, blocked armature, shorted
coil turns, dirt accumulation, overheated, increased coil
resistance, loose connections and high potential tests. The 1SM
methods of current surge comparison, infrared scanning and on-
contact temperature were not performed during these degradation
tests on protective relays because the equipment was unavailable at
the time the tests were performed.

The ISM methods of insulation resistance and ion detection did
not show any significant change from original baseline parameters
during any of the degradation tests. The ISM methods which did show
significant change from the original baseline parameters during at
least one of the degradation tests were visual inspection, contact
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and coil resistance, magnetic flux, pick-up voltage, drop out
voltage, inrush current, holding ourrent, infrared pyrometry,
vibration testing and acoustic testing. The high potential
degradation did not cause significant change in any of the ISM
wethods.

Visual inspection was effective in five of the ten degraded
conditions. They were blocked armature, contact damage, dirt
accumulation, overheated and loose connections.

Contact resistance changeu significantly in four out of the
ten degraded conditions. Figur:c 4-19 shows the range of contact
resistances for each contact set after each of the degraded
conditions. Additionally, the contact resistance increased the
most, to a peak of 955 mohms during the blocked armature
degradation since the contacts did not fully close.

Coil resistance changed significantly in one out of the ten
degraded conditions. Shorted turns caused a 60 % drop in coil
resistance, Figure 4-19.

Magnetic flux changed significantly in five of the ten
degraded conditions. Dirt accumulation, overheated, shorted coil
turns and blocked armature all caused the magnetic flux to decrease
and contact damage caused an increase, Figure 4-20.

pick-up voltage increased in only one of the ten degraded
conditions and decreased in three others. The decrease in pick-up
voltage would normally be misinterpreted as an improvement, but
since the relays were actually degraded, this is shown to be
misleading. Blocked armature caused pick-up voltage to increace
and dirt accumulation, overheated and shorted coil turns caused
decreases in pick-up voltage, Figure 4-21. Blocked armature caused
the pick-up voltage to exceed the specification.

Drop out vecltage changed in twe of the ten degraded
conditions, Figure 4-22. Contact damage of a welded contact caused
the drop out to increase since the moving contact bar is directly
connected to the armature. Shorted coil turns caused a decrease in

drop out voltage.

Inrush and holding current changed in one ocut of ten degraded
~onditions. Shorted coil turns caused an increase of over 200% for
poth inrush and holding current, Figure 4-23 and 4-24,

1- frared pyrometry showed temperature changes in four out of
ten degraded conditions, Figure 4-25. The adverse effects of all
four conditions were undetected by the pick-up voltage method.
Loose connections and overheated caused an increase in maximum
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temperature of approximately 20°F, Dirt accumulation and shorted
ccil turns caused an increase in maximum temperature of 35°F and
40°F, respectively. These temperature 1ncreases would be expected
to reduce the expected life of the relays. A 40°F temperature rise
would be expected to reduce the life to approximately 25% of the
original expected life.

Figure 4-26 shows the SD219 relay after overheat., This figure
attests to the fact that the degraded condition after cverheat was
sufficiently severe as to constitute 2 worst case.

Vibration signature differences were caused by seven of the
ten degraded conditions. Figure 4~-27 shows that low contact
current, and loose connections caused a peak at 1000 Hz. Contact
damage resulted in a narrowing of the peak fora 300 to 700 Hz.
Blocked armature resulted in significant signal reduction,
Overheat caused re-characterization of the vibration signature even
though the relay continued to pick-up and drop out. Additionally,
differences in the vibration signatures caused by the degradations
of dirt accumulation and shorted coil turns were confounded and
difficult tuv see since the changes from the overheated degradation
were significant. The overheated degradation was performed prior
to the degraded conditions of dirt accumulation and shorted coil
turns.

Acoustic signatures were low and di“ferences were caused by
2ix of the ten degraded conditions. Le_se connections caused a
difference in the 160 to 320 Hz range, contact damage caused
changes in the 20 to 140 Hz range, blocked armature caused a
reduction in signal, overheated caused a re-characterization,
Additionally, differences in the acoustic signatures caused by the
degradaticns cof dirt accumulation and shorted coil turns were
difficult to detect since the changes from the overheated
degradation caused the significant change from baseline.
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4.4 Results of Degraded Conditions on Auxiliary Relays

Two General Electric HFA and one Westinghouse MO-6 relays were

subjected
performed

to ten degraded conditions and the I8M metrods were
after each degraded condition,

The most significant findings on the auxiliary relays were:

o

Plckvu? voltage was insensitive to 90% of the degraded
conditions,

Insulation resistance did not show any significant change
due Lo any of the degraded conditions,

Infrared thermography was efrfective at detecting 40% of
the degraded conditions,

Almost all of the degraded conditions detected by
infrared thermography were undetected by the current
industry practice of pick-up voltaor,

Each of the degraded conditions detected by infrared
thermography result in shortened relay life due to
increased temperatures. Some of the increased
temperatures would result in extrewmely short life
expectancy and a few would be fire hazards,

The significant temperature increases were best cboorvod
with lt.bo front cover off and by viewing at 45° from
normal,

The HFA relay was prrticularly sensitive to loose
connections, ghlch resulted in internal temperatures in
excesn of 600°F

The MG~6 relay was particularly sensitive to dirt
accululntion. loose connections, and shorted coil turna,

sh resulted in internal temperatures between 390°F and
430%F

4~ 30
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For the MG~6 relay, dirt accumulation, overheated, contact
damage, loose connections, shorted coil turns and blocked armature
caused significant increases in contact resistance, Figure 4-39.
The contact resistance increased the most during the blocked
armature degradation since the contacts did not fully close.

Coil resistance changed significantly in one out of the ten
degraded conditions for each of the auxiliary relays. Loose
connections caused an increase of 12% for tha HFA relay, Figure 4~
40, Shorted coil turns caused over a 25 % drop in coll resistance
for the MG-6 relay, Figure 4-41.

Magnetic flux changed significantly in two of the saeven
degraded conditions in which it was measured on the MC-6. It was
not measured on the HFA due to equipment unavailability. Shorted
coil turns and blocked armature caused the magnetic flux to
increase, Figure 4-42.

The significance of the pick-up voltage results was that for
90% of the degraded conditions, either there was no change in pick-
up voltage or it decreased, which would normally be interpreted as
improving, Thus it was only effective at detecting 10% of the
degraded conditions. For the HFA relays, since the 18 year relay
was out of specification for pick-up voltage In the as received
condition, it decreased to within specification after the contact
damage degradation. Additional comparisons were made on the 4 year
HFA relay, which increased pick-up voltage in one out of eight
degraded conditions. Loose connections caused an increase in pick~
up voltage of 13%, Figure 4-43. Pick-up voltage changed in two of
the ten degraded conditions for the MG-6 relay. Contact damage
caused pick-up voltage to increase and shorted coil turns caused
pick-up voltage to decrease, Figure 4-44.

Drop out voltage changed significantly in one out of the ten
degraded conditions on the HFA and five out of ten o1 the MG-6
relay. For the HFA relay, Figure 4-45, the blocked armature
degradation caused an increase in drop out voltage of over 400%.
For the MG-6 relay, the degraded conditions of dirt accumulation,
loose connections and shorted coil turns caused a decrease in drop
out voltage and contact damage and blocked armature caused
increases in drop out voltage, Figure 4-46.

Inrush current changed significa“tly in three out of the ten
deyraded conditions for the MG-6. Th#* degrac’d conditions of dirt
accumulation and shorted coil turns ca.sed in%reases of 40% and 68%
respectively, Figure 4-47. The contact' damage degrudation caused a
decrease of 34% in the inrush current.
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Helding current did not significantly change in the HFA relay,
Figure 4-48, but did change significantly in two out of the ten
degraded conditions on the MG-6 relay. Shorted coils turns caused
an increase of over 100% and blocked armature caused an increase of
0% in the holding current, Figure 4-49. The excessive current
drawn during the sho.ted coil turn. test also caused significant
temperature increases(ovev 300°F on the case) and produced smoke,
visible through the glass on the case,

Infrared pyrometry showed temperacure changes in four out of
ten degraded conditions for the HFA and MG-6 relays. For the HFA
relay, the degraded conditions of d.irt accumulation, overheated,
loose connections and Dblocked armature caused significant
temperature increases. The HFA relay had a glass cover which
masked some significant temperature changes, when it was in place.
Figure 4-50 shows the maximum temperatures for the HFA with the
cover on., Degraded conditions of dirt accumulation, overheated and
blocked armature ceused an increase of approximately 10 | & The
loose connections degradation caused an increase of 100°F to be
visible with the cover on. With the cover removed, the degraded
conditions of dirt accumulation, overheated and blocked armature
were noted to have caused an actual increase of approximately 30°F
and the degraded condition of loose connections to have caused a
temperature in excess of 600°F, Figure 4-51.

Of interest on the HFA was the difference in temperature
observed when different viewing angles were used. Figure 4-52
lhown the three view%pq angles of left 45°, normal to the relay
(90°) and rignt with the cover on when the baseline
tomperatures were conparcd with the loose connection deqradation.
With the cover on, viewing angle had little effect., With the cover
removed, Figure 4-53, viewing angle resulted in an almost 2009F
ditteroncc in hot spot.

For the MG-6 1relay, the degraded conditions of dirt
accumulation, overheated, loose connections and shorted coil turns
caused significant temperature increases. This relay also had a
?lanu cover which masked some significant temperature changes, when

t was in place. Figure 4-54 shows the maximum temperatures for the
MG~6 relay with the cover on. Degraded conditions of dirt
acguuulatlon and overheated caused an increase of approximately

0 g. The loose connections degradation caused an increase of
120 F and the shorted coil turns degradation caused an incroase of
170°F to be visible with the cover on.

With the cover off, the degraded conditions of dirt
accumulation, loose connections and ahortod coil turns had caused
temperature increases of approximately 200°F, Figure 4-6%5,
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Also of interest on the MG-6 relay was the difference in
| temperature observed when different viewing angles were used.
' Figure 4-%6 shows the three viewing angles of left 459, normal to

the relay (90%) and right 45°, with the cover on when the baseline
temperatures were compared with the loose connection devradation,
With the cover on, viewing angle had little effect during baseline
measurements, but did show a difference of 40°F in the loose
connection degradation, With the cover removed, Figure 4-57,
viewing angle results in an almost 80°F difference in hot spot
during baseline measurements and a 50°F difference during the loose
connection degradation. Since dirt accumulation had caused a higher
increase in maximum temperature, “iewing angles were also compared.
In TFigure 4-58, viewing angle wowed little difference with the
cover on, With the cover off, a difference of 100°F was noted due
to the viewingy angle, Figure 4-59., The temperature of 472°F was
found on a contact finger where the “onnection to the rear terminal
post was made. This extreme temperature on the contact was due to
the build up of foreign materia' on the contact surface, creating a
poor electrical connection.

During the shorted coil turns degradat.on, the maximum
temperature, with the cover off was 442°F,

Vibration signature differences were caused by four of the ten
degraded conditions for th. HFA relay and six out of ten for the
MG-6 relay. For the HFA relay, significant vibration signature
differences were caused by loose connections, blocked armature,
overheated and dirt accumulation, Figure 4-60, Loose connections
caused a reduction in the peak at 731 Hz. Blocked armature
resulted in significant signal reduction. Overheat caused re-
characterization of the vibration signature by adding peaks at 328
and 630 Hz, even though the relay continued to pick-up and drop
out. The degraded condition of dirt accumulation caused a

narrowing of the peak at 630 Hz.

For the MG-6 relay, significant vibration signature changes
were caused by loose connections, overheatel, incireased coil
resistance, blucked armature, shorted coil turns and dirt

accumulation. In the blocked armature degraded condition,
excessive chatter and arcing of the contacts occurred as the relay
attempted to close. This caused an extremely high vibration,

Figure 4-6° Additionally, increased coil resistance caused a
reduction in signal; loose connections caused a peak at 285 Hz;
overheated resulted in narrowing the peak at 121 Hz; shorted coil
turns caused a peak at 280 Hz and dirt accumulation reduced the

peak at 121 Hz.
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Acoustic signature differences were caused by four of the ten
degraded conditions for the HFA relay and six out of ten for the
MG~-6 relay. For “he HFA relay, loose connections, overheat and dirt
accumulation caused differences predominantly in the 200 HZ and 600
to 800 HZ ranges, but the most significant differences were caused
by blocked armature in which the signature was reduced. For the G-
6 relay, differences in acoustic signature were caused by lc e
connections, overheated, increased coil resistance, shorted coil
turns and dirt accumulation, but the most significant differences
were caused by the blocked armature degradation in which the
signature was increased.

Smuke was visible in the relay case and the ion detectors
alarmed during two of the degraded conditions on the MG-6 relay.
The temperatures resulting from the loose connections and shorted
coil turns degradations caused smoke, However, in the case of the
shorted coil turns, smoke was visible inside the case through the
glass cover before it was sufficiently concentrated to be detected
by the ion detector.
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Visual inspection was effeccive in three of nine degraded
conditions. Thor were dirt accumulation, overheated and loose
connectiors. Since the contacts, coil and timing head are
enclosed, visual inspection is limited to a few external
observations. Figure 4-62 shows the setup for the degradation
testing of the timing relay.

Contact resistance changed significantly in one out of the
nine degraded conditions. The contact damage of soldering two
contacts together caused an open circuit. Figure 4-63 shows the
range of contact resistances for each contact set after each of the
degraded conultions.

Coil resistance changed significantly in one out of the nine
degraded conditions, Shorted coil turns caused a 1% % drop in coil
resistance, Figure 4-64,

Magnetic flux changed significartly in two of the nine
degraded conditions. Shorted coil turns caused the magnetic flux
to increase at 110% voltage, Figure 4-65%, and the overheated
degradation caused a reduction,

The significance of the pick-up voltage results was that none
of the degraded conditions caused the pick=-up voltage to increase.
Thus, pick~up voltage did not indicate the presence of any of the
degraded conditions. Pick-up voltage only changed, a reductien, in
one out of the nine degraded conditions, and this would noimally be
misinterpreted as an improvement. Shorted coil turns caused a 10%
reduction in pick-up voltege, Yigure 4-66.

Drop-out voltage changed in twoe of the nine degraded
conditions, Figure 4-67. Both the dirt accumulation and shorted
coil turns degraded conditions caused drop out voltage to increase
approximately 50%.

Inrush current changed significantly in five of the nine
degraded conditions, Figure 4-68., The degraded conditions of dirt
accumulation and loose connoctions caused inrush increases over
50%. The degraded conditions of overheated and contact damage
caused increases over 100% and shorted coil turns caused an
increase of over 400%.

Holding current changed significantly in one of the nine
degraded conditions, Figure 4-69. The degraded condition of
shorted coil turns caused an increase of 45% in holding current.

Timing changed significantly in three of the nine degraded

conditions, Figure 4-70. The degraded conditions of contact
damage, loose connections and blocked armature caused changes. The
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contact damage of two contacts soldered together prevented the
contacts from changing state. The loose connection and blocked
armature degradations caused the time delay to increase out of the
typical specification of $10%, when tested at 85% of rated voltage.

Infrared pyrometry showed temperature changes in five out of
nine deqraded conditions, Figure 4-71., An increase in temperature
of 10°F was caused by the degraded condition of dirt accumulation.
The degraded conditions of overheated, loose connections and
increased coil resistance caused an increase in temperature of 20
to 30°F. The degraded condition of shorted cail turns caused an

increase in temperature of approximately 60°F. These increased
temperatures would be expected to reduce the life of the timing
relays. When an Arrhenius relationship 1s used to calculate

expected life, a temperature increase of 30°F would be expected to
result in an expected life of approximately 25% of the original
expected life. A temperature increase of &0°F would result in an
expected life of less than 6% of the original life.

Infrared scanning showed temperature changes in four out of
the seven degraded conditions in which it was measured, Figure 4~
71. The equipment was unavailable for the degradations of contact
damage and loose cConnections, Infrared scanning showed higher
temperatures than the pyrometer since it could better pinpoint the
hottest spot, as shown in thermograph of Figure 4-72, which was
taken with the Inframetrics Thermal Imaging System 600. It showed
the same trend as the infrared pyrometer.

Vibration signature differences were caused by six of the nine
degraded conditions for the timing relays. Significant vibration
signature differences were caused by contact damage, loose
connections, blocked armature:, increased coil resistance,
overheated and dirt accumulation, Figure 4-73.

Acoustic signature differences werea caused by two of the nine
degraded conditions for the timing relays. The degraded conditions
of blocked armature and overheat caused the most significant
differences predominantly in the %0 to 120 Hz range.
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4.6 Results of Degraded Conditions on Molded Case Circuit Breakers

The Sqguare D FAL3I6070 was subjected to three degraded
conditions and the 1SM methods performed after each degraded
condition. The degraded conditions were high potential tests,
loose connections and dirt accumulation. The 1ISM methods of
infrared scanning and on-contact temperature were not performed
during these degradation tests on molded case circuit breakers
because the eguipment was unavailable at the time the tests were
being performed.

Additionally, the ITE KMB2FB00 was subjected to a loose
connections degraded condition in order to evaluate the
effectiveness of the infrared scanner, ion detection and 100% rated
current hold-in methods and duplicate the history of a loose buss
connection on this breaker.

The most significant findings on the molded case circuit
breakers were :

o The methods of pole resistance, 135% current,

instantaneous trip and vibration signatures detected all
of the degraded cenditions,

o Infrared thermography and visual inspection detected 67%
of the degraded conditions,

o Loose connections caused the temperatures of the Sguare D
FAL26070 to increase by 200°F and the temperatures of the
ITE KMB2F800 to increase by 260°F. These temperatures
exceed the temperature ratings of the materials of
construction and would be expected to result in
significantly reduced expected life,

o The methods of insulation resistance, mechanical
actuation, 300% overcurrent, 600% overload and dielectric

testing did not change due to any of the degraded
conditions,

o The ion detector smoke alarms alarmed when smoke
concentration was sufficlently captured in the vicinity
of the alarm but did not alarm in spite of heavy visible
smoke when air flow reduced smoke concentration in the
immediate vicinity of the alarm.

For the Square D FAL36070 molded case circuit breaker, the ISM

methods of insulation resistance, mechanical actuation, 300%
overcurrent, 600% overlocad, and dielectric testing did not show any
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1 to decrease, pole 2 to increase and pole 3 to effectively stay
the same.

Infrared pyrometry showed temperature changes in one out of three
degraded conditions, Figure 4-78, for tne Square D FAL36070. An
increase in temperature of almost 200°F was caused by the loose
connection degraded condition. For the ITE KMB2F800 circuit
breaker, the loose connection degradation caused an increase in
temperature of approximately 260°F, noted by the infrared scanner
and pyromeier, Figure 4-78.

Infrared scanning was available only during the degradation
conditions for the ITE KMB2FB800 circuit breaker. It showed the
significant temperature increase, to approximately 400°F, caused by
the loose connections degradat*ion.

Vibration signature differences were caused by all three of
the degraded conditions for the Sguare D FAL36070 molded case
circuit breaker, Figure 1-79. Significant wvibration signature
ditferences were caused by the degraded condition of high potential
by adding a peak at 340 Hz, bv the degraded condition of loose
connections by reduction in amplitude at 500 Hz and by the degraded
condition of dirt accumulation by reducing the amplitude at several
frequencies, most notably 203 Hu.

Acoustic signature differences were caused by all three of the
degraded conditions for the Square D FAL36070 molded case ciccuit
breaker. Very little difference in acoustic signatures were caused
by the degraded condition of high potential, with the most
significant difference being an added peak occurring at 1360 Hz
The decgraded condition of 1loose connections caused the most
significant differences of an additional peak at 1400 Hz, and
reductions in amplitude at 800 Hz. The degraded condition of dirt
accumulation caused the most significant differences in an
additional peaks at 17, 90 and 1650 Hz and reduction in amplitude
at 800 Hz.

No smoke or burning odors were noted during the high potential and
dirt accumulation degraded conditions and the ion detector did not
alarm during these degraded conditions. However, during the 100%
rated current hold-in method on the loose connection degradation,
smoke was generated during testing for both circuit breakers. The
ion detector alarmed after 88 minutes at 100% rated current for the
Square D 36070. Smoke was not visible but the odor of burnt
insulation was noticed. The cable insulation at the loose
connection had melted. For the I!E KMB2F800 circuit breaker, smoke
was visible from both the circuit breaker and the test cable, prior

4~ 66



TEMPERATURE (OF)

"
470 4 -

o
370 +

*
270 -
170 4 -+

.
§ #

70 + : -+ 1 e sremensd

Boseline High Poiential Loose Connection  Dirt Accumulation
DEGRADATION TEST

# Square D FALBBO70 5 ITE KMB2FBOO
Figure 4-78. Infrared Pyrometry

Comparison Degradation Tests
Molded Case Circuit Breakers

4- 67

i e T . I e e e s e




P * ST S g m———

WYLE LABORATORIES
SPECTRA FROM MATIFLE DEVI -
. % 4 - -

DIPT.FAL ~6@%
&-MC-9¢ 13132

LOOSE FAL, ~68%
e8-DEC-99 15137

HIGH POT » 625
e6-DEC-9 2itee

RME ACCELERAT ION TN G-3

FALEATS, -85

| PE-DEC-™ (602

2000 FREQ: 341,
] $S.69

FREQUENCY IN W2 a4t 05116

Figure 4-79. Square D FAL36070 Molded Case
Circuit Breaker Vibration Signatures
During Degraded Conditions

4~ 68



..... R —— e T e

to breaker trip at 47 minutes at 100% rated current. The ion
detector did not alarm.

The reason for ion detector actuation on the Square D 36070
was that the test configuration allowed the breaker tc be mounted
in a panel, with the ion detector above the specimen, Figure 4-80.
Wher smoke rose, it concentrated in the top of the panel and caused
the ion detector to alarm, even though the smoke was not visible.

The ITE KMB2F800 was too large to mount in the panel and
accommodate the proper cable size and lengths without becoming a
personnel hazard, so it was tested outside a panel, with the ion
detector suspended over the breaker, Figure 4-81 shows the
relative position of the ion detector, approximately six inches
above the breaker. When smoke evolved from the circuit breaker and
cable, air currents prevented sufficient concentration of smoke at
the ion detector and the ion detector did not alarm.
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4.7 Results of Degraded Conditions on Metal Clad Circuit Breakers

The 29 year old General Electric AK-25-25-M was subjected to

five degraded conditions and the ISM methods performed after each
degraded condition.

The most significant findings on the metal clad circuit
breakers were:

o The methods of visual inspection, lubrication inspection,
and vibration signatures detected all of the degraded
conditions,

o The long time delay method detected 80% of the degraded
conditions,

0 The methods of mechanical actuation, pole resistance,
insulation resistance and short time delay trip did not
change due to any of the degraded conditions.

The degraded conditions were loss of lubrication, overheated,
and loose connections. Additionally, the metal clau circuit breaker
was lubricated and some of the ISM methods performed to evaluatu
the change after Ilubricacion. While evaluating the lubricated
condition, an overload of approximate 10,000 amps was inadvertently

applied to the breaker, so the impact of this degraded condition
was also evaluated.

The overheated degraded condition was performed while the
metal clad circuit breaker had a loss of lubricant since this
constituted a worst case and was reported to be a common degraded
condition by General Electric. The T8M methods of 1intfrared
scanning and on~-contact temperature were not performed during these
degradation tests on metal clad circuit breakers because the

eguipment was unavailable at the time the tests were being
performed.

Luss of lubrication was accomplished by removing the existing
lubricant with a degreasing cleaner. The overheated condition was
accomplished by heating the metal clad circuit breaker with a heat
gun until a visible sign of overheating such as discoloration had
occurred. The loose connections test was performed by !vosening
the hold down nuts on the arc quencher retainer. The lubrication
test was performed by re-lubricating the circuit breaker with GE
specified grease. The overload test was performed by subjecting
one pole of the circuit breaker to 10,260 amps.

The ISM techniques of pole resistance, insulation resistance,
short time delay overcurrent, mechanical actuation, and ion
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detection did not show significant changes from original baseline
parameters during any of the degraded conditions. Figure 4-82
shows the results of pole resistance. The ISM methods which did
show significant change from the original baseline parameters
during at least cne of the degradation tests were visual
inspection, 1long time delay overcurrent, infrared pyrometry,
vibration *e¢sting, and acoustic testing.

Visual inspection was effective in all five of the degraded
conditions.

Long time delay overcurrent changed significantly in four out
af the five degraded conditions. They were loss of lubrication,
overheat, loose connections and lubrication, Figure 4-83. The loss
of lubrication caused the most significant deviation from
specification and the addition of the overheated condition, while
the metal clad circuit breaker had a loss of lubricant, did not
worsen the long time delay overcurrent Lrip time, After initial
lubrication, the long time delay overcurrent trip time improvea and
came back into specification. The result that it returned to near
baseline conditions after the overload degraded condition was
attributed to tie fact that it had seen more operations since it
had been lubricated and this nad a bigger impact than the
overloaded degradation.

Infrared pyrometry showed temperature changes in one out of
five degraded conditions, Figure 4-84. The overheated condition
caused an increase of 30°F to the EC~1 series overcurrent trip

devices.

Vibration signature differences were caused by all three of
the degraded conditions for the GE AK-28-25-M metal clad circuit
breaker, Figure 4-85. Significant vibration signature differences
were caused Dy the degraded condition of loss of lubricant by
adding peaks at 180 Hz and below and between 1430 and 195C Hz, as
well as a change in the spectrum at 530 Hz. The degraded condition
of overheat caused additional peaks at 730 to 780 Hz. The loose
conractions degradation caused additional vibration from
approximately 1500 to 2400 Hz.

The time higtory of the vibration signatures also exhibited
changes cuused by the degraded conditions. Figure 4-86 shows the
time history vibration signatures for the AK-28~25-M breaker in the
as received condition and after the degraded conditions. The as
received condition is on the bottom and in ascending order, the
degraded conditions of loss of lubrication, overheated and loose
connections. Significant differences were noted in the numbe:r of
peaks, highest amplitude and time between peaks. For instance the
number of pea¥s which exceed 6 g were 12, 32, 13 and 24 for the
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conditions , as received, loss of lubricant, overheated, and loose
connections, respectively, Figure 4-87. Increases in the maximum
amplitude were caused by the degraded conditions of loss of
lubrication and loose connections, Figure 4-88, and the timing
between the first through fourth highest peaks was mnst effected by
the degraded condition of overheated, Figure 4-89.

Acoustic signature differences were caused by the loss of
lubrication and overheat degraded conditicons. Data was not
available on the loose connection due to equipment problems. The
most significant differences were in the freguencies of 500 to 600
and 900 to 1100 Hz and the addition of peaks at 2700 and 3000 Hz by
the degraded c.unditions.
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4.0 In-situ Efforts

The In-situ efforts were pertormed on relays and circuit

breakers at two operating nuclear plants. The plants were Duke
Power Company’s Catawba Nuclear Station and Niagara Mohawk Power
Corporation’s Nine Mile Point Unit 1 Nuclear Plant. The

maintenance engineering and operations staff at both facilities
were extremely knowledgeable. No problems were found on equipment
evaluated.

The elements of the in-situ efforts were three fold. First,
plant maintenance personnel were observed while they performed
routine plant maintenance on relays and circuit breakers. Second,
plant procedures for inspection, testing and maintenance of relays
and circuit breakers were obtained, results of plant maintenance
tests were reviewed, and engineering and maintenance personnel were
interviewed. Third, non-intrusive ISM methods of infrared
pyrometry, infrared scanning and vibration testing were
demonstrated to the plant personnel and data taken on installed
relays and circuit Dbreakers in order to determine the
practicability of the methods in nuclear plants,

The in-situ efforts provided valuable insight into the routine
relay and circuit breaker inspections, surveillance and monitoring
methods currently in use, The practicability of the infrared
pyrometer, infrared scanning and vibration testing methods were
proven, These methods had the advantages that the cquipment was
small, lightweight and easily portable. An additional advantage
was that the equipment allowed data acqguisition in the plant and
detailed analysis of the data outside ol the plant in engineering
offices. This shortened the length of time in the plant,

In this section the results of the tests witnessed, records
reviewed and tests performed at each plant are summarized.

Nine Mile Point Unit 1 Nuclear Plant

The in-situ efforts at Nine Mile Point concentrated on 4 KV
power buards located in the auxiliary building. These power boards
were operational and contained GCeneral Electric Magne-Blust Type
AM-4 16-350~1H, 4 XV Metal Clad circuit breakers, GE 12IAC
protective relays and GE 12HFA auxiliary relays. The 4 KV circuit
breakers were evaluated in the in-situ efforts because specimens
were not available for the tests on aged devices or the degradation
tests bhecause of the cost and availability of this type of circuit
breaker.

S8ix 4 KV breakers, three IAC and three HFA relays were
evaluated. The ISM techniques of infrared pyrometry, infrared
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scanning and vibration testing were performed. No problems were
found on any equipment. The vibration testing was accomplished in
the quiescent operational state. Infrared pyrometry was obtained
with a Rayteck Ranger Pyrometer and the infrared scanning was
accomplished with an AGEMA 470 Infrared System. Figur2 4-90 shows
one of the GE Magne~Blast 4KV circuit breakers. The breaker was

manufactured in January 1966

The results cof the infrared pyrometry, which were the same as
the infrared scanner are shown in Figure 4-%1, The external
temperatures on the power boards were all at the same temperature.
The corresponding current in each breaker was 0 amps for Power
Board H22-R125 Breaker, 25 amps for the Auxiliary Feeder 12-R124
Breaker, 5€ amps for the Turbine Building Cooling Water Pump No. 12
Breaker, 80 amps for the Reactor Re-circulation Pump Motor
Generator No. 15 Breaker, 210 amps for the Condenser Circulating
Yater Pump No. 12 Breaker and 1000 amps for the Clean-up Pump No.

12 Breaker.

The doors of two power boards were opened by Niagara Mohawk
electricians so that infrared temperatures and vibration signatures

could be obtained directly from the circuit breakers. The
vibration signatures were obtained while the breakers were in their
closed condition. Figure 4-92 shows the use of the infrared

pyrometer on one of the 4 KV metal clad circuit breakers. The
inside temperature on the Clean-up Pump No. 12 Breaker was
approximately 15°F hotter than outside since the current in the
breaker was approximately 1000 amps. All circuit breakers were
operating near the same temperature regardless of the current, No
significant changes in temperatures were observed. The circuit
breakers and relays were clean and had no obvious problems.

According to Niagara Mohawk procedures, preventive maintenance
is performea on the 4KV metal clad circuit breakers after each
plant cycle for the safety-related circuit breakers which are in
operation during normal plant conditions. Safety-related breakers
which are operational only during an outage have a maintenance
interval of two cycles and the remainder are maintained at three

cycle intervals.

Figure 4-93 shows the Niagara Mohawk electrician assisting in
the vibration data acquisition. The vibration data was acguired
with a hand held data acquisition computer. This computer was able
to acquire and store several vibration signatures. The slignature
was displayed on the screen of the computer and data then
transferred and reduced at the host computer after completion of

the in-situ efforts.
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Figure 4-92. Temperature Measurement of 4KV
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Catawba Nuclear Station

Plant personnel were observed performing inspection and
surveillances on melded case circuit breakere in motor control

centers (MCC). The procedures requirel the disconnection of the
wiring to the breakers so that a 30(% overload test could be
performed on the breakers. Figure 4-94 shows the Catawba

electrician disconnecting and tagging ths leads. After the trip
tests were performed, the leads were attach~d and voltages measured
to assure proper connections, Figure 4-95.

Pick-up and drop out voltage tests of contreol relays were
observed. In order to perform pick-up ard drop out voltage tests,
it was necessary to disconnect the relay from the circuit, The
test set used at Catawba was designed teo be portable and contained
a variable power supply, volt meter and timing circuit, Test
blocks had been installed in the circuits of relays which were
tested monthly for pick-up and drop out voltage in order to
facilitate the testing. This made connecting and disconnecting the
relays an effortless process as compared to that required when
testing the molded case circuit breakers., Figure 4-96 shows the
Catawba staff testing pick-up and drop out voltage on relays in the
diesel generator seguencing panel. These relays were tested at
monthly intervals. The connections to the test blocks and the
infrared scanning, which was performed during the pick=-up and drop
out voltage tests, were also evident.

The results of pick-up and drop out voltage tests are shown in
Figure 4~97, No problems were noted during these tests.

The Catawba maintenance staff had discovered a problem witi
Westinghouse Molded Case Circuit Breakers. The model was Type HFB
3125, which was an ambient compensated 125 amp breaker. This
problem was discussed with the ir-situ team. It had occourred prior
to the in-situ effort.

An HFB 3125 molded case circuit Lreaker was tripping on
instantaneous trip outside of the manufacturer’s published trip
curve. The problem was originally tfound and reported by Duke Power
Company’s Catawba Nuclear Plant., Once verified by Westinghouse,
Westinghouse notified Duke Power Company of a 10CFR Part 21
eoncerning Ambient Compensated Molded Case Circuit Breakers. The
purpose of the notification was to inform Duke Power Company that
specific electrical confirmatory tests had not been performed for
the magnetic (instantaneous) trip crtion of the breaker,
Westinghouse stated that the magnetic pick-up band was unknown. It
was reported that the ambient compensating design had a lower latch
load resulting in possible lower magnetic tripping, but actual
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values were unknown, as they had never been tested and recorded.
According to Duke Power Company engineers, Westinghouse had
requested that the literature be revised to document that the 125
Amp ambient compensated breaker was no longer available,

Duke Power’s Company’s procedure for in plant testing of
molded case circuit breakers reguired a test at 300% of rating.
According to the manufacturer’s trip curve, the 300% point was in
the non~instantaneous portion of the ¢trip curve. The circuit
breaker apparently worked properly at the 300% point and the
breaker was returned to service.

Some time later, when a system test was performed, the problem
first manifested itself. When the Hydrogen Skimmer Fan was started,
the HFB 3125 Circuit Breaker tripped. Apparently the Iinrush
current of the fan was high enough to cause an instantaneous trip.

A failed circuit breaker was sent to a commercial test
facility for testing to NRC Bulletin 88-«10 requirements. The test
facility tested the circuit breaker and concluded that it had

passed.

The requirement from NRCB 88-10 for Instantaneous Trip Test
was!

%2.5.1 ¢ Fixed Instantaneous Setting
CBs. Each pole of the CB should be tested
for pickup of the instantaneous unit. Each
pole must be between 75% and 125% of the
instantaneous trip rating. The trip time
should not exceed 0.1 seconds (6 cycles)."

The test record documents tha: each pole of the circuit
breaker was tested at one point, approximately 1000 Amps, which was
the B800% current point for this 125 amp breaker. The breaker did
instantanecusly trip at this point.

The original published trip curve from Westinghouse showed
that the low side of the instantaneous trip should be approximately

550%,

Testing for instantaneous trip at only one point does not
prove that the breaker does not instantaneously trip at a point
less than the manufacturer'’s curve. In Phase 1I, each pole of
rolded case circuit breakers were tested at 75% of the lower
instantaneous trip curve and at 125% of the upper trip curve. The
breaker should nct instantaneously trip at the 75% value, i.e., the
trip time should be greater than the manufacturer’s specification,
typically greater then 0.1 seconds. Conversely, it should
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instantaneously trip at the 125% point of the upper trip curve.
This assured that an instantaneous trip occurred between 75% and
125% of the instantaneous rating.

Testing a circuit breaker for instantaneous trip should be
accomplished by either of the following methods: Tests below and
above the .instantaneous ¢trip rating or the short pulse tests
method.

When two tests are performed, one is below the instantaneocus
trip range and one is above the instantazneous trip range. For
instance, the trip time, at a current of 75% of the instantaneous
eurrent ¢rip rating, should not be instantaneously. The trip time,
at a current of 125% of the instantaneous current trip rating,
should be instantaneous.

When the short pulse method is performed, short (5 to 10
cycles) pulses of current are applied to the breaker during
multiple tests. The first pulses start out below the instantaneous
trip rating and are increased gradually until the breaker trips
instantaneously. The current causing an instantaneous trip would
be compared to the trip rating to verify that it is within the
instantaneous range.

Fer molded case circuit breakers which have adjustable
inntantaneous trip bands, testing should include tests below and
above the lowest magnetic trip setting and below and above the
highest magnetic trip getting. During the tests on aged devices, a
molded case circuit breaker tripped properly at the low setting of
the instantaneous trip range and failed to trip when adjusted to
the high setting. The root cause, as noted in section 4.6, was age
related.

The Catawba staff had also tound an age related problem with
Sylvania relays. The application of the relay was in a starter
circuit as a contactor for a molded case circuit breaker in a motor
control center. The root cause of the failure was loosening of the
contact carrier screws during normal operation. The screws had
vibrated loose and caused the contact carrier on one relay to fall
oft of the relay. Infrared pyrometry was used to scan otper
suspect relays and the contact carrier of another relay was found
to be loose. One of the two screws had disengaged from the contact
carvier and had dropped *o the bottom of the MCC,

The Catawba staff then inspected 35 MCCs which contained ¥ to
60 of the suspect relays and found 28 with loose screws. The
corrective action was to change out the original screws with self
locking screws which had a nylon patch applied to the screw to
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5. USEFUL MONITORING METHODS

In this section, current nuclear practice for inspection,
surveillance and monitoring of relays and circuit breakers was
evaluated to determine its effectiveness to detect and potentially
mitigate 2ging. Changes to current practice are recommended when
more effective methods to detect and potentially mitigate aging
were determined by the Phase 11 research.

The evaluations of <current nuclear practice and the
effectiveness of the ISM methods tested in Phase 11 are summarized
in Table 5-1 and presented for each type of relay and circuit
breaker evaluated in Phase II.

Some of the significant general observations are as follows:

o out of 29 degraded conditions simulated for relays, the
most common industry ISM method of pick-up voltage
correctly detected 3, did not change on 20 and provided
misleading results on 6,

0 out of all of the degraded conditions simulated for
relays and circuit breakers, Table 5-1 shows that the ISM
methods detecting the most were vibration signatures,
visual inspection, ~coustic signatures and infrared

thermography.

Table 5-1. Overall Effectiveness
of Common 15M Methods

ASM Percent of Degraded Conditions Detected
Vibration Testing 70
Visual Inspection 58
Acoustic Testing 45
Infrared Thermography 40
Drop out Veltage 30
Contact / Pole Resistance 30
Magnetic Flux 30
Inrush Current 30
Coil Resistance 20
Pick-up Veoltage 10
Holding Current 10
Ion Detection )
Insulation Resistance 0
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Inspecticn, survelillance and monitoring methods were evaluated
in the tests on naturally aged relays and circuit breakers, the
degraded conditions tests and in the in-situ efforts. The I18M
methods were evaluated for each relay and circuit breaker in the
Phase 11 effort. They had been chosen based on their current use
in nuclear plant practice, or because they presented the
opportunity for improvement in the methods currently in practice.
The test results on each type of relay and circuit breaker provided
information on the effectiveness of each I18M method. A method was
concluded to have been effective at detecting and capable of
mitigating aging if it detected significant differences due to
aging on the relays and / or e¢ircuit breakers on which it was
evaluated, during any of the three test series, tests on naturally
aged devicves, tests on degraded devices and in-situ eflorts. Some
methods were effective when comparing the resulte of aged devices.
Other methods were effective when detecting differences caused by

the degradation conditions applied to each type of relay or circuit
breaker.

Each of the 15M methods were rated for effectiveness to detect
significant differences caused by age. The ratings were, from
highest to lowest, effective, probably effective and ineffective.
A method was considered effective when it detected significant
differences caused by age in the tests on aged devices, or the
tests on devices with degraded conditions. Any method which had
detected aging noted during the in-situ efforts was also cunsidered
to be effective. A method was considered to probably be effective
when differences were noted on aged reluys and / or eircuit
breakers but not enough information was available to judge if the
differences were caused by age or may have been caused by other
difterences in the devices. A method was considered to be

ineffective when no changes in the method were noted by age or the
degraded conditions.

5.1 Protective Relays

Nineteen ISM methods were evaluated or. the protective relays.
The results of the Phase 11 testing have shown eleven methods to
have been effective in detecting and therefore capable of
mitigating aging, Table 5-2. They were visual inspection, contact
resistance, coil resistance, magnetic flux, induction unit pick-up,
time / current characteristics, target and seal in, instantaneous

trip unit, infrared pyrometry, infrared scanning and on-contact
temperature measurement,

Three methods were considered to be probably effective. They

were current surge comparison, vibration testing and accustic
testing.

o e



Five methods were ineffective, They were insulation
resistance, zero check, inrush current, operating current and icn

detection.

The result of the effectiveness in the Phase 11 testing was
compared to the current nuclear practice which was summarized in
Table 2-1. The 18M methods, in common nuclear plant practice, were
visual inspection, time / current characteristic, induction /
overcurrent pick-up, target and seal-in and instantaneous trip. All
were shown to be effective at detecting and capable of mitigating
aging in Phase 11I. The operating current method, which was the
only other commo.a practice, was foind to be probably effective.
Thue, all of these ¢ irrent methuds are considered to be useful and

are recommended.

The current practices were sensitive to all of the degraded
conditions, for the Westinghouse CO protective relay. However,
current practices, for the GE 1A, were not as sensitive to most of
the degraded conditicnz. For example, induction unit pick-up was
sensitive to four out of five degraoded conditions for the
Westinghouse CO relay and only one out of five for the GE IA relay.

More affective, than current practice for the GE 1A relay, was
the improved ISM method of infrared temperature mnasurement with
infrared pyrometer or scanner.

Infrared *emperature measurement wus mnore sensitive *o the
degraded nonditiors of dirt accumulation, overheat ana contact
damage than the current method and about the same for the loose
connections degraded condition. The increased temperatures would
result in significantly reduced expected life to approximately 6%

of originally expected.

For the protective relays, the method of infrared temperature
measurement is recommended to be added to the current practices of




Takle 5-2. ISM Methods Effectiveness
for Protective Relays

Initial Degraded Conditions
18M Condition . CD DA __HP __1C _ OH
Current kractice

Visual Inspection E B E 1 E E
Induction / Overcurrent Pick-up E ¥ E 1 E ¥
Target and Seal~In ) 1 E 1 1 E
Time / Current Characteristic E 1 1 1 1 1
Instantanecus 1uip E 1 1 1 1 1
Operating Current P 1 1 1 1 1
ddvanced Methods

Infrared ®yrometry E E E 1 E E
Infrared Scanning E P P 1 P iIs
On-contact Temperature E P p 1 P P
Magnetic Flux P E E 1 E E
Coil Resistance E E 1 1 3 1
Vibration Testing P 1 E I E E
Acoustic Testing P 1 E 1 £ E
Contast Resistance ¥ 1 1 I E 1
Ion Detection E 1 1 1 1 1
Inrush Current 1 1 1 1 1 1
Zero Check 1 1 1 1 1 1
Insulation Resistance 1 I 1 1 > 1
Current Surge Comp. P

Legend:

CD : Contact Damage

DA : Dirt Accumulation
E t Effective

HP : High Potential

1 t Ineffective

I : Loose Cunnection
M t Misleading

OH : Overheat

P ¢ Probably Effective

visual inspection, time / current characteristic, induction /
overcurrent pick-up, target and seal-in and instantaneous trip.

Infrared temperature measurement should be perforwed with the
cover off of the protective relays and with the relays energized,.
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5.2 Control Relays

.

Sixteen 1SM methods were evaluated on the control relays. The
results of the Phase 11 testing have shown eleven methods to have
been effective In detecting and therefore capable of mitigating
aging, Table 5+«31. They were visual inspection, contact resistance,
coil resistance, magnetic flux, pick-up voltage, drop out voltage,
infrared pyrometry, Iinfrared scanning, on-contact temperature
measurement, vibration testing and acoustic testing.

Three methods were considered to be probably effective. They
were inrush current, holding current and current surge comparison.

Two methods were ineffective. They were insulation resistance
and ion detection.

The result of the effectiveness in the Phase 11 testing was
compared to the current nuclear practice which was summarized in
Table 2-1. The 18M methods, in common nuclear plant practice, were
visual inspection, pick-up voltage and drop out voltage, All three
were shown to be effective at detecting and capable of mitigating
aging in Phase 1II. Thus, all of these current methods are
considered to be useful and are recommended.

However, the current practices were not sensitive to most of
the degraded conditions. Pick-up voltage was sensitive to four out
of ten degraded conditions. Drop out voltage was sensitive to two
out of ten degraded conditions.

The improved ISM methods of magnetic flux, temperature
measurement with infrared pyrometer or scanner, vibration testing
and acoustic testing were sensitive to additional degraded
conditions of control relays. Each were sensitive to some degraded
conditions for which current practice was insensitive.

Infrared temperature measurement was considerably more
sensitive to the degraded conditions of dirt accumulation,
overheat, shorted coil turne and loose connections than the current
prectice of pick-up veltage and drop out voltage.

The sensitivity of infrared temperature mneasurement and its
apbility to detect aging was exemplified during the dirt
accumulation degraded condition in which the temperature of the
§D219 control relay increased from 140%F to 175¥F. For this same
degraaed condition, the pick-up voltage decreased by 25%, which
would be considered better, The drop cut voltage 4id not change
due to the dir. accumulation degraded condition. These increased
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Table 5-3, 18M Methods Effectiveness
for Control Relays

Initial Degraded Conditions
15M condition = BA CCR _CD DA HP ICR IC _LCC OH SCT

Surrent Preatice

Visual Inspection
Pick-up Voltage
Drop out Veltage

Advanced Methods

Vibration Testing
Acoustic Testing
Infrared Pyrometry
Infrared Scanning
On-contact Temp.
Contact Resistance
Magnetic Flux

Coil Resistance
Inrush Current
Holding Current
Current Surge Comp.
lon Detection
Insulation Resistance 1

end:
BA : Blocked Armature

- m

ST
4 e

-

Contact Damage

Dirt Accumulation
Effective

Hagh Potential
Ineffective
Increased Coil Resistance
Loose Connection
low Contact Current
Misleading
Overheat

Probably Effective
Shorted Coil Turns
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5.3 Electronic Relays

Twelve I8M methods were evaluated on the electronic relays.
The results of the Phase 11 testing have shown four methods to have
been effective in detecting and therefore capable of mitigating
aglnq. Table 5-4. They were visual inspection, overcurrent sensing
pick=-up, instantaneous overcurrent and vibration testing.

Eight methods were ineffective. They were contact resistance,
coil resistance, time / current characteristic, infrared pyrometry,

infrared scanning, on~contact temperature, acoustic testing and io<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>