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ABSTRACT

This report provides an aging assessment of electric motors and was con-

ducted under the auspices of the NRC Nuclear Plant Aging Research Program
(NPAR). The objectives of this program are to identify concerns related to
the aging and service wear of equipment operating in nuclear power plants, to
assess their possible impact on plant safety, to identify effective inspection
surveillance and monitoring methods and to recommend suitable maintenance
practices for mitigating aging related concerns and diminish the rate of deg-
radation due to aging and service wear.

Motor design and materials of construction are reviewed to identify age-
sensitive components. Operational and accidental stressors are determined, I

and their effect on promoting aging degradation is assessed. Failure modes,
mechanisms, and causes have been reviewed from operating experiences and exis-
ting data banks. The study has also included consideration for the seismic
correlation of age-degraded motor components.

The aforementioned reviews and assessments were assimilated to character-
ize the dielectric, rotational, and mechanical hazards on motor performance
and operational readiness. The functional indicators which can be monitored
to assess motor component deterioration due to aging or other accidental
stressors are identified. Conforming with the NPAR strategy as outlined in
the program plan, the study also includes a preliminary discussion of current
standards and guides, maintenance programs, and research activities pertaining
to nuclear power plant safety-related electric motors.

,

l

_ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _



-- ,

r

I
i

iv

ACKNOWLEDGEMENT

The authors wish to thank Dr. Bill M. Morris and Mr. Jitendra Vora of the
U.S. Nuclear Regulatory Commission for their assistance and useful comments on
various phases of this work. We would like to express our appreciation to the
individuals and organizations listed below who provided information and guid-
ance for this study. In particular, we wish to thank Mr. Richard H. DeLisle
of Westinghouse Electric Corporation - Large Motor Division, Buffalo, N.Y.,
for his valuable assistance.

Mr. Paul Tumberillo - IMC Magnetics, Inc., Westbury, N.Y..

Mr. Richard Bucci - Ebasco Services, Inc., N.Y., N.Y..

Dr. Salvatore Carfagno - Franklin Research Center, Philadelphia, Pa..

Mr. George Murphy - Oak Ridge National Laboratory, Oak Ridge, Tenn..

Mr. Ken Fisk - Westinghouse Corp. - Service Center, Buf f alo, N.Y..

Mr. Jim Rivello - LILCO/ Port Jef ferson Power Station, P.J., N.Y..

Mr. Robert McGrath - Doble Engineering Co., Watertown, Ma..

Mr. Steve Waski, Jr. - BNL Motor Repair Shop, Upton, N.Y..

We would like to express our gratitude to various members of the Engin-
eering Technology Division of BNL who contributed towards the completion of
this work. In particular, we wish to thank Mr. Bob Hall, Mr. Jim Higgins,
Mr. Bill Gunther, Mr. Joe Webb and Mr. Bill Luckas who provided their techni-
cal assistance, guidance, and editing of this report.

Reviews of the draft of this report by ORNL, PNL, FRC, and Ebasco Servi-
ces are greatly appreciated.

The assistance of Ms. Jean Ramirez in typing this manuscript is also
deeply appreciated.



_ _ _ _ _ _ _ _ .-

V

CONTENTS

Fage

ABSTRACT ............................................................ iii

ACKNOWLEDGEMENT ..................................................... iv

FIGURES ............................................................. viii

TABLES .............................................................. x

S.0 SUMMARY ........................................................ S-1

S.1 INTRODUCTION .............................................. S-1
S.2 MOTOR / DESIGN MATERIALS OF CONSTRUCTION .................... S-1
S.3 STRESSORS - OPERATIONAL AND ACCIDENT RELATED .............. S-3
S.4 DATA EVALUATION AND ASSESSMENTS ........................... S-4
S.5 FAILURE MODES, MECHANISMS AND CAUSES ...................... S-5
S.6 CONCLUSIONS ............................................... S-5
S.7 FUTURE WORK ............................................... S-6

1.0 INTRODUCTION ................................................... 1-1

1.1 BACKCROUND ................................................ 1-1
1.2 OBJECTIVE ................................................. 1-3
1.3 SCOPE ..................................................... 1-3 !
1.4 STRATEGY .................................................. 1-7

2.0 RESEARCH BASIS AND MOTOR CHARACTERISTICS ....................... 2-1
|

2.1 DATA AND INFORMATION SOURCES .............................. 2-1

2.1.1 Lice nsee Eve n t Re port s ( LE Rs ) . . . . . . . . . . . . . . . . . . . . . . 2-1
2.1.2 In-Plant Reliability Data System (IPRDS) ........... 2-2,

2.1.3 Nuclear Plant Reliability Data System (NPRDS) ...... 2-4
2.1.4 Nuclear Powe r Expe rience ( NPE) . . . . . . . . . . . . . . . . . . . . . 2-4
2.1.5 Published Reports .................................. 2-5
2.1.6 Industry Standards and Guides 2-8......................

2.1.7 Seismic Testing of Naturally Aged Motors ........... 2-8
2.1.8 Other Sources ...................................... 2-8

2.2 MOTOR TYPES ............................................... 2-9

2.2.1 Three-Phase Induction Motors ....................... 2-12
2.2.2 DC Mbtors .......................................... 2-12
2.2.3 Synchronous Motors ................................. 2-13
2.2.4 Motors Considered For The Aging Research . . . . . . . . . . . 2-13

. .
.

__ __



v

vi

CONTENTS (Cont'd.)
Page

2.3 MATERIALS AND CONSTRUCTION ................................ 2-14

2.3.1 Stator ............................................. 2-15
2.3.2 Rotor .............................................. 2-20
2.3.3 Bearings ........................................... 2-22
2.3.4 Frames and End Brackets ............................ 2-24
2.3.5 Classifications of Insulating Systems .............. 2-25

3.0 OPERATIONAL STRESSORS AND CORRELATION WITH ACCIDENTAL EVENTS ... 3-1

3.1 SYSTEM-LEVEL PARAMETERS ................................... 3-1
3.2 COMPONENT-LEVEL PARAMETERS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-4
3.3 APPLICATION AND OPERATIONAL STRESSES ...................... 3-6
3.4 HUMAN FACTORS ............................................. 3-10
3.5 ENVIRONMENTAL EFFECTS ..................................... 3-12
3.6 SYNERGISTIC EFFECTS ....................................... 3-13
3.7 AGING MECHANISMS .......................................... 3-13

3.7.1 Electrical ......................................... 3-13
3.7.2 Mechanical ......................................... 3-16
3.7.3 Chemical ........................................... 3-20
3.7.4 Thermal ............................................ 3-23

| 3.7.5 Humidity ........................................... 3-23
! 3.7.6 Radiation .......................................... 3-27
|

3.8 AGING-SEISMIC CORRELATION ................................. 3-29

4.0 DATA EVALUATION AND ASSESSMENTS ................................ 4-1

4.1 LER REVIEW ................................................ 4-1

4.1.1 Failure Data Assessment ............................ 4-1
4.1.2 Correlation with Utility Maintenance Program ....... 4-8

I
4.2 IPRDS REVIEW .............................................. 4-11
4.3 BALANCE OF DATA REVIEW .................................... 4-17
4.4 FAILURE MODES / MECHANISMS /CAUSES AND FREQUENCY ............. 4-22
4.5 PERFORMANCE OR FUNCTIONAL INDICATORS ...................... 4-31

50 DISCUSSION OF CURRENT METHODS, TECHNOLOGY, AND REQUIREMENTS .... 5-1

5.1 DESIGN AND SPECIFICATIONS ................................. 5-1
5.2 STANDARDS, GUIDES, AND CODES .............................. 5-4
5.3 MANUFACTURER RECOMMENDATIONS .............................. 5-8
5.4 INSPECTION, SURVEILLANCE, AND MONITORING .................. 5-10

!

i

|

|

|



. _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ -

vii

CONTENTS (Cont'd.)
Page

5.5 NRC EXPERIENCE, EXPERT OPINION, AND ON-GOING RESEARCH ..... 5-12
5.6 TESTING ................................................... 5-13

6.0 CONCLUSIONS AND RECOMMENDATIONS ................................ 6-1

6.1 CONCLUSIONS ............................................... 6-1

6.1.1 Performance Indicators 6-1.............................

6.1.2 Failure Data Evaluations ........................... 6-6
6.1.3 Aging-Seis mic Co rre la tion . . . . . . . . . . . . . . . . . . . . . . . . . . 6-7

6.2 FUTURE WORK ............................................... 6-8

7.0 References ..................................................... 7-1

Appendix A: Industry Standards on Motors A-1...........................

_ _ _ _ _ _ _ _ _ _ _ _ _ _



-___ -

|
viii

FIGURES

No. Title Page

1-1 NRC-NPAR Strategy for Vital Component (Electric Motor) ....... 1-2
1-2 Motor Components ............................................. 1-4
1-3 Motor Accessories ............................................ 1-5
1-4 Electrical Line Diagram for Typical Motor Feeders ............ 1-6

2-1 Typical LER Data Sorted by Motor Failures .................... 2-3
2-2 NPRDS Motor Failure Data (Sample) ............................ 2-5
2-3 NPE Failure Description (Sample) ............................. 2-6
2-4 Predominant Types of Nuclear Power Plant Electric Motors ..... 2-9
2-5 Motor Types and Corresponding Percentage Failures (NPRDS) .... 2-10
2-6 Motor Sizes and Corresponding Percentage Failures (NPRDS) .... 2-11
2-7 Sta tor Winding Insula ting Sys tem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-16
2-8 Motor Stator Assemblies ...................................... 2-17
2-9 Typical Insulation Construction for a Form-Wound Coil . . . . . . . . 2-19
2-10 Random-Wound Stator Coil Insulation Cross-Section ............ 2-19
2-11 Mo t o r Ro t o r As s e mb li e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-21
2-12 Speed-Torque Characteristics for Typical NEMA Design

Cla s s i f i ca t i o n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2- 2 2
2-13 Typi ca l Mo t o r Bea ri ngs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-2 3
2-14 Life-Temperature Relationship of NEMA A, B, F, H Insulation

Classes .................................................... 2-26

3-1 Motor Component Failure Distribution (LER) ................... 3-5
3-2 Motor Component Failure Distribution (IPRDS) ................. 3-5
3-3 Pump Motor Operating Modes (IPRDS) ........................... 3-10
3-4 General Trend of Time, Thickness and Temperature Effects on

Insulating Materials ....................................... 3-14
3-5 Voltage Endurances of Various Insulating Materials . . . . . . . . . . . 3-15
3-6 Stator Lamination Damage Due to Rotor Interference ........... 3-17
3-7 Tensile Strength and Ultimate Elongation of KaptonR following

Exposure to Water at 100*C ................................. 3-18
3-8 Effect of Moisture Pick-up on the Physical Properties of

a Resin .................................................... 3-18
3-9 Scores on End Bracket Due to Bearing Damage .................. 3-19
3-10 Tensile Strength of KaptonR Subjected to Oxidation

Degradation ................................................ 3-21
3-11 Ultimate Elongation of KaptonR Subj ected to oxida tion . . . . . . . . 3-21
3-12 Tensile Strength of Manila Paper in Oil in the Presence

of Nitrogen ................................................ 3-22
3-13 Electrical Properties of Insulation with Respect to

Environmental Temperature .................................. 3-24
3-14 Mechanical Strength versus Temperature for NomexR Aramid

Paper Type 410 ............................................. 3-25



_ _ _ _ _ _ _ _ _ _ _ _ - _ _ -__
.. . . . .

_

ix

FIGURES (Cont'd.)

No. Title P.a ge

3-15 Mechanical Strength versus Temperature for NomexR M Aramid
and Mica Paper Type 418 .................................... 3-25

3-16 Useful Life versus Temperature for NomexR Aramid Paper
Type 410 ................................................... 3-26

4-1 Within-Motor-Boundary Failures (LER) . . . . . . . . . . . . . . . . . . . . . . . . . 4-2
4-2 Out side-Moto r-Boundary Failures (LER) . . . . . . . . . . . . . . . . . . . . . . . . 4-2
4-3 Motor Failures and SALP Maintenance Ratings for Eight Utility

Companies with Multiple Plant Sites (LER) .................. 4-10
4-4 Motor Failures versus SALP Maintenance Ratings (LER) ......... 4-11
4-5 Within-Motor-Boundary Failures (IPRDS) ....................... 4-12
4-6 Outside-Motor-Boundary Failures (IPRDS) ...................... 4-12
4-7 Mo t o r Fa i lu re Se ve r i ty ( I PRD S ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-16
4-8 Pump Motor Failures and Reactor Status (IPRDS) ............... 4-16
4-9 Plant System Status at the Time of Motor Failure (NPRDS) ..... 4-18
4-10 Motor Failure Detection Methods (NPRDS) ...................... 4-18
6-1 Electric Motor Aging-Research Flowchart ...................... 6-2
6-2 Functional Indicators for Dielectric Integrity ............... 6-3
6-3 Functional Indicators for Rotational Integrity ............... 6-4
6-4 Functional Indicators for Mechanical Integrity ............... 6-5 j



X

TABLES

No. Title Pajpe

2-1 Typical Materials used in Motor Construction ................ 2-15
2-2 Temperature Rise of Various Motor Types with B, F, and H

Classes of Insulation ..................................... 2-27 ,

2-3 Temperature Relations for Drip proof and Totally Enclosed
Fan Coo le d AC Mo to r s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-2 7

2-4 Large Motor Failures Classified by Insulation Types ......... 2-29

3-1 Reactor Fluid System Failures (LER) ......................... 3-2
3-2 Fluid System Failures (IPRDS) ............................... 3-3
3-3 Motor Component Related Failures (LER & IPRDS Data) ......... 3-7
3-4 Failures Based on Pump Duty Cycle, Annual Operation and

Repair Category (IPRDS) ................................... 3-11
3-5 Mechanical Strength of KaptonR Subjected to

Che mi c a l Agi n g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 - 2 2
3-6 Effect of Relative Humidity on Insulation Electrical

Properties ................................................ 3-27

3-7 Radiation Resistance for NomexR Aramid Paper Type 410 ....... 3-28
3-8 Radiation Resistance of Organic Insulating Materials .. . . . . .. 3-28

4-1 NSSS/AE (Within Boundary) Motor Failures (LER) .............. 4-3
4-2 Utility / Plant Within-Motor-Boundary Failures (LER) .......... 4-4
4-3 Outside Motor Boundary Failures (LER) ....................... 4-5
4-4 Typical Outside-Motor-Boundary Failure Causes ............... 4-6
4-5 Motor Failures / Reactor Operating Status (LER) ............... 4-8
4-6 Motor Failures / Valves Sizes (IPRDS) ......................... 4-14
4-7 Motor Fai'.ures/ Pump Horsepower Ratings (IPRDS) .............. 4-14
4-8 IPRDS Failure Modes ......................................... 4-15
4-9 NPRDS Motor Failures ........................................ 4-19
4-10 Nuclear Powe r Expe rie nce Failure Da ta . . . . . . . . . . . . . . . . . . . . . . . 4-20
4-11 Failure Modes fo r Motor 100 HP and Larger . . . . . . . . . . . . . . . . . . . 4-20
4-12 EPRI Survey - 100 HP and Larger Motor Failures .............. 4-21
4-13 EEI Trouble Report Sunmary

(for Motor sizes 250 HP and Larger) ....................... 4-21
4-14 Failure Causes (EPRI) ....................................... 4-21
4-15 Motor Failure Modes /Causes/ Mechanisms ....................... 4-23

5-1 ANSI /IEEE/AFBMA Standards Classifications - Specific or
Relative to Electric Motors ............................... 5-6

5-2 Selected IEEE standards and Corresponding Motor Types ....... 5-7



.. .. . . .. .-- .

S-1

S.0 SUMMARY

S.1 INTRODUCTION

An aging assessment of electric motors was conducted under the auspices
of the NRC Nuclear Plant Aging Research (NPAR) Program. The intentions of
this program are to resolve issues related to the aging and service wear of

|equipment and systems at operating reactor facilities and to assess their pos-
sible impact on plant safety.

In accordance with the NPAR program, the following are the three major
goals of the program:

lA. To identify and characterize aging and service wear effects associ- I

ated with electrical and mechanical components, interfaces, and sys-
tems likely to impair plant safety.

B. To identify and recommend methods of inspection, surveillance and
condition monitoring of electrical and 'nechanical components and sys-
tems which will be effective in deter. ting significant aging effects *

prior to loss of safety function so that timely maintenance and re-
pair or replacement can be implemented.

C. To identify and recommend acceptable maintenance practices which can
be undertaken to mitigate the effects of aging and to diminish the
rate and extent of degradation caused by aging and service wear.

Coal A and initial results from goal B have been achieved; aging and service
wear effects have been characterized and preliminary inspection, surveillance
and monitoring (ISM) techniques have been identified. Advanced ISM techniques
will be evaluated in the next program phase as will recommendations for
maintenance (Goal C).

To accomplish the identification of aging and service wear effects and
appropriate ISM techniques, it was necessary to examine potential failure
modes, mechanisms, and causes. This was achieved by reviewing motor design
and materials of construction (Section 2), by establishing the motor stressors
that are both operational and accident related (Section 3), and by reviewing
existing failure related data (Chapter 4). Aging-seismic correlation was
addressed during this phase of the program. An interim review of current
standards, manuf acturer recommendations, and condition monitoring techniques
was performed in order to aid in the determination of future work (Section 5).

S.2 MOTOR DESIGN / MATERIALS OF CONSTRUCTION

Only a few categories of electric motors are of direct safety signifi-
cance in nuclear power plants: 1) three phase induction motors, 2) direct
current (de) motors, and 3) three-phase synchronous motors. The squirrel cage
induction motor is the " work-horse" of the nuclear industry, comprising nearly90% of the total population. Synchronous and de motors constitute an addi-
tional 9% with the balance comprised of specialty applications. The percent-
age of motor f ailures of the total population in each category ranges from
2.4% for synchronous motors to 6.3% for de motors. The de motor failure rate

.. .
.
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is higher than normal and attributable to commutator related problems. One of
the data bases indicated that motors with ratings of 1 - 99.9 horsepower (hp)
represent nearly 47% of the total motor population. Fractional hp (< 1.0 hp)
motors and motors with ratings of 100 - 999 hp represent another 41% of the
total population while large motors (> 1000 hp) essentially making up the bal-

! ance. It can be deduced from the data analysis that failure rate typically
increases with horsepower rating even though large motors are of ten equipped
with sophisticated surveillance, monitoring and protection systems.

Three phase induction motors are versatile and reliable, and speed can
be selected to suit the load. De motors are reliable and have accurate speed
control as well as efficient performance over the entire speed range but com-
monly require more maintenance. Where constant speed is an absolute neces-
sity, the synchronous motor is available.

With regard to motor applications, valves and pumps constitute nearly 95%
of the total motor population and are predominantly driven by squirrel cage
induction motors.

An analysis of the major motor components and their respective materials
of construction are summarized in the following table:

Motor Components Materials Effects of Aging

Stator Copper, Steel, Silicon Steel, Minimal
Aluminium Minimal
Insulating Materials Significant

:

Rotor Copper, Steel Minimal
I' Insulating materials Significant

i Bearings Steel, Brass, Bronze Moderate
| Grease, Lube oil Significant

Accessories Steel, Cast Iron, Brass, Copper Minimal
'

Seals and Gaskets Significant
Mica, Plastics Significant
Cable Insulating Material Moderate
Graphite Significant

The insulating system of a typical electric motor consists of various
materials in association with conductors and supporting structural parts. In-
sulating systems are NEMA designated as A, B, F and H, in ascending order of
maximum operating temperature for a given life. Class B insulation systems
are consistently in the highest failure category while Class F and H exhibit

i significantly lower failures. This is partly because a large population of
motors in a typical nuclear plant have Class B insulation.

t

. . _ .. .
_ -__ . . _ . . _ _ _ _ _ . , _ _..
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S.3 STRESSORS - OPERATIONAL AND ACCIDENT RELATED

Motors are subje cted to various operational stressors which originate
both from system-level effects and from the environment, and as a result indi-
vidual motor components are required to endure numerous types of service wear
conditions. Abnormal or accident events tend to worsen these conditions while
potentially introducing additional stressing effects. The selection of a par-
ticular motor type and rating for the performance of a specific system func-
tion therefore requires consideration of the predominant mode of system opera-
tion, whether continuous or intermittent, and prediction of the expected mild
or harsh environment. System considerations are extremely important in motor
specification and failure to adequately consider these aspects can result in
excessive loading and premature aging.

The Residual Heat Removal Systems, Service Water Systems, and High Pres-
sure Coolant Injection Systems were noted to experience the majority of motor-
ized system failures.

All motor components are susceptible to degradation including the stator,
rotor, bearings, and accessories. The two most significant stressors in
motors are temperature and vibration-related, and while the potential for the
occurrence of these stressors is multiple in nature, thermal effects commonly
result from excessive current which imposes self-heating and thereby insula-
tion failure, and vibrational effects which can originate from internal and
external abnormalities.

Predominant failure modes for motors are associated with the stator and
bearings. Stator related failures are the highest having nearly equal proba-
bility of occurrence for both pump and valve applications, whereas bearing
failures are significantly higher for pump motors. Stators are highly in-
clined towards ground insulation burnout due to overheating and corresponding
material degradation which occurs normally as well as at an accelerated rate
under harsh environment conditions. Bearing failures result primarily from
the deterioration of lubrication properties in grease or oil caused by high
temperatures and foreign materials.

The stresses caused by normal operation as well as misoperation also de-
grade motors. Excessive starts and stops and backseating of valves are the
two most common forms of operational stressors.

Operational and environmental parameters that are resultant aging mech-
anisms and therefore influence the degradation of insulation. lubrication,
gaskets and seals, and other components made of organic materials are predomi-
nantly electrical, mechanical, chemical, thermal, environmental, and radia-
tion. In order to fully assess the effect of aging degradation on motor com-
ponents it was important that the material behavior of the various organic or
inorganic components be characterized.

The extent of aging degradation for insulating materials is indexed by
evaluating dielectric and mechanical properties: dielectric properties in~
clude dielectric strength, dielectric constant, dissipation factor, and vol-
une/ surface resistivity; mechanical strength is characterized by resistance to
tensile or shear stress and the corresponding amount of material elongation.

|

|

|
|



S-4

The dielectric and mechanical strengths of most materials decline with in-
creases in temperature, time, and thickness. Changes in the normal values of
these can be indicative of abnormal conditions such as the presence of mois-
ture, changes in temperature, short circuiting of conductors, or the grounding
of terminal leads.

One of the most critical mechanical loads which can promote degradation
is vibration and is of ten caused by coupling misalignment, rotor imbalance,
loose parts, and seismic events.

Remaining stresses to be discussed have their most significant effects on
insulation and therefore motor dielectric integrity. Chemical oxidation re-
duces the tensile strength of insulation while also making it brittle. High
temperatures and moisture concentration reduce both electrical insulating
properties and insulation tensile strength. Exposure to radiation adversely
affects electrical and mechanical insulation properties by causing

embrittlement .

Potential seismic damage to motor components is primarily mechanical and
inertia-related. Inertial failures are always associated with the size of the
mass and the vibration acceleration and consequently many small components of
a motor can be excluded from seismic performance consideration. However, dam-
age can also be caused by seismically provoked conditions such as dislodged
objects falling on the motor. Since aging-related degradation is complex in
nature, the correlation of aging with seismic ef fects is difficult to qualify
and quantify. A method has been suggested based on the mechanical failure of
weak-link motor components in consideration of the environmental, service
wear, and cyclic mechanisms. Based on the review of seismic test data and
actual earthquake effects it appears that for small electric motors, seismic
effects should be minimal providing motor dielectric, rotational, and mechan-
ical integrities have been properly maintained.

S.4 DATA EVALUATION AND ASSESSMENTS

LER, IPRDS, and NPRDS data provide the most complete information avail-
able to date on actual nuclear power plant motor failure and therefore provide
the primary basis for the assessment of common failure modes, mechanisms,
causes, and the associated frequency. Other sources of information utilized
include NPE, EEI, and EPRI reports as well as actual experience relayed by
motor maintenance and design specialists and motor manufacturers. A thorough
analysis of operating experience necessarily requires a review of incipient,
partially degraded, and catastrophic losses of motor integrity.

Analysis of the LER data provided the following:

Motor failures that occur inside of the defined motor boundary are*

significantly greater than those that occur outside the boundary.

For BWR systems, pump and valve motors are equally prone to failure*

during normal plant operation, whereas for PWR systems pump failures
are more likely to occur.



S-5

An IPRDS data review revealed the following:
Pump motor failures are often control related.*

The stresses caused by continuous operation in a motor have less*

deleterious affect on aging and service wear than intermittent or
infrequent operation.

Vibration and moisture in-leakage are the prime causes of motor*

failure.

Most reporte>3 pump and valve motor failures are catastrophic (Note:*

This indicated that incipient failures are not being identified.)

A comparison of IIRC licensee SALP (Systematic Assessment of Licensee Per-
formance) ratings with LER motor failures indicates that licensees receiving
below average maintenance ratings also experienced a comparatively higher num-
ber of motor failures. This condition demonstrates that improved preventative
maintenance could prolong motor life and reduce the overall number of
failures.

A review of additional data sources utilized served to reinforce fore-
going conclusions:

Motor failures typically occur, and are detected, while the machine*

is in the operational modes.

Most degraded motor conditions are either in advanced stages or have*

resulted in catastrophic failures.

Stator grounding and bearing related problems are the primary causes*

of motor failures.

S.5 FAILURE MODES, MEr'HANISMS AND CAUSES ,'

All of the previously outlined efforts enabled the identification-of po-
tential failure modes, mechanisms and causes. (Note : This information is de-
tailed and the reader is encouraged to review Table 4-15 of the report. This
table identifies the potential for aging and aging-seismic effects, and the
probability of occurrence.)

S.6 CONCLUSIONS

During motorized system operation key parameters can be utilized to gen-
erally assess motor integrity. Various performance or functional indicators
serve to characterize the behavior of any electric motor, and when normal val-
ues for these parameters are observed to adversely change, the incipient stage
of degradation potentially leading to ultimate failure is occurring. There-
fore, characteristic parameter performance can be linked to failure modes,
mechanisms, and causes that are representative for all types of motors.

Predominant motor failure modes are associated with the stator insulation
system and the bearings. The failure mechanisms for stator insulation include
degraded mechanical and electrical strength, shorted windings, loose



l

I
l

S-6

laminations, wedges (etc.), overheating and burned windings, corona or ioniza-
tion, and corrosion of electrical connections. Failure mechanisms for bear-
ings are overheating, cracking, scoring, corrosion, and lubrication problems
(i.e., too much, too little, loss of properties).

The performance or functional indicators for stator insulation include j
temperature, vibration, current, voltage, power factor, polarization index, |

and insulation resistance. The performance or functional indicators, for '

bearings are vibration, temperature, and lubrication properties (by analysis).

Another area of failures can be classified as miscellaneous. The items
to be observed in this category include loose bolts, coupling or anchor bolts
which could cause vibration, environmental contamination, damaged seals or
gaskets which lead to oil or water leaks, faulty protective equipment settings
which could cause overloading or overheating, malfunctioning space heaters
which would allow moisture buildup, poor operation, and worn commutator
brushes. The functional indicators in this category are (as applicable)
vibration, evidence of corrosion and wear, cracks, and leaks.

Figures 6-2, 6-3 and 6-4 present the preceding discussion of failure
modes, mechanisms and performance indicators in greater detail.

It has been established through analysis and independent testing that for
at least certain small induction motors (approximately 10 hp), seismic effects
should be minimal providing motor dielectric, rotational, and mechanical
integrity have been properly maintained. However, the definition of proper
maintenance remains as an area requiring further research as does motor aging-
seismic susceptibility.

S.7 FUTURE WORK

As a natural outgrowth of the work performed to date, and in accordance
with the NPAR program strategy, the following future work is planned:

To finalize the identification of critical performance indicators..

To review advanced inservice inspection, surveillance and monitoring-

techniques.

To establish in-situ testing methods as necessary to corroborate.

other related findings.

To identify and recommend acceptable motor maintenance practices.

which can be undertaken to mitigate the effects of aging.

To expand Aging-Seismic correlation studies to assess all sizes and.

types of motors.

To provide recommendations for standards and guides, with specific.

emphasis on IEEE Std. 323, 344 and 627.
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1.0 INTRODUCTION

1.1 LACKGROUND

Nuclear power generating stations utilize electric motors as vital system
components both for the performance of normal operations as well as for the
accomplishment of safeguard functions when required for limiting the potential
for radioactive release due to abnormal events. It is therefore, imperative
that motors remain capable of driving required loads.

Despite on-going improvements in the design, manufacture, and maintenance
of electric motors, failures continue to occur, of ten for " unknown" reasons.
A necessary remaining requirement, then, is to detect defects in order that
decline in performance be ascertained in the incipient stage rather than af ter
the fact following catastrophic failure.

Research efforts to date by the Electric Power Research Institute
(EPRI)[1-2) and the Edison Electric Institute (EEI)[3] as well as by
othersI4-Ill have produced a wealth of statistical data and failure info rma-
tion relative to the endurance and stressors of electric motors in various in-
dustrial settings. However, a distinct focus on aging, service wear, and the
potential for degradation due to seismic effects has remained as an unchar-
tered topic of significant importance for consideration in the complete evalu-
ation of operatin? reactor motor reliability.

Numerous motor types and sizes are required for a typical power plant in-
cluding both alternating-current (ac) and direct-current (de) types for Motor
Operated Valve (MOV), pump, fan, and miscellaneous applications. This study
includes all relevant types and sizes of motors critical to plant safety. Ex-
cluded are f ractional horsepower motors, such as those used for control room
strip-chart recorders.

The endurance of an electric motor is dictated by its ability to maintain
dielectric, rotational, and mechanical integrity while withstanding the opera-
tional and environmental stresses. Although service wear is of ten visually
evident, the time-related degradation effects of aging are not as apparent and
furthermore, the ability of a naturally aged motor to withstand high-excita-
tion seismic forces which was evaluated as part of this research effort has
not been previously examined to a significant degree.

The NRC Office of Research, Division of Engineering Technology, Electri-
cal Engineering Branch has instituted a comprehensive long-range research pro-
gram intended for diagnosing and evaluating the effects of equipment aging.
The program, entitled Nuclear Plant Aging Research (NPAR), ultimately seeks to
improve the operational readiness of selected components that are vital to
nuclear pover generating safety.

This report encompasses an aging and seismic endurance assessment of
electric motors based primarily on a review of operating experience. The por-
tions of the NPAR scope that have been completed through this Part I effort
are delineated in Figure 1-1.

,
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1.2 OBJECTIVE

In accordance with the NRC - NPAR program plan, the following are the
primary goals of the study:

1. To identify and characterize those aging and service wear effects
associated with electric motors that are likely to impair plant
safety.

2. To identify and recommend methods of inspection, surveillance, and
condition monitoring that will be effective in detecting significant
aging conditions such that proper maintenance or replacement can be
implemented prior to loss of safety functions.

3. To identify and recommend acceptable maintenance practices that can
be undertaken to mitigate the effects of aging, and to diminish the
rate and extent of degradation caused by service wear.

Motor aging can be categorized as normal versus premature and it is
therefore necessary to distinguish between those conditions caused by typical
operating and environmental stressors as opposed to those resulting from mis-
application, inadequate design, improper assembly, incorrect installation,
abusive operation, or insufficient maintenance. It is to be noted that aging,
within the context of this report, is defined as cumulative changes in motor
integrity that occur with the passage of time. These changes can affect phys-
ical, electrical, and other properties, as well as component dimensions and
corresponding relative positions within the motor housing.

1.3 SCOPE

Figures 1-2 and 1-3 depict the parts and components of typical ac & de
electric motors which consist of a stationary energized field (stator), a ro-
tating element (rotor), alignment supports (bearings), and also various acces-
sories which may include capacitors, instrumentation sensors, electric heat-
ers, a cooling fan or heat exchanger, a terminal box, and a protective housing
incorporating anchoring hardware. Throughout this report, the aforementioned
components are considered to be within the motor boundary. The motor control
center (MCC), service water system (where applicable), and the motor-driven
application equipment are considered outside of the boundary but are included
in the analysis of motor reliability to the extent that they can influence or
directly contribute to motor failure. Figure 1-4 schematically depicts typi-
cal safety-related motor positions.

Environmental, operational, and accident-related stressors are considered
for evaluating the system or component-level parameters that can affect motor
performance. The environmental stressors include potential conditions of
temberature, pressure, humidity, radiation, and chemical spray. Other effects
include mechanical overloading, stator overheating, the introduction of mois-
ture from external sources, and resulting insulation failure. The synergistic
(combined) effects of stressors are addressed to the extent possible from
existing literature. Aging-seismic correlation is discussed based on the
Nutech report [12), EPRI findings [13), and the conclusions of the Senior

i
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Seismic Review & Advisory Panel, SSRAP and the Seismic Qualification Utility
Group, SQUG[14]. Test results for naturally aged motors and a review of re-
cently published reports on the subject are included in the study as well.

The motor failure data base utilized for the evaluation of operating ex-
perience was extracted from the following sources:

1. Licensee Event Reports (LER)
2. In-Plant Reliability Data System (IPRDS)
3. Nuclear Plant Reliability Data System (NPRDS)
4. Nuclear Power Experience (NPE)

In evaluating the data from these sources, a failure was concluded for any
event in which the motor was unable to deliver the required action upon de-
mand. Based on the given description of the motor failure, subjective assess-
ment of the reason was made wherever required due to a lack of adequate infor-
mation so as to determine typical modes, mechanisms, and causes for the
malfunctions.

Electric motor design and specification references utilized for analyzing
the operating experience data base and for evaluating the suitability of exis-
ting standards included reports by the organizations given below:

1. Institute of Electrical and Electronics Engineers (IEEE)
2. National Electrical Manufacturers Associatioa (NEMA)
3. American Society for Testing & Materials (ASTM)
4. American National Standards Institute ( ANSI)

The standards and guides provide criteria for motor manufacturing and testing,
although not specifically with regard to aging and seismic endurance design
and on-line assessment. For example , ANSI, NEMA, and IEEE provide detailed
information on terminal marking, component dimensions and tolerance, power
ratings, inherent frequency limits and instructions for the performance of
diagnostics such as high potential tests, but the standards do not actually
address time-related degradation effects and prescriptions for identifying
fragility limits.

Other data sourt es employed for the evaluation of operating experience
include maintenance recommendations provided by motor manufacturers, In-Ser-
vice Inspection (ISI) reports, NRC-Inspection & Enforcement (I&E) plant and
vendor inspection findings, and expert knowledge. A complete list of referen-
ces is included with this report, and in addition, applicable standards,
guides, and codes are given in Appendix A.

1.4 STRATEGY

Following the selection of motors as a vital component for safety analy-
sis consideration and the subsequent identification of the relevant boundary,
it was then appropriate to survey all possible data sources detailing motor
failures. As noted, LER, IPRDS, NPRDS, and NFE data provides the most perti-
nent data base for nuclear power plant operating experience review. In the
interest of obtaining as much information as possible on motor stressing con-
ditions and resulting materials degradation, however, other data sources out-
lining nuclear as well as non-nuclear motor application failures were utilized

_
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such as the EEI-Motor Malfunction Summary [3] . All relevant quantitative and
qualitative information was systematically categorized by equipment appli-
cation, and where possible for nuclear plant malfunctions, by safety system,
Nuclear Steam Supply System (i.e., PWR or BWR)*, and by plant operating status
at the time of failure (e.g., Mode-1; operational testing; etc.). To the fur-
thest extent possible, reported failure instances were evaluated to deduce
failure modes, mechanisms, and causes.

In order to adequately perform the evaluation of operating experience it
was necessary to acquire a practical knowledge of motor design, construction,
and testing in order that cited failure modes, mechanisms, and causes could be
fully understood from the licensee point of view as described in the LER,
IPRDS, NPRDS, and NPE data base. A tour of a motor manufacturing and service
facility provided insight into the significance and imperativeness of ensuring
dielectric, rotational, and mechanical integrity. Discussions with insulation
testing specialists provided the perspective necessary for evaluation of
condition monitoring and preventative maintenance options based on the identi-
fication of failure prone critical sub-components and associated materials.

Expert knowledge and industry practice experience was sought through dis-
cussions with Franklin Research Cente r , EBASCO services, Doble Engineering
Company, and nuclear as well as fossil power station maintenance personnel.
The objective of these discussions was to analyze and diagnose the aging and
service wear causes of common-mode motor failure and to thereby identify suit-
able inspection, surveillance, condition monitoring, testing, and maintenance
practices. As an additional measure for evaluating motor performance while
under the influence of external forces, two 10-HP motors employed for 12 years
in a nuclear power plant application were electrically and seismically
tested [15].

The foregoing strategy and corresponding activities providing the funda-
mentals required for the evaluation of operating experience and comprehensive
aging assessment will serve as the basis for the recommendations for inspec-
tion, surveillance, and monitoring methods and also for the application guide-
lines to be developed in Parts II and III of the study.

Motor construction is discussed in Section 2.0, and characteristic plots
of material properties with corresponding endurance limits are given in Sec-
tion 3.0 during the review of aging mechanisms. Section 4.0 discusses perfor-
mance and functional indicators with emphasis placed on the importance of
motor ventilation, insulation, temperature, lubrication, and on minimizing
internal as well as external sources of vibration. An interim review of com-
mon inspection, surveillance, and condition monitoring techniques including a
discussion of current technology and regulatory inspection requirements is
given in Section 5.0. Conclusions and projections of the future work are pre-
sented in Section 6.0.

* PWR: Pressurized Water Reactor
BWR: Boiling Water Reactor

1
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As noted, Figure 1-1 illustrates the approach employed to satisfy the
NPAR objectives. During the first-phase of the research an evaluation of
operating nuclear power plant experience, the performance of comprehensive
aging assessment, an abbreviated treatment of current inspection, surveil-
lance, and condition monitoring techniques, and a preliminary review of manu-
facturer-recommended maintenance practices is accomplished. An in-depth anal-
ysis of advanced inspection, surveillance, condition monitoring and mainten-
ance practices will be fulfilled during the second-phase, and in the final re-
port, component life for maintenance frequency, recommended guidelines, and a
value impact study.will be provided.

1
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2.0 RESEARCH BASIS & MOTOR CHARACTERISTICS
|

This section identifies the sources of failure-related information, con-
stituting the research basis and also describes materials, construction, and
characteristics of motors. The analysis of the effects of stressors on motor
components is outlined in Section 3, and the relevant evaluation of failure
data is included in Section 4.

2.1 DATA AND INFORMATION SOURCES

Several nuclear power plant operating experience data sources are avail-
able at present. Although no single source contains all of the information
required for the study, each has been examined to derive the most useful and
pertinent elements related to motor failures. Due to limited access to all
possible information sources as well as ever present time constraints encoun-
tered while accumulating the data, the following four previously intreduced
compilations were utilized to the greatest extent:

Licensee Event Reports (LERs)*

In-Plant Reliability Data System (IPRDS)*

Nuclear Plant Reliability System (NPRDS)*

Nuclear Power Experience (NPE)*

A detailed explanation of the analysis procedure performed on each of the
above is provided in subsequent paragraphs. Other information sources (in-
cluding studies spensored by EPRI and EEI) are considered in the review. The
aging-seismic corre. ' tion studies performed by SQUG and Nutech were evaluated
in order to establish if any evidence of seismically-induced motor failure
exists. The data base also includes nume rous limited scope generic f ailure
research findings. Motor manufacturer recommendations, responses from repair-
facilities, in-service inspection data, expert knowledge, NRC-IA" audit re-
ports, and standards end guides published by the Institute of Electrical and
Electronics Engineer- (IEEE), as well as by others, represents the balance of
the data base.

2.1.1 Licensee Event Reports (LERs)

LERs [4-6] are reports of significant operational events at nuclear
power plants submitted to the NRC by licensees in accordance %ith federal reg-
ulations. The requirements and procedures for reporting of events on an LER
prior to January, 1984 were contained in individual plant Technical Specifica-
tions with additional guidance provided in NRC Regulatory Catde 1.16, " Report-
ing of Operating Information" and in NUREG-0161, "Instrtr;tona for Preparation
of Data Entry Sheets for Licensee Event Reports". For events occurring after
January 1, 1984, LERs are submitted in accordance with the rule 10CFR50.73,
" Licensee Event Report System". Additional guidance on this new rule is given
in NUREG-1022, " Licensee Event Report System - Description of Systems and
Guidelines for Reporting". LERs submitted to the NRC under both old and the
new systems are modified and processed into the computerized LER data file of

j the Nuclear Safety Information Center (NSIC) maintained by Oak Ridge National
Iaboratory.
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The old LER system was judged to be inadequate for data collection due to
a number of reasons, which included non-unifo rm reporting requirements for
various plants and a lack of information in the LER on the cause of componenti

or system failure. The new system requires more detailed and more unifo rm
reports of events judged to be reportable. However, a number of component
failure events previously reportable under the old LER rules are no longer re-
portable under the new rule. These events are to be reported to the Nuclear
Plant Reliability Data System (NPRDS) under INPO direction. The NRC is cur-
rently evaluating the performance of NPRDS for providing equipment reliability
data.

This study utilized computer-sorted LER abstracts from the NSIC LER data
files covering the 10 year time period from 1974 to 1983 inclusive. The file
was sorted to obtain motor failures and produced 190 LERs for Motor-Operated
Valves (MOVs), 242 LERs for motor-driven pumps, and 123 LERs for miscellaneous
motor-operated equipment (including fans and small samplers). Figure 2-1
illustrates the format and typical given information of two LER's for MOVs.

The motor-failure-sorted LER data base was reviewed by BNL and categor-
ized according to NSSS type (i.e., BWR or PWR), plant status at the time of
failure, operational characteristic of the motor and application equipment
(i.e., intermittent or continuous duty), and common failure mode. This data
base covers the wide range of horsepower ratings and overall motor sizes that
are utilized in the vario'us U.S. nuclear plant systems. Lacking, however, is
the total motor population of the power plants needed to determine f ailure
rates. Each LER description has been studied and based on subjective conclu-
sions drawn from the narrative, the failure has been classified as to failure
mode, effects from either outside or within the motor boundary, and as to a
number of other characteristics described later in the report.

2.1.2 In-Plant Reliability Data System (IPRDS)

The ORNL-IPRDS data base [7-8] was developed primarily for use in nuclear
power plant probabilistic risk assessment (PRA) and reliability studies. The
source of the data was a representative sample of commercial operating reactor
maintenance work request records.

t

! Unlike other data accumulation systems, IPRDS is essentially a complete
failure record that delineates levels of severity (i.e., catastrophic, de-
graded, and incipient conditions) and includes both safety and non-safety
class equipment. The component identification, size, system, environment, and
operational mode are also included in the information, and the pump-related
data provides the repair record and category as shown below:

1. COMPONENT REPLACEMENT.
2. MINOR REPAIR.
3. MAJOR REPAIR. |*

) 4. RESET / ADJUST.
~

5. RECALIBRATE. '

6. UNKNOWN.
(

| Specific age-related f ailure information is not available from the IPRDS
I data base. In fact, the failure and repair descriptions in this system are in

some instances condensed to the extent that considerable expertise is required

-.
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Figure 2-1: Typical LER Data sorted by Motor Failures
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to make an assessment of the event that occurred. Additionally, since the in- I

formation applies to valve or pump failures overall, of ten it is difficult to )
determiae whether a reported malfunction is directly applicable to the motor
itself. For example, when a bearing failure condition is reviewed, the repor-
ted occurrence may be undistinguished between the motor bearings and the pump
bearings. In some IPRDS cases it is possible to retrospectively identify the
incipient stage sf degradation from maintenance work requests. The data spe-
cifically addresses particular generating units on a case-by-case basis in
contrast to the other motor f ailure information sources utilized. A total of
four nuclear power plants was included in the sort which represented two sta-
tions, each having a single Pressurized Water Reactor (PWR), and two other
stations having Boiling Water Reactors (BWRs) including a single station com-
prised of three units.

The IPRDS information used in this study addresses motor failures only.
The pump motor sort applies to all four plants while the valve motor (MOV)
sort applies to two of the plants, each having a single PWR or BWR unit. No

other motor-driven components were included in the IPRDS data base.

2.1.3 Nuclear Plant Reliability Data System (NPRDS)

NPRDSI93, compiled by the Institute for Nuclear Power Operations
(INPO), contains both component engineering and failure information. The INPO
annual reports relay cumulative system reliability, and those used for this
study range from July 1, 1974 through December 31, 1982.

The primary purpose of the information is to provide safety-related sys-
tem operating statistics for the purpose of evaluating and comparing reliabil-
icy performance based on modes and rates for components which in turn can be
used in the development of failure-mode-effects analysis, fault hazard anal-
ysis, and PRA studies. The NPRDS data base is designed to organize opera-
tional behavior information for nuclear plant safety systems and components.
The motor performance data includes type / category, application / function, fail-
ure detection method, and reactor status at the time of the failure. In addi-
tion to the annual reports, quarterly NPRDS component failure listings for the
year 1983 were examined. A sample copy of these data is shown in Fig. 2-2.

2.1.4 Nuclear Power Experience (NPE)

NPE[10] is a comprehensive accumulation of operating experience for
U.S. Light Water nuclear power plants compiled by S.M. Stoller Corporation.
The data are contained in several volumes which are cross-referenced and key-
worded for direct access and information retrieval. The summaries narrate the
entire sequence of a motor failure event which includes the date, source, or
cause of the failure and the repair record detailing corrective action. A
typical NPE motor f ailure report is shown in Fig. 2-3. The data is subdivi-
ded under components failure headings such as air deflectors, bearings,
brushes, end bells, fans, insulation, lubrication, overloads, starters, vibra-
tion, and windings. A total of 163 BWR and 193 PWR events related to motor
failures were examined. Of all the data sources utilized, NPE contains the
most in-depth background information concerning specific failures.

!
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Figure 2-2: NPRDS Motor Failure Data (Sample)

2 ele 5 Published Reports

Electric Power Research Institute (EPRI)

An EPRI reportII} prepared by General Electric Company has evaluated
the reliability and performance of state-of-the-art power plant motors with
regard to design and operational characteristics which offer the potential for
increased dependability and efficiencye The study surveyed 132 generating
units constituting 4800 low-to-medium voltage motors having ratings greater
than 100 HPe The results link failure causes to plant designers, utility com-
panies, and motor manufacturers and to the specific hardware applicationse
However, the information is not exclusive to nuclear power plantsei

Another useful and related document prepared for EPRI by NUS Corpora-
tion [2] provides the nuclear industry with motor lifetime predictions under
typical mild environment conditionsa The report covers the period 1969
through 1979 and includes such information as annual motor malfunction trouble
rate and average motor service lifee

,
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45. EXCESSIVE CURRFNTS DAMACFD RCP MOTOR . The failed motor was disassembled, decontaminated and
REPi.ACEMFNT RFQUIRED shipped to M for evaluation of the failure. The

damage included:
Zion 1 - June & July 75 - shutdown

-> 507. of the upper end. ring rotor har
' " " " * " " * ' '"" I "" ' **The RCP's were beinI started periodically to assist

in venting the primary system. The IA RCP had been connections and extensive melting of the braring
had occurred. The appearance of the puddlesrunning for ~ 3 hr and then was secured. After
suggested that they were molten when the rotor

about a 3 hr shutdown period it was restarted; it
was at rest.

was manually tripped ~ l min later because the
operator observed an apparent abnormality in pump -The noise suppression bands over the upper
seal leakoff flow. The problem was resolved and rotor bar were missing and had come of f inthe pump was restarted ~ 5 min later. StartuP operation.
current was observed to drop of f and stabilize
properly at the running value on the control board -Several stator coils had moved radially and
meter. Af ter a 34 sec run, the motor tripped on circumferentially and had strands burned
instantaneous phase overcurrent; a phase unbalance through adjacent to the iron.
relay also operated. Initial inspection of the
motor indicated some possible coil displacement and E postulated that sometime in the motor's life a
the presence of what appeared to be pieces of start was attempted under locked rotor conditions.
insulation on top of the windings. Examination The excessive currents caused the brazing alloy to
showed A 6to be grounded, melt and weakened the noise suppression banding. The

banding became loose during subsequent starts and
Because there were too many unknowns associated then whipped around and stripped or abraided

W insulation off the stator coils. Arcing ultimatelywith a repair they decided to replace the motor. -
occurred in A phase between the coils and the statorlocated a 7000 hp motor at Salem that could be

adapted to Zion. The motor arrived on site 6 days I' " II"8''PI''''' e
after the failure. To adapt the Salem motor several
alterations were required; among them weret Zion personnel could find no physical evidence to*

support ever having had a locked rotor; the seals
and motor bearings showed no such evidence. Plans

-rerouting of the 4 kV leads. were to disassemble and inspect a motor in the
future to determine the specific cause of the failure.

-repiping of cooling water to oil cooler. (car, cas, dem)

-mating the Salem motor bearing T/C's to the
Zion RTD system.

. accomplishing 3 pump modifications.

-an 18 f t square hole had to be mined through
a 4ft concrete shield to allow for replacement.

The mctor was installed and they were ready for
startup within 10 days.

.

!

Figure 2-3 : NPE Motor Failure Description (S anple)
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Edison Electric Institute (EEI) Report

EET has developed a data base of motor malfunctions for various indus-
triesI31, including nuclear power generati,n, which focuses on motor sizes
ranging from 250 HP and above. The 1982 ataual report on apparatus trouble
summaries which has been utilized for this includes detailed information per-
taining to motor failures and the results given are in full agreement with
trends observed from other data sources.

Society for Reactor Safety, Germany - (CRS)

The objective of the GRS reportilll was to develop data on foreign com-
ponents and systems to the degree of detail necessary for risk and reliability
analysis. This informaticn includes equipment items such as valves, valve
drives, gears, electric motors (including solenoids), and pumps. Characteris-
tic operational conditions have been evaluated in this report so as to assess
the extent of the influence on failure rates and modes.

For electric motors, the data includes six specific motor types pertain-
ing to 1062 pieces of operating equipment from 38 manufacturers. Out of the
total population, 979 are either low-voltage polyphase-asynchronous motors,
short-circuit rotors, or generators.

Aging-Seismic Correlation Studies

An original aging-seismic correlation evaluation was performed for EPRI
by Wyle LaboratoriesIl31 The study was conducted to evaluate (for selected
electrical and electronic components with the exception of motors) the effects
of aging on the ability of the equipment to perform during seismic condi-
tions. This was accomplished by subjecting new and used components to endur-
ance testing. The results of this study provide suitable justification for
exempting certain components from the requirement for accelerated artificial
aging prior to seismic qualification testing. With the exception of relays,
all components including resistors, diodes, integrated circuits, transistors,
optical couplers, capacitors, and terminal blocks demonstrated suitable integ-
rity for withstanding seismic forces.

A Sandia National Laboratories (SNL) report produced by Nutech Engi-
neersII?} presents a new method of analysis for evaluating the effects of
aging on electrical equipment for the purpose of assessing seismic endurance
capacity. The study is based on the probability of failure occurrence due to
weak link (component) materials subjected to loads during an earthquake. The
underlying assumption in the methodology is that the only failure mode for
which an aging-seismic correlation exists is the mechanical failure of the
weak link component. The motor sizes addressed in this report are relatively
small (e.g., 2 HP) and are primarily used in MOV, fan, and low-capacity com-
pressors all of which are squirrel-cage induction motor-driven.

The Seismic Qualification Utilities Group (SQUG)[14] studied the like-
lihood of operating reactor equipment to fail during seismic events by utili-
zing data compiled for naturally aged equipment installed in conventional
(fossil) power plants. Seven classes of equipment were assessed, including
motorized pumps and valves, and from the findings it is claimed that these
equipment items are inherently sufficiently rugged and therefore are not

-_
_ _ .



2-8

susceptible to seismic effects. Thus, SQUG results indicate that equipment
will continue to pe rfo rm the intended functions, as currently designed, de-
spite earthquake induced loading.

2.1.6 Industry Standards & Guides (IEEE, ANSI, NEMA, ASTM, etc.)

Industry practice for the design and maintenance of electric motors has
traditionally been based on the standards and guides developed by IEEE, ANSI,
NEMA, and ASTM [ note: see Appendix A]. While these references do not specif-

ically address the aging and seismic correlation issues, operating experience
has proved that electric motors are inclined to maintain suitable reliability
following design adherence to the standard requirements. This condition is
due in part to the fact that actual service duty and performance demands are
generally less severe than those projected worst case conditions that are used
to establish motor endurance upper limits.

Design and construction standards for electric motors primarily include
those developed by ANSI and NEMA. The materials used in motor design are
specified according to ASTM standards, IEEE standards are mainly suited for
testing and maintenance purposes, and guidelines published by ANSI and AFBMA
( Anti-Friction Bearing Manufacturers Association) relate to various motor de-
sign aspects including bearing load ratings.

2.1.7 Seismic Testing of Naturally Aged Motors

Two 10 hp, 480-V, 60 Hz electric motors, obtained from an east coast
Nuclear Station for laboratory evaluation purposes, were tested in a no-load
as well as loaded condition, and dielectric parameters including current, vol-
tage, horsepower, and insulation resistance were checked before, during, and
after imposing simulated seismic effects. Tests were conducted at excitation
levels equivalent to those that bound the response for a safe shutdown earth-
quake at any plant location anywhere in the United States. The Generic Floor
Response Spectra, GFRS(16], were used as the basis for the excitation levels

| of the aging tests, and the procedure and results will be included in a sepa-
rate reportil5),

2.1.8 Other Sources

Considerable effort was made to review, discuss, and evaluate common,

modes of motor failure with experts and concerned organizations which'

included:

The discussion of aging problems with Franklin Research Center,Phila-.

delphia, PA

A tour of the manufacturing facilities of Westinghouse Electric+

Corporation, Large Motor Division, Buffalo , N.Y.

A general discussion of motor design and maintenance issues with.

Ebasco Services, New York, N.Y.

I
i
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Tour and evaluation of motor service and repair with:.

Westinghouse Electric Motor Service Center at Buffalo, NY.

Brookhaven National Laboratory Motor Service Shop, Upton, L.I.,.

N.Y.
IMC Magnetics, Westbury, N.Y..

Wagner Electric, Riverhead, N.Y..

A discussion of motor maintenance procedures during a site visit to-

Port Jefferson Fossil Power Station, Long Island Lighting Company,
Pert Jefferson, N.Y.

Tour and presentation on large motor (>1000 hp) preventive maintenance-

testing at Doble Engineering Company, Watertown, MA

2.2 MOTOR TYPES

Only a few categories of electric motors are of direct significance for
nuclear power plantsil7) and are classified as followe:

three phase induction motor.

direct-current motor (de)-

three-phase synchronous motor..

(Figure 2-4 depicts the motors that were of particular significance to this
study and a brief characteristic description of each type is provided in the
latter part of this section). Single phase motors are generally used as strip
chart indicator drives.

TYPES OF MOTORS

Three Phase inductioc Direct Current Three Phase Synchronous
Motors Motor Motors

(Ac Power) (Dc Power) (Ac/dc Power)

Squirrel Cage Wound Motor

I I
Mult1 Speed Part Winding

Shunt Series Compound Permanent
Wound Wound Wound Magnet

Figure 2-4: Predominant Types of Nuclear Power Plant Electric Motors
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Other motors, especially small non-safety-related types are not included |
Iin the present study. These motors may include: universal motors, stepping

motors, capacitor-start motors, hysteresis motors, resistance split phase
motors, reluctance motors, torque motors, shaded pole motors, and servomotors
in both ac and de versions. |

l

It is evident from the NPRDS data base (Figure 2-5) that induction motors |
are the " workhorse" of the nuclear industry, comprising nearly 90% of the to-
tal population, which includes squirrel cage (approximately 97% of all induc-
tion motors) as well as stepping and repulsion-start types. Synchronous and
de motors are equally represented by 9% of the total population while the bal-
ance includes capacitor-start, split-phase and pneumatic motors.

Figure 2-5 provides comparative percentages of failures in each motor
category. Direct-current motors are noted to have a larger than normal fail-
ure percentage with (6.3%) which is usually attributable to commutator-related
malfunctions.

ioo -
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Figure 2-5: Motor Types and Corresponding Percentage Failure

(NPRDS DATA: 7/74-12/82)
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NEMA has classified electric motors with regard to size, application
duty, electrical type, environmental protection and methods of cooling, vari-
ability of rotational speed, and mounting arrangement. Based on size, motors
are designated as fractional-horsepower, integral-horsepower (up to 500 hp and
3600 rpm) and large (having a horsepower / speed rating greater than 500/3600

| RPM). In addition there exists general purpose ac motors, general purpose de
| f ractional horsepower motors, industrial dc :notors, definite purpose motors,
'

general industrial motors, special purpose motors, etc. Under the electrical
type classification, motors are denoted as ac, polyphase, single phase, uni-
versal, and dc. With respect to environmental protection and methods of cool-
ing, motors are classified as open, totally enclosed, and encapsulated (sealed
windings). Motors are also categorized according to speed, including con-

| stant-speed, variable speed, adjustable speed, base speed of an adjustable
! speed, adjustable varying speed, and multispeed motors. Motors are also des-

ignated according to mounting configuration including floor, ceiling, and wall
anchoring which implies horizontal, vertical, and angle mounting.

Figure 2-6 illustrates the population of failures corresponding to horse
power ratings for motors utilized in the nuclear industry. Integral motors
with ratings of 1 to 99.9 hp represent nearly 47% of the total population.
These motors are commonly used to drive MOV's , small pumps, fans, and damp-
ers. Fractional motors and motors with ratings of 100 to 999-hp represent
another 41% of the total population, while large motors with ratings above
1000-hp represents only 9.2%. Figure 2-6 indicates that integral size motors
(1-99.9 hp) have the lowest failure rate, and it can be deduced that failure
percentage based on the total population within the range increases with
horsepower rating even though large motors are of ten equipped with sophisti-
cated surveillance and monitoring systems as well as electrical breakers and
protective relays.

IOO -

C *4 OF DIFF. SIZE MOTORS * X ico)_ ,

~

^
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, TOTAL MOTOR POPULATION = 2728o
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Figure 2-6: Motor Sizes and Corresponding Percentage Failures
(NPRDS DATA: 7/74-12/82)
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2.2.1 Three-Phase Induction Motors

Induction motors operate on the principle of a transformer whereby a vol-
tage applied to the primary winding induces a voltage in the secondary wind-
ing. All induction motors have a stator winding (primary) connected to an ac
pcwer source which produces an electro-magnetic field, and since the rotor is
free to turn, motion is produced by the interaction of magnetic flux.

<

Squirrel Cage Induction Motors - The term " squirrel cage" denotes the ,

type of construction employing solid-bar copper or aluminum conductors embed-
ded in the rotor steel and connected at each end by a shorting ring. This
type of motor is the most commonly specified for power plant applications due
to the fact that it is ruggedly built and very reliable. A fundamental char-
acteristic of most squirrel cage induction motors is the ability to maintain
almost constant speed from no load to full load.

Squirrel cage induction motors are further divided into multi-speed and
part-winding machines. The former type has pole configurations which can be
changed by altering the winding connection at the motor controller. The lat-
ter type has the winding so arranged that part of the winding is energized on
start-up and the remaining portion is energized in one or more steps.

Wound-Rotor Induction Motors - The stator of a wound rotor machine is p
similar to that of the squirrel cage motor with the exception of the rotor L

circuit which has wound coils instead of solid-bar conductors. These coils
are connected to slip rings on the rotor shaft and by the contact of carbon

,

brushes are connected to a variable-resistor-bank external to the machine.
Both slip and torque characteristics of the motor are dependent on varying the
resistance of the rotor electrical circuit in the bank. Resistance in the
circuit reduces the surge in starting current, which in the case of no exter-
nal resistance the starting current can be as high as five times full-load .

current and can overheat the winding and subsequently burn out the motor.

2.2.2 De Motors

1
' The primary advantage of the de motor is accurate speed control and effi-

cient performance over the entire range from zero to full speed. Direct-cur-

| rent machines are generally less tolerant of severe environmental conditions
| than are alternating-current machines in that the commutator and brushes re-

quire periodic maintenance. Direct-current motors have high temporary over-
load capacity and can withstand substantial operating abuse. Because of a
larger air gap and interpolar space between field poles, the de motor receives
more forced cooling than other motor types.

There are four basic types of de motors of which the first three are
classified according to the connection of the field coil with respect to the
armature coil. These are the shunt-wound, series-wound, compound-wound, and
permanent magnet. Field poles are installed in the motor f rame, and current
is introduced into the armature through brushes riding on the commutator
surface.

.
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The speed of a de motor is controlled by varying the strength of the mag-
netic field or by varying armature voltage. As field strength decreases with
reduced armature current, speed of a series motor increases, and vice-versa.
The rotational direction of a de motor is changed by reversing the polarity of
the field with respect to the armature.

In the case of shunt-wound motors, the field is connected in parallel
(shunt) with the armature. Speed is controlled by changing the current in the
field circuit by means of a rheostat, and as the term denotes, series-wound
motors are constructed with a field placed in series with the armature. Field
strength increases as armature current increases (with load) and therefore
speed decreases. These motors exhibit a high torque characteristic at low
speeds, and have particularly high starting Forque and acceleration. The com-
pound-wound motor represents a compromise between the shunt and series-wound
types since this motor has both a shunt field as well as a series _ field, and
the torque characteristics are also a compromise between the two types.
Another de type is the permanent magnet motor which is designed to permit very
high magnetic flux densities. Pe rmanent magnet motors are typically frac-
tional horsepower, but includes other small, integral sizes that offer the
advantage of simpler construction and high reliability. Since the field
strength of a permanent magnet motor cannot be varied, speed control is
achieved by varying armature voltage.

2.2.3 Synchronous Motors

Unlike the ac induction or de motor, the synchronous motor is a dual-
electrical-input rotating machine which requires both ac and de power and
operates precisely at synchronous speed over a full range from no load to full
load. Another feature of the synchronous motor is the ability to vary power
factor while driving a given load.

The de field winding for the synchronous motor is located within the rotor
and the ac armature winding is located on the stator. This motor is usually
started exactly like an induction motor. Since there exists a separate de
supply to the field winding, the air-gap length is larger than that found in
induction motors of tompatable size and rating. The synchronous motor is more
expensive and less rugged than comparable induction motors in the smaller
horsepower ratings, due mainly to the slip ring and brush arrangements in
older motors or the brushless exciter arrangement in newer designs, which feed
the de supply to the rotor.

2.2.4 Motors Considered for the A_ging Research

For the purposes of this study, motors of all sizes (according to horse
power rating) are included, with the exception of fractional horsepower motors
which have been omitted for reasons previously cited. In addition to the

,

horsepower rating, corresponding motor voltages ranging from 100V ac and de to
14000V ac are included. High voltage motors, which are discussed later,
introduce the potential for' additional and unique failure modes including
those due to corona effects (or ionization).

All motor mounting cottligurations are included in the study although most
nuclear power plant motors are in fact mounted horizontally. The primary dis-
tinction between horizontally and vertically mounted motors is in the bearing
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design. The bearing assembly design for vertical pump motors may be either
no rmal-thrust or high-thrust. In the case of normal thrust motors, both the
guide (upper) and the thrust (lower) bearings are ball bearings, with thrust
bearings requiring periodic lubrication. For high-thrust motors, the location
of guide and thrust bearings are reversed. There are many other variations in
the design of bearings as well as other components for vertically-mounted ver-
sus horizontally-mounted motors.

For the common nuclear power plant motor system applications which in-
clude valve operators, pumps, fans, compressors, dampers, and strip chart in-
dicatoc drives, valves and pumps constitute nearly 95% of the total motor pop-
ulatioq. While most MOVs can be categorized in either the small or medium-
xize range (with respect to horsepower classification and low-voltage ac
supply), pump and fan motors cover the full spectrum of sizes as required for
equipment output and duty cycle.

2.3 MATERIALS AND CONSTRUCTION

Prior to the assessment of failure modes, mechanisms, and causes, the con-
struction and material characteristics associated with each motor component
were evaluated. Since construction plus materials determine the overall in-
tegrity of tne equipment, these factors obviously have significance and an
effect on motor reliability.

,
The detailed design aspects of electric motors [18] is beyond the scope

( of this study since it would require addressing all possible types of motor
construction. However, as an example, the construction of a squirrel cage in-
duction motor is outlined below and it should be noted that similar components
and features are used in the construction of other motor types as well.

The major components of a typical squirrel-cage induction motor consist
of the following:

1. stator (the stationary part)
2. rotor (the rotating part)
3. bearings
4. frame and end brackets.

Secondary components vary but can include:

1. junction box
2. seals and gaskets
3. fan coolers
4. heat exchangers
5. terminal block
6. heaters
7. capacitors
8. temperature or vibration detectors

Failure of any of these components has the potential to affect motor capabil-
ity to perform at the time of demand. Note that the above components consist
of both metallic and non-metallic materials. Table 2-1 includes some of the
typical materials used in motor construction in relation to aging sensitivity

_ _ _ _ _
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for motors in general. Effects of aging for each material is subjective to
the operating experience findings and the material sensitivity to the exposed

4 stressors.

2.3.1 Stator
,

The assembly parts of a stator include the ferro-magnetic silicon steel;

core, coils, insulation, and a steel or aluminum housing. The core is made of
; many steel laminations, and insulated coils are wound together to form the
; - core as shown in Fig. 2-7. The entire assembly is then inserted into a frame,

as shown in Fig. 2-8. For small motors, the core is inserted into the frame
prior to winding the coils and the converse is true for large motors. Note
that it is necessary to have sufficient copper or aluminum and iron in the
motor in order to induce and develop the required torque (the core consists of
iron whereas the coil itself is made of copper or aluminum).

Table 2-1 Typical Materials used in Motor Construction
,

3 Motor Components Materials Effects of Aging

Stator Copper, Steel, Silicon steel, Minimal
Aluminium Minimal
Insulating Materials * Significant

'

Rotor Copper, Steel Minimal
Insulating materials * Significant

Bearings Steel, Brass, Bronze Moderate
! Grease, Lube oil Significant
I

Accesories Steel, Cast Iron, Brass, Copper Minimal
Seals.and Gaskets Significant
Mica, Plastics Significant
Cable Insulating Material Moderate.

: Graphite Significant

* Includes mica, glass, tresins, enamels, mylars, fiber, varnish, and
nonhygroscopic materials.
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Stator Core -- Steel laminations, made of sheets, are insulated on both sides
with a baked coating having a uniform thickness which prevents shorting of
laminations and reduces eddy current losses inside the core. The stator core
final assembly consists of stacking the laminations, secured with a number of
locking bars pressed into notches spaced around the periphery, followed by an-
nealing and oxidizing the stator in a controlled atmosphere.

Stator Winding Coils -- Two basic winding types are utilized in stator con-
struction: for motors up to 250 HP random wound coils are used while form-
wound coils (see Fig. 2-9) are adapted to larger size motors. The copper
wires (or conductors) used in the winding coils have an enamel coating to pro-
vide turn-to-turn insulation and composite synthetic glass insulation over
enamel is also used for severe duty applications. The straight portion of the
form-wound coil which lies in the stator core slots is then insulated with a
mica wrapper to provide ground insulation, and the end turns are insulated
with mica tape. Af ter the coils are wrapped with the mica insulation, a glass
binder or nylon tape is applied over the complete coil to provide mechanical
protection and better absorption for the epoxy resins during impregnation of
the stator assembly. Fig. 2-10 illustrates the cross section of insulated
stator coils.

Phase-to phase insulation is required to separate phase groups. In the
case of random-wound motors, mylar or mica sheets are used between the phase
windings. For form-wound stators, the space between phases is more heavily
(mica) wrapped since full phase voltage is applied in this area and not be-
tween the coils.

Slot wedges made of wood or fiber are inserted into the stator core to
hold conductors firmly in the slot. For form-wound coils, synthetic fiber
felt pads are inserted between the coil extensions for arch bindings. During
the varnish impregnation process, which binds all insulation components to-
gether while eliminating air spaces, these felt pads absorb the epoxy resins.
Af ter hardening, these insulators provide mechanical protection, inhibit con-
tamination, and also help to limit coil movement during motor operation.

Phase to phase insulation, combined with wedge materials, adds to stator
insulation properties. After the stator is wound and all lead connections are
properly terminated, the wound stator and stator core are prebaked to elimi-
nate moisture prior to vacuum pressure impregnation in solventless, epoxy
resin, which is followed by curing. Af ter the final impregnation and initial
bake, the stator is dipped in epoxy varnish and re-baked. The entire insula-
tion system then undergoes qualification and verification via an underwater
testing process which includes subjecting the assembly to accelerated condi-
tions of heat, aging, moisture, mechanical shock, transient voltage stress,
and thermal shock. Resistance is then tested and an evaluation is made for
eddy current leaks.

Stator Frame -- The frame housing the stator core and coils is generally made
of steel, cast iron, or aluminum. As noted for small motors, the stator core
is first pressed into the frame prior to adding windings where it is held
either by ridges on the inner bore of the frame or by tack welds. For large

j motors, with form-wound coils, the frame is assembled af ter the windings are
| set in the stator core.

|
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MICA WRAPPER

SLOT INSULATION
(MICA WRAPPER) [
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OUTER BINDER (ENTIRE COIL
TAPED WITH GL ASS TAPE)

Figure 2-9: Typical Insulation Construction for a

Form-Wound Coil (Ref. 18)
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Figure 2-10: Random-Wound Stator Coil Insulation
Cross-Section (Ref. 18)
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2.3.2 Rotor

The rotor design shown in Fig. 2-11 consists of laminations, conductors,
end rings, a shaf t, and a cooling fan. In the case of de motors, a commutator ,

assembly or slip ring while for synchronous and wound-rotor motors, a brush- 1

l

less exciter arrangement is a component of the rotor assembly. The rotor core
is made of laminations similar to that of the stator core, and the rotor
assembly can be either die cast or brazed where the former is typical for
small, heavy-duty motors while brazed rotors are conmon for larger motors in-
tended for special types of duty.

Rotor Core -- Unlike the stator lamination assembly, the rotor slots in some
induction motors are not formed in a straight line. Instead, each lamination

is turned slightly with respect to the next one such that at the end there
exist skewing in the slot which provides better starting and running charac-
teristics. Heavy end plates are necessary for holding the rotor lamination
stack together and the ends of the rotor core are reinforced with stif fener
bars to prevent tooth vibration and breakage resulting from any occurrence of
the radial flux and axial flux.

Rotor Coils and Insulation -- Depending on the slip characteristics and
speed-torque curves desired (Reference Fig. 2-12), NEMA has categorized squir-
rel-cage induction motors for five basic designs known as Design A, B, C, D,
and F. As illustrated in Fig. 2-12 each of the designs has a distinct speed-
torque characteristic achieved by control of resistance and reactance of the
rotor winding and thus the design of the rotor slot and bar are different for
each design. Designs A and B have fairly low rotor resistance, C has high re-
sistance on starting and low resistance when running, while D has high
resistance at all times. Design F has a very low starting torque and moderate
breakdown torque, and is seldom used.

In large induction motors, aluminum, copper or copper alloy bars are
pressed into the slots of the rotor stack depending on the particular design.
Copper or aluminum in the rotor improves thermal capacity and increases motor
life. The end or resistance rings are made of the same material as the bars
and are centrifugally cast to ensure a uniform cross section. These rings are
usually attached to the rotor bars by high f requency induction brazing which
provides high strength as well as high electrical conductivity in all joints.

Most rotor assembly failures do not result from the rmal expansion and
contraction of the end rings or centrifugal force due to rotation but rather
are caused by repeated application of current-imposed forces that occur during
each motor start. State-of-the-art designs employ a technique known as swag-
ing to tighten the bars (axially aligned in the slots through the core) to
eliminate space for movement. It also prevents outward movement during
running.

In the case of die cast rotors used in small squirrel cage motors, the
core stack is inserted into die rings and the bars are cast into the closed
rotor slots in a manner that is inherently tight and therefore no swaging is
required. The construction of die cast rotors is consequently more rugged
than that for brazed rotors.

i

I
i
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Figure 2-12: Speed-Torque Characteristics for typical NEMA
Design Classifications (Ref.18)

j Ector Shaft - The rotor core and bar assembly is keyed and shrunk to the
j shaft. The shaf t and support system is designed to prevent excessive deflec-

tion that would otherwise occur due to rotor weight and induced magnetic
forces. When needed, such as in the case of large motors, stiffeners are
added to lend rigidity to the shaft. Note that rotor critical speed is always
designed well above motor speed in order to avoid the potential for coincident4

i f requency vibration damage.

Commutator (de motors) - The commutator -is assembled by alternating mica in-
sulation segments with silver-bearing copper V-Ring commutator segments. The;

actual size and overall design of the assembly is dependent on the required
electrical and mechanical characteristics of the motor being built. The com-
mutator assembly is typically mounted on the shaf t with the armature or rotor
core and the conductor leads f rom the rotor are inserted into slots in the
commutator bars.;

L 2.3.3 -Bearings

i
Motor bearings (shown in Fig. 2-13) are necessary for enabling the rotor4

assembly ~to turn freely within the stator when the magnetic fluxes from the j
energized field and armature windings interact. Bearings are installed on

i
'

each end of the motor shaft and in small motors, are hydraulically pressed in-
to the frame housing in order to avoid slippage when the rotor turns.

The most commonly used types of motor bearings include anti-friction and'

sleeve bearings. The anti-friction types are available as either ball or rol-

| ler bearings. Selection of the particular type of bearing depends on the pre-
dicted load and overall service conditions expected for the motor. Note that,

bearings are subjected to either a radial load'such as that produced by belt

,
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and pulley drives, or to axial loads, which are also known as thrust loads and
are developed by the pressure from the blades of a pump or the vanes of a fan,
plus the rotor weight in the case of a vertical motor.

Sleeve bearings can accommodate radial loads only and no axial load capa-
city is available. (Note : by "end float couplings", a bearing can be re-
lieved of all end thrust.) The radial load endurance of these bearings is
directly related to dimensions and to the viscosity of the oil film. Larger
than recommended loads can force out the oil resulting in bearing failure. On
some horizontally mounted motors the lubrication is supplied to the bearing
journal by an oil ring rolling on the shaft which reaches an oil reservoir
during shaft rotation. Vertically mounted motor sleeve bearings are continu-
ously immersed in an oil reservoir.

Anti-friction ball or roller bearings are formed by enclosing a number of
hardened steel balls or rollers between inner and outer races of hardened
steel. Depending on the design of the groove in the races, these bearings can
take some axial (thrust) loads as well as radial loads. Typically these bear-
ings are grease lubricated.

For large motors, typically each bearing is enclosed in the main housing
and a sight glass is provided for monitoring oil level. Additional devices
may be installed to measure temperature, vibrational amplitude, and other cri-
tical parameters. In some cases cooling systems are part of the bearing de-
sign which are intended for dissipating the heat generated by friction forces
encountered by a turning rotor.

2.3.4 Frames and End Brackets

The design of motor frames and end brackets requires consideration of the
environment, the equipment application, and general or specific operational
needs. The frame and end brackets in large motors are usually constructed of
steel having very conservative design tolerances. Brass rings are inserted
inside the bearing bracket (to prevent rotor misalignment which could occur

due to corroded end brackets if a material other than brass is used) and this
precaution minimizes the potential for catastrophic mechanical damage to the
stator, rotor laminations, and insulation system.

In accordance with NEMA standards, motors are classified into three gen-
eral categories based on the specified cooling method and the levels of pro-
tection afforded for enduring the predicted operating environment. The
following list specifies different types of motor enclosures; detailed de-
scriptions of each are available in the NEMA standards:

Open Motors Totally Enclosed Motors

Drip proof Totally enclosed pipe ventilated
Splash proof Totally enclosed fan cooled
Guard or semi-guarded Totally enclosed air-to-air cooled
Open pipe-ventilated Totally enclosed water-air cooled
Weather protected (Types I&II) Totally enclosed water-inert gas cooled

Explosion proof



. _ _ _ _ _ _
._ _ _ ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ . .

1

2-25

The purposes of the motor enclosure are summarized below:

to provide strength and rigidity.+

to provide an accurate mounting plane.+4

to provide correct and uniform air gap (for smooth and quieti .

I operation).
i + to protect motor components and accessories from environmental

stresses including foreign particles, and corrosion.
;
'

+ to provide protection for motor loads via the design of a proper
terminal box.4

2.3.5 Classification of Insulating Systems-

The insulating system of a typical electric motor consists of various in-
i sulating materials in association with conductors and supporting structural

; parts. These materials are classified according to tested performance under
i operation at conditions of maximum permissible temperature. NEMA insulating

] systems are designated as A, B, F, and H, in ascending order of maximum opera-

| ting temperature for a given life. Fig. 2-14 illustrates the life-temperature
relationships for the above classes of insulation.i

Class A insulation consists of cotton, silk, paper, or other organic
materials impregnated with insulating varnish, molded or laminated phenolics,
films or sheets of synthetic resins and enamels applied to conductors. The
hot spot temperature limit for this class is 105'C, which consists of 40*C
ambient temperature, 40*C rise by heating, 15'c hot spot allowance, and 10*C:

1 allowance for service factor. It is believed that a 10*C allowance for a ser-
vice factor of 1.15 (recognized by NEMA for motors above 2 hp) is sufficient

.

to accomodate a 15% overload.
1

Class B insulation consists of mica, asbestos, fiberglass, or other

! materials, not necessarily inorganic, and synthetic resins. The maximum hot
i spot temperature is 130*C. Table 2-2 provides different temperature allowan-

ces and the temperature rise for various motor types. Table 2-3 outlines the
j temperature relations for drip proof and totally enclosed fan cooled ac

motors.

i Typical materials used in a Class F insulating system also include mica,

| glass fibre, and asbestos, as well as other materials not necessarily inor-
| ganic, combined with compatible bonding substances having suitable thermal
i stability. A total temperature of 155'C is the hot spot limit for this class.

j For Class H insulation typical materials include mica, glass fibre,
j asbestos, and again other materials not necessarily inorganic, also combined
; with compatible bonding substances such as silicone resins which have suitable

thermal stability. This insulation class is designed for motor operation at a
; maximum total temperature of 180*C although a higher temperature limit of

220*C is available under this classification for special use under extreme

! temperature conditions.
!
i

i
r
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Table 2-2: Temperature Rise of Various Motor Types With
B, F, and H Classes of Insulation

Temperature Rise *C
Insulation Class: B F H

Open, nonencapsulated,1.0 service factor 80 105 125

All 1.15 service factor motors (while
motors operating at service factor load) 90 115 -

Totally enclosed fan-cooled (TEFC) motors 80 105 125

Totaly enclosed non-ventilated (TENV) motors 85 110 135

Encapsulated motors, 1.0 service factor, all
enclosures 85 110 -,

Fractional horsepower (Frame 42 and larger)
open motors, 1.0 service factor 80 105 125

Table 2-3: Temperature Relations for Drip-proof and
Totally Enclosed Fan Cooled AC Motors

Temperature *C (1.0 Service Factor)
Insulation Class: A B F H

Ambient Temperature 40 40 40 40

Temperature Rise by Resistance 60 80 105 125

Hot Spot Allowance 5 10 10 15

Hot Spot Temperature 105 130 155 180,

,

!

j

~. . ,-- . , , ,.
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I Based on the EEI Trouble Report for motors 250 hp and above and as shown
| in Table 2-4, Class B insulation systems are consistently in the highest fail-

ure category each year while Class F and Class H insulation exhibit signifi-
cantly fewer failures. Table 2-4 also includes the average service life at

,

the time of failure detection: with the exception of the year 1982 (in which
case it is 12 years) the average service life of a motor varies from 3 to 6.5a

years. It may be useful to note that class B insulation was used in both I
'

safety-related and non safety-related applications in older plants, and in non
safety-related applications in newer plants. Most new plants are now using F
or H insulation in safety-related applications, and older plants are using F

,

and H as replacement insulations. Type A insulation is generally no longer.

| used in large motors.
.
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.
._ Table 1-4 Largs Motor Failures Classified by Insulation Types

(EEI Trouble Report, Reference [2-3]) '

Year 1969 1970 1971 1972 .1973 1974 1975 1976 1977 1978 1979 1982
,

Insulation
Class

s

A - 4 13 2 4 1 1 1- - - - 1

i

B 19 19 28 13 26 20 21 53 26 29 34 42;

. |
! F 3 2 4 4 2 7 8 3 13 9 7 19 i

H 1 - 3 2 1 1 1 1 - 4 - 1
'

1

j Other - 1 5 2 2 - 2 1 6 1 3 3
1

1 Total 23 26 53 23 35 29 33 59 45 43 44 66

h Average * 7'

Service 4.7 - 5.68 6.22 5.66 3.55 4.33 3.19 5.07 6.14 6.16 12.02 U$
Life

t-

* Average Service Life Total In-Service Years of Motors with Failures Reported This Year.

( Average Age at time of Failure) Number of Failures Reported This Year

!
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3.0 OPERATIONAL STRESSORS AND CORRELATION WITH ACCIDENT EVENTS

Nbtors are subjected to various operational stressors which originate
both from system-level effects and from the environment and therefore, indi-
vidual motor components are required to endure numerous types of service wear
conditions. Abnormal or accident events potentially tend to worsen these con-
ditions while introducing additional stressing effects. The selection of a
particular motor type and rating for the performance of a specific system
function therefore requires consideration of the predominant mode of system
operation (whether continuous or intermittent) and prediction of the expected
mild or harsh environment. Potential worst case conditions imposed by syner-
gisms and seismic events must also be considered, and a supplementary require-
ment to be addressed concerns the impact of human factors on system operations
during routine as well as emergency conditions.

3.1 SYSTEM-LEVEL PARAMETERS

In addition to other parameters, control systems regulate motor output
levels and the required notor endurance limit is dictated primarily by the |

,

application equipment load. When load torque demand exceeds motor output cap- '

ability overheating commonly occurs, and severe overloading results in motor
disconnection and potential system failure.

Tables 3-1 and 3-2 represent failures of motor-driven pumps and valves
for major and auxiliary systems obtained from the LER and IPRDS data baan. It
should be noted that the number of indicated failures must be associated with
the total motor population (which was not available from the LER and IPRDS
data base) for each system in order to establish a failure rate. Improper
operation and motor misapplication are the apparent main causes of system-
related failure.

Certain pump and fan systems are designed for initial operation against a
closed (pressure) head while other arrangements require recirculation during
start-up for the gradual development of system pressure. The incorrect posi-
tioning of valves and dampers caused by operator error or by the malfunction
of system interlocks can promote motor overloading, and if an inadequately
rated motor has been specified for the system function the likelihood of over-
heating is further increased.

Since motor winding current increases with conditions of low voltage and
low frequency, it is evident that degraded power supply conditions can also
affect motor longevity. However, during normal plant operation, voltage and
frequency, and therefore current fluctuations are typically not of concern
since motors are rated for a 10% drop in voltage and a 5% drop in frequency.
The effects of under voltage on (ac) valve-operator induction motors can be
critical since the torque varies with the square of the voltage and as a re-
sult proper application requires motor oversizing to avoid stalling and burn-
out or tripping. Conditions of low voltage and low frequency are usually
associated with the loss of offsite power which can be concurrent with
accident conditions.

_
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i

Table 3-1: Reactor Fluid System Motor Failures

(LER Data: 1974-1983)

* Residual Heat Removal (RHR) 41

Service Water (SW) 38

*High Pressure Coolant Injection (HPCI)I 35

Gas Radiation Waste Management 20
*

Containment Heat Removal (CHR) 19

Emergency Generating System (EGS) 18

Chemical Volume and Control System (CVCS)2 16

Heating Vent. Air Conditioning (HVAC) 12

I Containment Isolation System (CIS) 11

Containment Cas Control (CGC) 11s

' <

* Reactor Core Isolation Coolant (RCIC)I 10

* Core Spray (CS)I 9+

1Reactor Coolant Recirculation 9

Fire Protection 8

i Radioactive Monitoring 8

l Control Room Habitability 8
I

j Others (6

* Emergency Core Cooling System (ECCS)

1 BWR Application only

! 2 PWR Application only

; (unmarked) Both BWR and PWR application
.,

i

i

i

!

,

J

!
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| Table 3-2: Fluid System Failures

(IPRDS Data: 1974-1981)

i

Plant 1 Plant 2* Plant 3* Plant 4
Unitsi

Pump Valve 1 2 3 Pump Valve

Containment Spray 6
:

| Reactor Coolant 5 7
.

CVCS 16 6

Condnsr. o Condst. 31 5 5

i Feedwater 5

Cire. Water 14 16 9

Sta. Gen. Blvdn. 17;

j Auxiliary Stm. 8

Safety Injectn. 10 5 6

Radioactive Wst. 21 8 32 7 13 14

Service Wtr. 11 12 10 5 15

Pot. & Sanit. Wtr. 5

0 Pump Motors Only
N te: System idents according to IPRDS definitions (Ref. 7)o

1

b

,

.

'

u
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System-level stressors also include the effects of vibration which can be
; driven component or seismically /hydrodynamically induced. If a motor is not

dynamically balanced with the interconnected load, operational vibration can
damage the bearings.* Alternatively, high excitation to the motor and

,

; attached hardware transmitted through supporting structures can potentially
i affect numerous motor components including both the bearings and mounted
'

accessories (e.g., in the case of a large motor, the lube oil cooler heat ex-
,

'

; changer). Any form of obstruction to rotor movement can cause electrical in-
!' sulation damage when and if excessive current is realized from the power
; source resulting in an overload condition. Motor and overall system failure

; is further probable under conditions of machine dislodged mounting and/or sep-
i aration from the power supply.

I

3.2 COMPONENT-LEVEL PARAMETERS

| All motor components are susceptible to degradation [19-21], including
i the stator, rotor, bearings, and various accessories. The two most signifi-
! cant stressors in motors are heat and vibration-related, and while the poten-

tial for the occurrence of these stressors is multiple in nature, thermal
} effects commonly result from excessive current (which imposes self-heating and
t therefore possible insulation failure) and vibrational effects can originate -

! from the internal and external abnormalities previously cited.

'

Regardless of rating size and the system application, all motors are sub-

! ject to stresses which may eventually cause failure. Figures 3-1 and 3-2
j illustrate relative failure proportions for basic motor components. Stator-

related failures are the highest having nearly an equal probability of occur-
; ring for both pump and valve motors. Bearing failures are observed to be sig-

| nificantly higher. for pump motors than for valve operators, while all other
i component failures are ccmparatively low. It should be noted that motor size
| is a factor to the extent that certain failures are more likely to occur in
I large motors than in small motors (e.g., valve operator motors).
!

| The predominant modes of motor performance degradation are attributable
i to stator insulation damage. Other effects include the shorting of iron lami-

nation edges which cause localized heating due to the presence of eddy cur-;

j rents thereby creating " hot spots". This condition has been reportedly caused
by loose parts travelling through the air gap between the stator and rotor,4

| and by damage that can occur during maintenance and inspection activities, as
i well as by other factors. Another mechanism for coil electrical failure is
| the loosening of slot wedges occurring as a result of material shrinkage or
i machine vibration. Traces of powder in the vicinity of a dead air space indi-

cates winding chafing, and unrestrained stator parts are particularly condu-,

| cive to motor damage during start-up when electrically induced vibration 'and
current are at maximum levels. Insulation that has become porous with age is'

! very prone to failure, and the condition is more critical during motor start-
! ing than during normal sustained operation, ' when heating tends to remove

residual water vapor and so dry out the insulation.
1
!

!

* Ac machinery inherently has vibratory stresses due'to the alternating flux

] in the core.

:

|
1

!

!

! ,

i
'
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Relatively similar failure causes are apparent within all motor classes
as shown in Table 3-3. Stators are highly inclined towards ground insulating j
system burnout due to overheating and due to material degradation which occurs
normally as well as at an accelerated rate when a motor is exposed to hostile
environmental conditions such as humidity, radiation, high temperature , and
chemical spray. Rotor damage commonly occurs due to excessive vibration which
is of ten attributable to coupling misalignment or the loss of balance weights
from the (rotor) assembly. Bearing failures result primarily from the loss of
lubricating oil or grease although corrosion also has a significant effect on
performance deterioration. Mounting related failures are the highest reported
accessory malfunctions. The disintegration of seals and gaskets represents an
additional common accessory failure that can result in the degradation of
housed internals (e.g., cable terminations in a motor junction box), the leak-
age of lubricant, and the overall elimination of hermetic properties.

Combined rotor and stator damage is noted to occur when bearings com-
'

pletely fail and rotational clearance is lost. For motors that are not equip-
ped with bearing temperature detectors and alarms, particular care must be
taken to ensure that rotational integrity is maintained.

3.3 APPLICATION AND OPERATIONAL STRESSES

The most significant application problems associated with powe* plant
motors are undersizing and the general mismatching of load and duty cycle re-
quirements. These conditions usually do not occur during the original design
specification process but rather as a result of system modifications and sub-
sequent equipment additions.

The most damaging operational stress results from exceeding motor duty
cycle by attempting too many starts in too short a period. Inrush current
during motor start-up causes considerable heating and suf ficient time must be
provided to permit heat dissipation. Manufacturers usually impose time limi-
tations on starts, particularly for large motors, and frequent starting would
be expected to occur at times when motor auxiliary or control system problems
are being investigated and typically not during emergency operations.

The most probable source of operau anally induced damage for valve opera-
tor motors is thermal overload due to bac seating which can be caused by forc-
ing the back of the valve seat against the valve body in the area around the
stem in order to reduce valve stem leakage while the valve is in the open
position. Nuclear power plant fluid system valve backseating is usually per-
formed when leakage of undetermined origin occurs inside the primary contain-
ment structure. Operators strive to backseat valves as an alternative measure
to shutting down the reactor and the process can require bypassing torque and
limit switches. Unless a catastrophic failure occurs, the degree of deterior-
ation caused by backseating can be difficult to determine but it is almost
certain that aging will be accelerated as a result of this excessive service
wear condition. Pump motors operating in the alternating mode can undergo
numerous starting current surges (of short duration) which are often 5
to 10 times the full load current. This condition overheats windings and de-
teriorates the insulating system and thereby represents another form of exces-
sive duty cycle that advances the aging process.

.

_ _ _ _ _ _
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Table 3-3: Motor Component Related Failures

(A) STATOR RELATED FAILURES:

LER DATA IPRDS DATA (1974-1981)**
(1974-1983) PLANT 1 PLANT 2 PLAE 3 PLANT 4

UNITS 1 1 1 2 3 1

ELECTRICAL

MOTOR SHORT* 20 28 1 1- - -

GND. INSUL. BKDN. 8 7 2 3 1 8-

PHASE INSUL. BKDN. 2
OPEN DC WINDING 9
EXCESS CURRENT 8
CRACKED INSUL. 2
LOOSE CONNECTIONS 5 22 5 1 1 5 2

FLOODING / LEAKS

VALVE / PUMP PACKING 10 3
HUMIDITY 4 .

SUMP WATER 3 4 3 - - - 1

EXT. WATER / STEAM 9 18 1 4 2 6-

OIL / LUBE LEAK 4 8 1

DESIGN & WORKMANSHIP

MANUF. DEFECTS 9
DESIGN ERROR 2 2 1- - - -

LARGER DUTY CYCLE 5
INCORRECT INSUL.
CLASS SPECIFICATION 2

UNKNOWN

BURNED MOTORS * 47 7 10 16 5 15 9

* THESE CONDITIONS MAY HAVE BEEN ** PLANT 2 & 3 DATA EXCLUDES
INDUCED BY OTHER COMPONENT FAILURES VALVE MOTOR FAILURES

_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ ._
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Table 3-3: Motor Component Related Failures (Cont'd.)

)
'

i

(B) ROTOR RELATED FAILURES:

LER DATA IPRDS DATA (1974-1981)**
(1974-1983) PLANT 1 PLANT 2 PLANT 3 PLANT 4

UNITS 1 1 1 2 3 1

ELECTRICAL
!

ARMATURE SHORT 2 2 2 - - 1 -

LOOSE BRUSH CONN. 3
SHAFT MISALIGNMENT 6 1 - 1 - - -

SHUNT LEAD SHORT 3 - - 1 - - -

MECHANICAL

LOOSE DRIVER PINION 4
MOTOR COUPLING 7 4 17 25 4 4 9

,

VIBRATION - 11 7 2 1 2 10i

MOISTURE IN AIR 1

! UNKNOWN 1

(C) BEARINGS RELATED FAILURES:

CORROSION 3 25 9 5 2 7 8
LOSS OF LUBE 42 11 16 1 1 2 2
VIBRATION 5 i

j UNKNOWN 5

i

! (D) ACCESSORIES RELATED FAILURES:

; COOLER LEAKS 4
MOUNTING 11 7 1 1 1 - -

COMMUTATOR 2
LEAD WIRE BREAK 1 2 - - - - -.

; THERMISTOR 1

CRACKED CASING 1 1 3- - - -
^

MOTOR BRAKE COIL 5 1 2- - - -

LOOSE FAN 4

i

!

.
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Table 3-3: Motor Componen:. Related Failures (Cont'd.)

LER DATA IPRDS DATA (1974-1981)**
(1974-1983) PLANT 1 PLANT 2 PLANr 3 PLANT 4

UNITS 1 1 1 2 3 1

(E) MAINTENANCE AND HUMAN FACTORS RELATED FAILURES:

LACK OF CLEAN OIL / DIRT DEP. 5 10 5 3 1 6-

USE OF OVERSIZED TEST INSTR. 1
MISAPPLICATION /0PERATION 4 1 - - - 3
WATER SPLASH 4
IMPROPER LUBRICATION 4
PROCEDURAL ERROR 3

I
MISCELLANEOUS ERRORS 14 1

REPAIR MOTOR / VALVE 5 - 8 2 1 13-

.

i

.

4

J

i

,

!
.

-,_ - -
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;

Figure 3-3 provides an indication of operating modes at the time of pump
motor failures for four (4) plants extracted from IPRDS reports. Table 3-4

'

expands on this information by illustrating the effects of duty cycle (A),
annual operation in terms of the number of motor starts per year (B), and pro-<

vides the relative level and extent of required motor repairs (C).

3.4 HUMAN FACTORS
,

-

The performance of an electric motor can be affected by the human element
at many stages both before and during its operating lifetime. This includes

j the stages of specification and design, manufacturing and shipping, as well as
2 during installation, preoperational testing, operation, and periodic

j maintenance.
I

i In modern motor manufacturing much of the work is done by machines.
Nevertheless the windings and insulation (especially for large motors) are

.usually manually assembled. The improper installation of these components or
i most any other component can jeopardize motor performance. For example, in- |

; proper fit between bearings and other mating parts (such as the inner and
outer races or the internal clearance in the bearing itself between the balls

| and races) can result in faulty operation or failure.

f

I
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Figure 3-3: Pump Motor Operating Medes (IPRDS DATA: 1974-1981)j

i
5

4

1

i

!

i
. . . . . , , , , , , _ . - _ , . _ . , . . . _ _ . , _ ___, _ . _ - . ~ . , - , _. _ . . . - _ . . , . - . . - - ~ - . , . _ . -- -



.. - . .- _ . . . - . . .- , ~ . . - ._

,

f

3-11

Table 3-4: Failures Based on Pump Duty Cycle, Annual Operation, and
Repair Catagory (IPRDS DATA: 1974-1981)

PLANT 1 PLANT 2 PLANT 3 PLANT 4
UNIT 1 2 3

(A) DUTY CYCLE
(% pump operating time)i

|
'

< 20 47 30 44 10 18 29

j 21 - 50 37 20 3 1 3 9

51 - 80 17 16 16 5 18 17

81 - 100 20 13 10 4 1 7

(B) ANNUAL OPERATIONS
(starts / year)

< 12 45 54 17 9 14 34

13 - 100 68 18 56 11 26 28

> 100 8 7 - - - -

(C) REPAIR CATEGORY

Component Replaced 10 16 14 3 15 5
,

Minor Repair 57 42 25 6 10 32

Major Repair 50 18 25 9 5 19

Reset / Adjustment 1 3 - - - 6

Recalibration - - - - - -

Unknown 3 - 9 2 12 -

!

i

!
.

,! -

I

| ,

i

!
|
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l

Specification and application errors, such as undersizing or incorrect
duty cycle considerations can be causes of operational faflures. Also, motor
insulation and bearing systems that are highly vulnerable to moisture often

,

fall victim to inadvertent spray or leakage of water. In addition during i
routine checks as well as during preventative maintenance, many reported per- !

sonnel errors have occurred including improper parts alignment, installation |

of overtorqued bolts, incorrect (or lack of) replacement of gaskets and seals, j
and the reversing of power lead connections. '

All of the above represent various ways in which the human performance
can and does adversely impact the performance of an electric motor. Since ul-;

. timately human input designs, builds, installs, tests, inspects, operates, and
! maintains these motors, human factors have a rather large and extensive impact

] on motor performance.
i i

3.5 ENVIRONMENTAL EFFECTS
1

; Most motor environments are relatively benign during normal nuclear power
plant operation. Motors located in compartments outside of containment are

; affected primarily by the driven load. Heat from the motor as well as from
i recirculated liquid causes ambient temperature to rise which designers strive
; to ' limit _ to a maximum of 120*F, and during normal conditions radiation doses
~

are frequently less than 10 Mrad which is within the endurance capability of
most windings and lubricants. The majority of reactor system motors are not

] required to withstand a High-Energy-Line-Break (HELB) since the line that
would fail in the vicinity of the motor is usually the same line associated
with the driven load.

,

Certain system motors are required to operate under extreme condi-
tions[22], such as Reactor Containment Fan Cooler (RCFC) motors which drive4

'

heat exchanger fans for heat removal from the containment of a PWR and also
provide air circulation for cooling and filtering during and following a pos-
tulated Loss-Of-Coolant-Accident (LOCA). These motors must operate for up to'

one year in a steam environment which could include a concentrated chemical
I and radiation atmosphere in the case of a Design Basis Event (DBE). It is

,

therefore essential that the motor housing be hermetically sealed to prohibit i

the admittance of moisture which would otherwise occur as motor and contain-
| ment pressure equalized.

Motors that experience the most severe normal conditions are those that
drive reactor recirculation pumps, (non-safety-related) containment fans and
containment valve-operator motors. These motors can be subjected to tempera-
tures upward of 135'F coupled with the higher radiation levels present inside |
the containment structure.*

Modern windings are not particularly sensitive to high humidity, ' and
older insulation systems seem to be relatively tolerant of moisture, if con-'

tinuously operated or maintained always above the dew points, until the.

7 attainment of a significant age (e.g. , 20 years or more) . Manufacturers and
; design engineers generally specify resistance heaters for motors that are ex-
; pected to remain idle for long periods in high humidity.
I

I

, _ _ _ _ __ _ _ _ _ _ _ _ _ _ . _ _ _ . _ _ _ _ . . . _ . _ _ . _ _ . -
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3.6 SYNERGISTIC EFFECTS

The extent to which winding insulation materials are affected by synergi-
stic (or, combined) effects of temperature, radiation, and other parameters is
not fully understood. however, tests of magnet wire conducted by F. J.Campbelll23] of the U.S. Naval Research Laboratory indicate that some types
of insulation may perform significantly better than expected when exposed to
simultaneous heat and radiation conditions, as opposed to sequential or indi-
vidual environmental exposures. Another study by Bustard, et. al. [24), on
the effect of thermal and irradiation aging on polymers used for insulations
and gaskets has revealed that the ordering of irradiation and thermal exposure
was important in that irrrdiation followed by thermal exposure is more severe

al.[25), have recently published a studythan the converse. Kadotani, et.
on combined thermal and electrical aging of coil insulation. The study has
included laboratory tests of Class B mica epoxy insulation. In this study,
aging stresses were limited to thermal and electrical loads. The lifetime of
the insulation under normal voltage at normal temperature was estimated to be
approximately 49 years. However, considering mechanical as well as environ-
mental stressors, the service life prediction for such insulation has been
conservatively limited to 15 years.

3.7 AGING MECHANISMS

Environmental parameters influencing aging mechanisms and therefore in-
fluence the degradation of insulation, lubrication, gaskets and seals, and
other components made of organic materials are predominantly electrical,
mechanical, chemical, thermal, environment, and radiational loads. In order
to fully assess the effect of aging on degradation of motor components it is
important that the behavior of the various organic or inorganic =aterials be
characterized.

The extent of aging degradation for insulating materials is indexed by
evaluating dielectric or mechanical properties: dielectric properties include
dielectric strength, dielectric constant, dissipation factor, and volume /sur-
face resistivity; mechanical strength is characterized by resistance to ten-
sile or shear stress and the corresponding percentage of material elongation.

3.7.1 Electrical

The dielectric strength is a property of insulating material and is ex-
pressed in terms of the minimum electrical stress (in volts / mils) that will
cause failure or " breakdown" pnder specified conditions. The electrical
stress withstand characteristicl21) of most materials declines with increas-
ing temperature, time, and thickness, as shown in Figure 3-4.

The breakdown strength of insulation varies with numerous factors (e.g.,
thickness, size and shape of electrodes, distribution of the electric stress
field in the material, frequency of the applied voltage, rate and duration of
voltage applied, temperature, moisture content, and possible chemical changes
occurring while under stress). One of the resulting conditions from these
factors, when linked with high voltage, is known as corona or ionization dis-
charge. Corona effects occur when the voltage gradient on gas molecules in
void spaces (in the insulation) exceeds a certain tolerance value which is de-
pendent on the nature of the gas and its associated critical pressure and

,
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Figure 3-4: General Trend of Time, Thickness and Temperature Effects on
Insulating Materials

temperature. The revealing symptoms of surface corona degradation of ten con-
sists of red or white material deposits. Corona occurring on the outside sur-
faces of a motor insulation material does not promote damage as rapidly as in-

ternal corona. Figure 3-5 depicts the endurance with respect to time for
failure under corona effects for several dif ferent kinds of insulating mater-

ial, at room temperature, 50% relative humidity, and 360 hertz (frequency).
It is evident f rom Figure 3-5 that mica is the more resistant and therefore
the more suitable material for withstanding such discharges.

Dielectric constant is indicative of an insulation material's ability to

pass dielectric flux: a material having a high dielectric constant will pass.
more dielectric flux than an insulation with a lower value under the same
electrical condition. The value of this constant depends on the number of
atoms or molecules per unit volume and the ability of each to be displaced in
the direction of the applied voltage. Values of the dielectric constant range
from unity for a vacuum to slightly greater than unity for gases at atmos-
pheric pressure, 2 to 8 for common insulating materials, 35 for ethyl alcohol,
91 for pure water, and 1000 to 10,000 for titanate ceramics. Changes in these
normal values indicate abnormal conditions such as the presence of moisture,
short-circuited conductors or breaks in the insulating materials.

For a perfect dielectric capacitor, current leads the voltage by 90* and
the imperfect dielectric has a current which leads the voltage by less than
90*. The difference between the perfect and imperfect phase angles (i.e., the
angle between the voltage and current) is known as the loss angle whereas the
tangent of this angle is known as the dissipation factor. Dissipation factor
is a measurement of dielectric power losses which occur because insulating
materials are not perfect in the dielectric sense, and because of the effects
of hysteresis and conduction. Dielectric losses increase with temperature and

I
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frequency, and are accelerated by the presence of moisture. In fact, the
losses cause internal temperature rise which results in increased dielectric
loss, thus creating a cummulative effect which can eventually lead to insula-
tion breakdown.

The resistivity of an insulation material is expressed by volume, repre- I

senting a bulk property (in ohm-meter units), and by surface resistivity
(ohm / square meter). Surface resistivity characterizes leakage current across
the insulator surf ace between electrodes having a potential difference. These
properties are affected by surf ace or bulk moisture and are used to assess the
condition of dampness in the insulating material. Both bulk and surface
resistivities decrease with temperature.

3.7.2 Mechanical

The mechanical degradation (27] of an electric motor can be classified
into four basic areas:

Major mechanical failures are typically bearing-related caused due to the
lack of adequate lubrication, excessive radial and/or thrust loads, or a non-
optimum bearing / lube system for the particular application. Lubrication con-
verts solid friction of the two dry bodies in contact to fluid friction via a
separating layer of liquid or semi-liquid medium. However, excessive lubri-
cant can contribute to overheating and/or overpressure conditions. The life
expectancy of a ball bearing is inversely proportional to the cube of the load
and accordingly, a small increase in load can cause a significant decrease in
bearing life. Other factors af fecting bearing performance include misalign-
ment of the rotor assembly, vibration, corrosion of the rollers or balls, and
bearing currents. Misalignment of the rotor and stator can cause the (stator)
lamination damage shown in Figure 3-6.

Another form of mechanical stress is related to the physical properties
of the insulating material used in motor windings. Common insulation under-
goes a significantly reduced tensile or yield strength and percentage of elon-
gation with an increase in temperature and moisture content. Figures 3-7 and
3-8 indicate the trend for two types of insulating material. Additional re-
duction in strength and electrical integrity occurs with the presence of mois-
ture, and therefore, simultaneous loss of both physical and dielectric
strength typically causes irreversible damage.

Corrosion or f atigue of components made of steel or other metallics con-
stitutes another form of mechanical aging. Severe environmental parameters
can cause metal embrittlement and thus reduce the threshold strength inherent

in the material. Leakage (moisture) or prolonged storage and idleness in an
area of high humidity will cause corrosion, and common corrosion-related deg-
radation is reported to affect mounting bolts, lead connections, conduit
boxes, bearings, and housing enclosures.

One of the most critical mechanical loads which promotes the degradation
process is vibration from internal or external sources (such as an earth-
quake). Vibration can cause loosening of rotor bars as well as laminations in
the stator or rotor cores, chafing of insulations and also the fatigue of
metallic components by imposing cyclic stresses. Figure 3-9 shows score marks
on an end bracket of a motor caused by mechanically-induced bearing failure
and the overall effects of vibration.

-



3-17

' * *

mwe n y:4w"?M -,

',*. ,. f % (,
'W~ a.' "f;h

- .fh.
*

2
*Q

.

[,.s .

% "x g. .,
.

- :e ~ ~ y_
.

.

%.I .A o :\,
e,

~
- K,;- ~ _ .

$lf Q. :'

,}
. ." r g-,:gw y*'*m* , 47 u.: wy;- Q

-

. 'L
-s} 3

C,

-

-

m~,5 ' u ,q
% 'g.,= *

.%'~. ' * *

i4 y

% K % A $5's ,
g,',

<.
.

2 e o

|Q@'
*

qm s.3

**'*wl4.tus+d= g;g y<
o,

. , -> >

:.s-,s s o\.,. , n- t "

L~.-- %4 ,.

hYS-Q'4% ,, }| ai s 7ri 'u e g4
m,-Q{ g

=; - -c1[ z u,s1 h! w7- r1 a
3 "- , '' ,, ,.

[ i: T.
.

y= m .

"w- o,[. ,
<

'
, _ .

2. .m :;;... -b y
| | 'Aj ~( ; ' c

, , |M_. m

,

- w5 -

.3
,

, %wk __m % 4:"en % 7 4 .
,-

. O%gg ,

'gj * . ,1* .

.

e
- q< . ,
,

t m
- .. .

--
. .[..

, .

+ y
s ' y[ d'$4 'I 4_

;,

~

>j' '
~,

2- . 4g?*
_

J- ; ,:. e
' ' i' s

,;i .
. oo ,

r . ,/ , | ,. . c i

e}_ r g ;U . ,, j
..e

-
, .j-

,

:, e. ' ,- ,h |
r-

'

A ,

.N.,,/ , ;8,

- ...e8 6- & . %
.

f-s W'
~

.

a.P
,

|

l

l

|

. _. - - .-. , _ - - ._ , - - - - . - . _----- .-.---- . - - - - - . . - _ - _ - - . . - - . - - _ . - - _ - . _ -.



- - , - - - . . . . . - - - - . .

,

;

3-18.
..

t 30 10 0i , , , , , , , ,

Oi
.

m' '

x 25 - 80 z
- O

| I Is <.

j 20 -

TENSILE STRENGTH
- O,

!'
w o
m 2
s w
m 15 - - 40,

r w o
d % ELONG ATION $

; y 10 - - 20
w

i
' ' ' ' ' O' ' ' ' '5

O 200 400 600 800 1000 1200 1400 1600 1800 2000
HOURS IN BOILING WATER ,

!
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3.7.3 Chemical

Under no rmal and particularly under abno rmal environmental conditions,
all motor components can undergo a chemically-induced deterioration process.
Insulation degradation, lube oil deconposition (i.e., viscosity breakdown),
and overall corrosion are the most significant forms which degrade motor per-
formance with time.

With regard to motor insulation {28, 29), chemical properties are clas-
sified as resistance to external chemical ef fects and chemical changes to the
material itself. For the first category, lubricating oil, varnishes used for
impregnation, bonding and finishing, acids and alkalis resulting from electri-
cal discharge or deposits of salts from the atmosphere as well as oxidation
and hydrolysis from atmospheric conditions are included. The effects on insu-
lating and adjacent motor materials can involve direct solvent action on rub-
ber and also corrosion of metals. The material can experience oxidation,
deterioration due to acidity, chemical instability of synthetic resins, self-
polymerization of synthetic compounds, and vulcanization of rubber-sulphur
mixtures.

The most common form of deterioration is slow oxidation which introduces
acid groups into the polymeric insulation and thereby increases conductivity
and thus the power factor of the insulation. Oxidation also divides polymer
chains in resin insulation and consequently decreaser tensile strength. Fig-
ures 3-10 and 3-11 represent the oxidative degradation of insulating materials
when exposed to air. A second type of deterioration is the brittle hardening
of insulation as a result of the loss of plasticizer and excessive oxygen
cross-linking of polymer chains which occurs with plastic insulations, and a
third type of deterioration is thermal or internally catalyzed depolymeriza-
tion. This reaction is generally slower than oxidation although the process
accelerates at higher temperatures as shown in Figure 3-12, and Table 3-5 pro-
vides age deterioration characteristics of an insulating material while under
the influence of various chemical environments.

Chemical effects also are related to corona (ionization in the presence
of voltage stresses) discharges in that oxygen molecules (0 ) in a gas space2
converts to ozone (0 ) and forms nitrous oxide when in the presence o'f water3
molecules. Attacks on organic material insulation and the corresponding deg-
radation is usually revealed by the reddish or white deposits previously
noted.

Lubricant deterioration and contamination are caused by the oxidation
process which acidifies the medium. Evaporation or contamination of a lubri-
cant increases viscosity to an undesirable level, and contamination with water
will ultimately cause corrosion. These processes can affect the lubricity
(the ability of the molecules to slide f reely past one another) and the resul-
ting change in viscosity can damage a bearing assembly by producing excessive
pressure between support surfaces. Too low a viscosity may permit metallic
contact in sleeve bearings which would destroy them.

.
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,

Table 3-5: Mechanical Strength of KaptonR Subjected to Chemical Aging

TYP! CAL VALCt3 (I all)
!Tenelle 1 Elongation thlu tus TIST

PROPERTT Retained Retained Retained CONDITION / ME THOD

Days Imersed at
RES!$7ANCE TO: Room Temperature
Bensene 100 82 100 365Toluene 94 66 97 165Methanol 100 73 140 365Acetone 61 62 160 165101 Sodium Hydroxide Deg r ade s 5Clacial Acetic Acid 85 62 102 16 days 9 (It0*C)
p-Cresol 100 17 102 22 dare 9 (200'C)Transform.tr 011 100 100 100 140 days 9 (150'C)
Water pH = 1 65 30 100 14 days 9 (100*C)

pH = 4.2 65 30 100 14 days 4 (100*C)
pH = 7.0 65 20 100 166 dayo 9 (100'C)
pH = 8.9 61 20 100 le days # (100*C)
pH = 10.0 60 to 100 4 days 9 (100*C)

E Registered trademark of DuPont Company
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3.7.4 Thermal

Temperature is the most critical parameter [30-33] that can affect motor
performance over the long term and also over a short duration of motor opera-
tion if at an excessive level. As with vibration, high temperature can be in-

ternally as well as externally generated. Manufacturers design a machine for
1 specific temperature and humidity conditions with a certain margin of toler-
! ance. Under normal operating conditions the motor performance should not be

adversely affected by temperature; however, in the event of a Design Basis'

Accident (DBA) in which certain motors are required to withstand a combined
(design basis) earthquake and conditions due to a loss of reactor coolant, a
motor must be capable of enduring excessive temperature for an indefinite per-
iod including the post-accident.;

Significant internal temperature-rise is usually generated within motor'

2components due to mechanical or electrical (I R) stresses. Heat is also gen-
ersted by leakage (or eddy) currents or by chemical depolymerization of the
insulating system. In addition, mechanical stress can be generated by bear-
ings which produce heat due to inadequate lubrication, shaft misalignment, and
the like.

} Deterioration of insulation with a polyester fibre strand material was
al.[34], as a result of thermal cycling. Tests in-! observed by Mitsui, et

dicated that the dissipation factor changed significantly at 155*C and it was
found that thermal cyclic degradation begins with a separation of the inner-
most insulation layer f rom the strand insulation and then propagates in the
mode of (mica) delamination and eventually results in the formation of cracks.

,

Figures 3-13 thru 3-15 illustrate the electrical and mechanical strength
versus temperature of some advanced insulating materials. Within the range of

,

! 200*C most values are observed to decline with an increase in temperature.

I All insulating materials lose strendth to some degree at high temperatures and
' therefore characteristics at the designed operating temperature are important

; factors to be considered for a particular system application. Figure 3-13

| also demonstrates that when thick grades of otherwise superior insulating
materials are used, brittle conditions of ten occur (in certain dry environ-
ments) and disturb the balance of physical properties.

1

i A " rule of thumb" known as the 10-degree-rule states that a 10*C increase
i in temperature will reduce the insulation life span by one-half. Accordingly

Figure 3-16 illustrates the average age of an advanced insulating material,
with respect to electrical and mechanical strength, in relation to the opera-
ting environmental temperature.

3.7.5 Humidity

The presence of humidity or actual water in the insulationI31-33) of a
; motor can expedite the degradation process thereby reducing electrical life

and dielectric strength. Both dissipation factor and dielectric constant
change dramatically when an insulating material is exposed to humid air and
volume resistivity also declines at high relative humidity. As shown in Fig-.

' ure 3-8, the mechanical strength of an insulating material declines with the
percentage moisture content. Chemically, water serves to break the binding of
insulation materials since in many cases water is used as a plasticizer. Thus

t
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humidity becomes one of the greatest deterioration agents with time. Many
newly developed insulating materials utilize water only as a mild plasticizer
and consequently there is little effect on mechanical and tear strength even
at 95% relative humidity. In fact, most modern insulating materials have
vastly improved electrical and mechanical properties and low water absorption
characteristics. Table 3-6 depicts the electrical properties of some common
insulating materials with respect to relative humidity.

Table 3-6: Effect of Relative Humidity on Insulation Electrical
Properties I29s 31I

I

!

Relative Dielectric Dielectric Dissipationinsulation holdity Strength Constant Factor
M.terial (2) (V/ati) (60Ha) (60 Hz)

,

R
'

K.pton 0 7800 3.0 .0018 |(1 all)
30 730o 3.3 .0021

4 50 7000 3.5 .0025
,

80 6500 3.7 .0037

100 6200 3.9 .0047 [
.. i

i
Noment 0 920 2.5 .0059(Type 610)
(10 atl) 50 680 2.7 .0061 !

] 95 840 3.2 .011

: x..... .no ..e. ... ,e, .t.,e4 t,..e . . ., 0. ..t c..,..,
=

e

|
l

I 3.7.6 Radiation '

l
4 Nuclear power plant motors exposed to radiation can be adversely affec-
) ted. However, radiation can also have a beneficial effect by causing syn-
; thetic polymers to crosslink. Irradiation of polyethylene improves resistance
; to heat and mechanical failure, the polymerization of plastics, and curing of
; resin and varnish films. Table 3-7 further illustrates the variations of
! electrical and mechanical properties of a typical insulating material when ex-
1 posed to radiation.
1

j In general, however, organic insulation deteriorates [56] both mechani-
1 cally and electrically as a result of irradiation since chemical changes re-

arrange the molecular structure of the material. Mschanical strength is
affected more than electrical strength as shown in Table 3-7, and the probable,

life dose for typical insulating material is given in Table 3-8.i

I
j Radiation damage to insulating material is typically revealed by discol-
'

oration, cracking, disintegration, and the transformation of suppleness to
j hardening and embrittlement.
.

|
|

4
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I

R Aramid Paper Type 410 I3III Table 3-7: Radiation Resistance for NOMEX
[10-mil paper exposed to 2 MeV electrons (beta rays)]'

RETAINED DIELECTRIC
TENSILE RETAINED STRENGTH

! STRENGTH ELONCATION 1/4 in. [

DOSE % 1 % % dias. electeode 60 Hs I kHz 10 kHz

f negarade MD XD MD KD V/stl DK* DF** DK DF DK DF f

O 100 100 100 100 870 3.1 0.0083 3.0 0.0132 2.9 0.0193'

100 96 100 89 92 855 3.0 0.0135 3.0 0.0161 2.9 0.0205

200 100 99 92 91 845 2.9 0.0104 2.9 0.0147 2.9 0.0195 ;

400 100 99 96 88 845 3.0 0.0120 3.0 0.0156 2.9 0.0199 '

,

a

i 800 94 97 76 82 850 2.9' O.0089 2.9 0.0134 2.8 0.0185

i 1600 87 86 60 47 860 3.1 0.0137 3.1 0.0156 3.0 0.0195
i 3200 81 81 36 27 885 2.3 0.0071 2.3 0.0107 2.2 0.0148

6400 65 69 18 16 790 2.5 0.0095 2.5 0.0132 2.4 0.0174

*DK - Dielectete Constant
**DF - Diaatpation Factoe i

R . Registered Trademark of DuPont Company 1

:

1,

i Table 3-8: Radiation Resistance of Organic Insulating Materials [561
;

)
J

) Matenals Upper dose kmit Materials Upper dose kmit
in Gy = footed in Gy = 100 rad

j Acryhc scintillator 810 - 10' . Araldste B (epoxy resm)
) Buryt rubber $ X 10' Araldne F(epony resin)
! Electromcs components (active) 10 - 10 Epikote(epony resin)8 8

l Opticalrete 10-10' Epony Novolac
Perfluoro ethylene-propylene Epony resin. aromatic hardener

J (FEPl $ X 10' Glas& fibre reinforced EPR-hoses
Phenolic resin.unfdled 10' Mineraloil I-2 X 10' 4

*
,

Polyacryl(Pieniglas) 10' Paints based on eposy or {
,

Polyamide(Nylon) I X 10' polyurethane resms
Polyester reun.unidled $ X 10' Polysmide resm4

$dicone od 5 X 10' Special tadiation resistant
Sihcone rubber $ X 10' lubricants
Teflon (PTFE) 10' Special radiation resistant motors<

! wton 12 X 10' '

; Araldste D(epony resin. cured at Cerium-doped slass
4 ambient temperature) Ryton(PPS)
; Chlorosulfonated PE Inor ameidledresins:
; (Hypelon. CSP) - Epony, aromatic hardener

8Cross-hnked PE(XLPE) - Phenohe I X 10
i; Ethylene-scrylate rubber (EAR) - Polyester
] Ethylene-propylene rubber (EPR) - Polyimide
; Ethylene vmyl acetate (EV A) - Polyurethane
! Flamtralfpolyoie6n) 1 2 X 10' - $dicone

Halar(CTFE)
Hytrel(PETPcopolymer) Alummium onide

t Lupoien(PE) Masnesium omede
i Polychloroprene(Neoprene) Magnetic matenals
; Polyolenn Metals > 10'

Polyvinylchkiride(PVC) Mica
| Glass til re

Quarta
+

!

*) Use of these matenals in rediation areas is not recommended or to be used wah precautions.

I
i

i

1 -

1

!

i
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i

3.8 AGING-SEISMIC CORRELATION

Most motor manufacturers maintain that winding starting forces are equiv-
| alent to or in excess of predicted seismic forces. However, a potential

source for seismic failure is inadequate end-bell-to-frame-support on older
(large) motors which has led to the addition of dowel pins between the frame
and end bells for withstanding the shear forces expected during seismic

i events.

} As indicated, the aging-related degradation of materials is primarily in-
j fluenced by mechanical, electrical and chemical loads. The potential seismic

damage to motor components on the other hand is primarily mechanical and
inertia-related. Since inertial failures are always associated with the size,

of the mass and the vibration acceleration, many components of a motor can be,

! excluded from seismic consideration. Howeve r , one can not exclude damage
i caused by external seismically-provoked conditions, such as dislodged objects
y falling on the motor, although this can be avoided by suitable installation

design.
,

i Since aging-related degradation is complex in nature, the correlatiqn of
i aging with seismic effects is difficult to qualify and quantify. Nutechil2]
| has suggested a method based on the mechanical failure of weak link motor com-

ponents in consideration of the environmental, service wear, and cyclic mecha-
! nisms. For certain small induction motors (approximately 10hp) seismic

effects should be minimal providing motor dielectric, rotational, and mechani-,

i cal integrity has been maintained.
I

;

i
i

!

I
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4.0 DATA EVALUATION AND ASSESSMENTS

LER, IPRDS, and NPRDS data provide the most complete information avail-
able to date on actual nuclear power plant motor f ailures and therefore pro-
vide the primary basis for the assessment of common failure modes, mechanisms,
causes, and the associated frequency. Other sources of information utilized
include NPE, EEI, and EPRI reports as well as actual experience relayed by
motor maintenance and design specialists. A thorough analysis of operating
experience necessarily requires a review of incipient, partially degraded, and
catastrophic losses of motor integrity which then serve to identify those cri-
tical parameters that provide functional performance indications.

4.1 LER REVIEW

The LER motor failures compiled for the period 1974-1983 detail any de-
graded safety condition involving a motorized system or specific equipment
item. While pumps and valves are predominantly reported, fans and miscellan-
eous motor-driven components are included as well. Most of the fallure event
information outlines a condition pertaining directly to the stator, rotor,
bearings, or accessories although certain reports were the converse dealing
with non-applicable conditions and therefore were omitted. In some instances
applicable external effects were cited as the cause of failure and these
events were classified accordingly. (Motor boundaries were defined in Section
1.3.)

4.1.1 Failure Data Assessment

Figure 4-1 depicts motor failures within the driver boundary for Gcueral
Electric (GE), Westinghouse (West.), Babcock & Wilcox ( B&W) , Combustion
Engineering (CE), and other NSSS vendors, proportioned with regard to reactor
years. As shown by the legend the application equipment includes pumps,
valves, and miscellaneous motor-driven items. Similarly Figure 4-2 illu-
strates the LER motor failure relationships that occurred due to external
events or the driven equipment. Figures 4-1 and 4-2 indicate that BWR systems
experience a higher valve motor failure rate than PWR systems.

Table 4-1 expands the within-boundary information provided by Figure 4-1
by relating the architect / engineer ( A/E) to the NSSS supplier, and Table 4-2
allocates the total failures to specific plants and the corresponding utility
company. Section A of Table 4-3 addresses outside-motor-boundary failures by
linking pump, valve, and miscellaneous motors to MCC, pump, valve, and exter-
nally-imposed causes, and Table 4-4 a, b, c, & d detail the various external
factors that contributed to the motor failures.

Table 4-5 provides the number of motor failures related to reactor status
at the time of detection. Note that the majority of failures occurred when
the reactor was in an operational mode.

,

l
.

|
!

|
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Table 4-1: NSSS/AE (Within Boundary) Motor Failures

(LER DATA: 1974-1983)

'

GE(25)* WEST.(27) B&W(9) CE(8) Total
i

|

f AEP (2)* - 3 3- -

Bechtel (22) 36 8 17 19 80

Burns & Roe (3) 12 5 17- -

Duke (3) 9 20 29- -

Ebasco (4) 8 7 2 17-

Gibbs & Hill (1) - -- - 3 3

Gilbert / Common. (3) 1 3 8 12-

PSE&G (1) 9 9- -- --

Pioneer (3) 6 6- - -

Niagara Mohawk (1) 4 4- - -

Sargent & Lundy (7) 29 13 42- --

SSI (2)** 25 - - -- 25

Stone & Webster (9) 10 36 --
1 47

TVA (4) 21 4 25- -

UE&C (4) 6 8 14- -

4

Totals 152 106 50 25 333

*( ) indicates the total reactor units built by the company
** in collaboration with Bechtel
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Table 4-2: Utility / Plant Within-Motor-Boundary Failures (>5)
(LER Data: 1974-1983)

Utility Plants Failures Reactor Years

Arkansas P&L Arkansas 1&2 10 14

I Boston Edison Pilgrim 1 9 10

Carolina P&L Brunswick 162 9 15

Robinson 2 8 10

Commonwealth Edison Dresden 1,2&3 17 25
Lasalle 1 2 1

quad Cities 1&2 3 20
Zion 162 4 20

Duke Power McGuire 1 9 2

Oconee 1,2&3 23 29

Georgia Power Hatch 162 26 14

Hetropolitan Edison Three Hile Is 162 10 10

Nebraska Public Power Cooper Station 7 9

Pacific Cas & Elec. Humboldt Bay 5 3

1

Philadelphia Electric Peach Bottom 2&3 11 19

PASNY/ Niagara Mohawk Fitzpatrick 10 8

'

Public Sve. Elec & Gas Salem 1&2 12 9

TVA Browns Ferry 1,2&3 21 26
Sequoyah 1 6 5

Toledo Edison Davis Besse 1 10 6

Virginia Electric & North Anna 1&2 8 8
Power Surry 1&2 17 20

_ - _ _
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I Table 4-3: Outside Motor Boundary Failures

(LER Data: 1974-1983)

Pump Mbtors Valve Motors Misc. Motors
(A)

MCC Related 14 11 1

Valve Related - 37 0

Pump Related 10 - 0

Miscellaneous 2 30 0

(IPRDS Data: 1974-1981)

Plant 1 Plant 2 Plant 3 Units Plant 4
Pump Valve * Pump (Pump Motors) Pump Valve
Motors Motors Motors 1 2 3 Motors Motors

(B)

MCC Related 100 29 28 23 8 7 35 15

Valve Related** 107 - - - - - 34-

|

Pump Related** 49 47 41 23 28 86- -

Miscellaneous 1 8 2 2- - - -

* Packing related failures (consisting of 50% of the total) are not included.
**1ncludes the control system part of the respective component design.

;

. , _ _ _ . _ _ _ , _ . - . _ . _ , _ . . ~ . _.. _ __ _ . _ _
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Table 4-4(a): Typical Outside-Motor-Boundary Failure Causes
;
,

TYPICAL MOTOR CONTROL CENTER (MCC) FAILURE CAUSES
4

Sticking interlock in MCC components; *

Faulty MCC components+
,

Faulty MCC starter control mechanism+

Overload relay / breaker trip*

Fuse blown*

Loose connection*

Low power supply voltage+
;

Breaker linkage misalignment / repair.

i

i

f Table 4-4(b): Typical Outside-Motor-Boundary Failure Causes
I
1

1,

TYPICAL VALVE FAILURE CAUSES

Wear of timing gear teeth*

Jammed valve / stuck plunger( . .

I Solenoid valve malfunction.

f Tight packing / valve seating.

:
Design deficiencies

|
*

Corrosion of valve stem / discj .

Torque switch failure or wrong adjustments*
!
i ,

j Excessive grease in operator*

Lodging of valve wedge between valve seatsi *

Valve bolts f ailed*

1

Limit switch out of adjustment' +

:
Loss of seals and gaskets

|
.

] Back-seating*

i Lights / position indicator.

1

1

I

t

f

,

,, -.,.. , , , . . . - - - . - - - - - - , , - - . . - . - - ~ , , . - . _ , . - - - , , - - . . - - , . - - . . , , - - - - - . - - - - -
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Table 4-4(c): Typical Outside-Motor-Boundary Failure Cau,ses

TYPICAL PUMP FAILURE CAUSES
i

!

Degraded gaskets*

|
Wear of pumps cause excessive vibrations+

| Steam / water leak into valves*

Seized / degraded bearings+

Jammed impeller on housing+

Float / level failures(
+

Control switch failures / adjustments+

i

Table 4-4(d): Typical Outside-Motor-Boundary Failure Causes

TYPICAL MISCELLANEOUS FAILURE CAUSES

Inadvertently bumping the breaker trip switch; *

j Administrative deficiency+

Blown fusej *

Motor voltage ratings are low+

Wrong grade limit switches / torque switches+

.
Undersized overload heater installations*

J

Flood damage+

Fans, turbines, compressors, chart indicators, etc.+

{ Supporting structures+

i

!

i
!

l.

i
1

4

I

.

a
,

l
*

I

e

h

_ _ __ . _ _ _ _ - - __ . , _ , - _ _ _ _ . _ , _ _ _ . . - _ , - - - _ - - . _ . _
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Table 4-5: Motor Failures / Reactor Operating Status
(LER Data: 1974-1983)

Valve Pump Misc.

Motors Motors Motors

81-100% power 39 68 31

21-80% power 11 28 7

0-20% power 35 34 14

Test 12 12 0~

Refueling Outage 5 11 2

Unknowns 10 10 6

Basic conclusions drawn from the LER sort, which relates to safety systems
alone are as follows:

For PWR Systems, pump-motor failures within the boundary significantly*

exceed valve-motor failures.
For BWR Systems, pump-and valve-motor within the boundary failures are*

nearly equal.
The number of failures attributable to effects within-the-boundary are*

: significantly greater than those outside-the-motor-boundary.

4.1.2 Correlation With Utility Maintenance Programs

Af ter completing the review of motor operating experience using the LER
f e-system, it appeared that the motor failures tended to occur much more i

quently at certain plants and certain utilities. Since the EPRI studylll
also found that motor failures were dependent on the generating station or
utility, it was decided to investigate the hypothesis that the number of motor
failures were related to the quality of the maintenance program at a given
utility. Ranking the quality of the maintenance program at particular utili-
ties and sites is somewhat subjective and sufficient data is lacking. The NRC
however, has performed a Systematic Assessment of Licensee Performance (SALP)
of each utility annually since 1980. The SALP is an integrated NRC staf f
effort utilized to collect available observations and to evaluate licensee
performance based on those observations, with the objective of improving the

,

NRC regulatory program and licensee performance, and is described in detail in
the NRC Manual, Chapter 0516. SALP evaluates licensee performance in a number
of functional areas, one of which is maintenance. Each area is assigned a

,.

numerical value f rom 1 to 3. Although the judgement as to what merits a 1, 2
or 3 has varied over the years, generally the ratings are based on a scale as
follows:
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1 - Above Average Performance
2 - Average Performance
3 - Below Average Perf ormance

To test the hypothesis that failure rates depend on utility maintenance
programs, failure data for utilities with multiple sites and corresponding NRC
SALP maintenance ratings were reviewed in detail. Both reviews tended to sup-
port the conclusion that the motor failure rates did depend on utility mainte-
nance programs.

First of all, for utilities with multiple sites, generally if one site
had a high failure rate for motors and a below average SALP rating, then the
other sites operated by that utility also did. Conversely, if one site l.ad
low failure rates and above average SALP ratings, then the other sites run by
that utility also did. This is illustrated in the table below:

Site

Site Avg. # Motor Failures
Utility SALP Maint. Rating Per Reactor Year

Co. A 1.25 0.00
1.75 0.10

Co. B 1.30 0.00
2.00 0.10

Co. C 1.70 0.29
2.00 0.10

Co. D 1.70 0.20
2.00 1.00

Co. E 2.00 1.50
2.00 0.95

Co. F 2.00 0.20
2.00 0.40
2.30 0.68

Co. G 2.00 0.80
2.30 0.81

Co. H 2.30 0.80
2.70 0.60

Furthermore, when the number of motor failures for these utilities with multi-
pie sites was compared with SALP maintenance ratings, a similar trend
appeared. It can be seen from Figure 4-3 that as SALP maintenance ratings im-
prove, the number of motor failures decreases toward zero.

A similar study was made to determine the correlation between SALP main-
tenance ratings and number of motor failures for all plants in the country.
The SALP maintenance ratings f rom 1980 to 1983 were obtained and averaged and
were compared to the number of motor failures per reactor year at each site.
A statistical regression was obtained as shown in Figure 4-4. As given above ,
it was noted that as the SALP ratings improve the number of failures tends
toward zero.
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Figure 4-4: Motor Failure versus SALP Maintenance ratings
(LER DATA: 1974-1983)

A qualitative review of the LER descriptions also shows a number of cases
which seem to imply poor maintenance practices, e.g. tepetitive motor cooler

' leaks, electrical termination failures, and motor bearing failures.

In drawing conclusions from the above data, one must be careful due to a
number of limitations, namely:

1. The quality of the LER data base is not the highest (i.e., insuffi-
cient data, inaccurate failure categorization, incomplete failure
reporting).

2. The SALP ratings are somewhat subjective.
3. The time periods involved for the LER review and SALP review are not

identical.
4. The statistical correlation obtained, while good, does have a fair

amount of scatter.

4.2 IPRDS REVIZW

IPRDS* data for the period 1974-1981 delineates motor-driven pump and
valve failures for four nuclear power plants. Figures 4-5 and 4-6 indicate
the relative proportions of the failures caused due to boundary internal and
external effects. From these illustrations, it is evident that the motor

* Note that LER and IPRDS are different data bases and some observations
appear to be in disagreement with each other. Where significant, those
observations are discussed in Chapter 6.,

i

|
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failures are almost equally caused by internal malfunction of the motor compo-
nents as well as by external effects (e.g., caused by the MCC). An itemiza-
tion of failure causes induced by external effects obtained from the IPRDS
data is given in Table 4-3 (B). The failures presented in Table 4-3 do not
include motor degradation occurrences imposed by pump or valve seals and pack-
ing leaks although it was observed that nearly 50% of the IPRDS reported motor j

failures were caused by these and other moisture-related effects. As shown by
| Figures 4-5 and 4-6, valve motors are more susceptible to failure than pump

motors to a significant degree.

Table 4-6 indicates that valve motors sized for operation on 6" lines and
under are more likely to fail than others although the actual value of the
data is questionable.* Furthermore, Table 4-7 provides evidence that suggests
that small pump motors may be more prone to failure than large pump motors.
Table 4- 8 (A) outlines (pump) degradation or failure modes for the IPRDS
plants in broad categories while Table 4-8 (B) addresses similar information
for Plant I and plant 4 valve motors. Note that " failure to start" is an alli

! encompassing description provided for numerous motor malfunctions without

| additional detail as to the actual failure cause or mechanism. Figure 4-7
classifies failures by catastrophic, degraded, and incipient severity levels.
With the exception of those for Plant 4, motor failures were catastrophic,

which resulted in an absolute loss of required system function and operational
readiness. As expected, a number of the reported failures occurred when the
reactor was at power as shown in Figure 4-8.

1 Summarized observation f rom the IPRDS data review, which includes both
j safety and non-safety systems, indicate the following:

1 Pump-motor failures are often control system and pump seal-related;*

! whereas valve-motor failures are typically caused by valve leakage and
* mechanical malfunction.

Continuous pump operation is less extreme duty for a motor than inter-*

mittent or inf requent running. (Reference Fig. 3-3)
Vibration and moisture in-leakage are prime contributors and causes*

,

for pump and valve motor failure.'

Pump and valve motors are about equally likely to fail due to internal*
4

component degradation as well as due to external effects imposed by
the MCC or application equipment.
Small pump and valve motors apparently experience a large number of*

failures (however, the total population of these motors is unknown).
Most pump and valve (reported) motor failures are catastrophic.*

*

Although a large number of the failures reported were independent of*

t reactor status, most failures were detected while the reactor was in
operation.

i

* It is suspected that the data for Plant 4 is incomplete, and for the IPRDS
sort made available for this study, no valve failure data in relation to
pipe size were provided for Plants 2 & 3. In any instance where IPRDS datai

for Plants 1, 2, 3, or 4 are not listed in a table, it can be assumed that,

the information either was unavailable or is non-existent..

i

j
_ ., .- . - - ._. - -,
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Table 4-6: Motor Failures / Valve Sizes
'

(IPRDS Data: 1974-1981)
,

i

Plant 1 Plant 4
;

2" & under 30 2
,

3" to 6" 20 3

8" to 12" 2 12

14" & over 10 1

!

i

Table 4-7: Motor Failures / Pump Horsepower Ratings
(IPRDS Data: 1974-1981)

Pump Horsepower Plant 1 Plant 2 Plant 4

1 - 9.99 51 27 9

10 - 100 33 30 2

>100 35 22 12

Unknown 2 - 39

4

1

!

, , . - . _ _ _ _ . - -, , .--r-- 4 --- , . - - - - , - , - -- , .
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Table 4-8: IPRDS Failure Modes (1974-1981)

Plant 1 Plant 2 Plant 3 Plant 4

(A) Pump Motors Unit (s) 1 1 1 2 3 1

Fails to start 34 1 6 1 11 5

Fails while running 22 25 28 8 12 22

Low output 8 6 28 4 8 9

Vibration 20 7 9 4 7 11

Leak 10 7 - 1 - 4

Other (trips, bearing

failure, wet winding,

indicating light, & alignment) 27 33 2 2 5 11

(B) Valve Motors Plant 1 Plant 4

Unit 1 1

Fails to operate 30 -

Spurious operation 2 -

| Pluggage - -

Leaks through 1 5

Fails to reclose 1 -

Improper operation 10 7

External leakage 14 6

Faulty indication 2 -

l Chattering 2 -

,

_ , , - . , - _ . _ . , _
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4.3 BALANCE OF DATA REVIEW

Other data sources were surveyed in order to further assess typical motor
failure modes, mechanisms, and causes. While NPRDS information required cata-
loging and organization, the balance of the information utilized was available
directly from reports and studies already presented in useable form.

Figure 4-9 provides the reactor status of the various plante included in
the 1974-1982 NPRDS data base at the time of motor failure. Figure 4-10 indi-
cates the manner in which failures were detected. As shown by the chart, most
failures are discovered at the time of a severely degraded condition or fol-
lowing catastrophic malfunction while others are uncovered during surveil-
lance, inspection, and testing. Table 4-9 itemizes the failures by motor vol-
tage ratings (ranging from 300-4999V ac) and provides a complete listing of
failure modes from NPRDS data for squirrel cage polyphase induction motors.
As with the IPRDS failure information, " failure to start" is the only descrip-
tion provided for many of the motor malfunctions. NPE data presented in Table
4-10 also includes a significant number of failures (356) without any mode,
mechanism, or cause detail for BWR and PWR plant but does delineate typical
sub-component failure statistics (which encompass stators, rotors, bea rings ,
and accessories). Note that in Figure 4-10, some failures are included in
more than one detection category.

Failures for 100 hp and larger motors compiled by EPRIllI are given in
Table 4-11, and the various modes are weighted as percentages of the total
number of failures. Stator (insulation) grounding is indicated as the highest
percentage cause of the failures; but as with the other data sources utilized,
unspecified causes which are therefore unknown comprise a major portion of the
total (35.9%). Also, bearing-related problems are shown to have a significant
impact on motor reliability contributing 24.1% to the total failures. Table
4-12, developed f rom the EPRI survey for generating units placed in service
between 1969 and 1979, also classifies bearing-related and stator-related
failures as the predominant types for 100 hp and larger motors. Data for
motors rated at not less than 250 hp and the associated failure information is
included in the 1982 EEI Trouble Report Summary [3] and is outlined in Table
4-13. Of the 66 failures reported, the majority occurred on 5000V ac, squir-
rel cage, drip proof (indoor) motors. Design and workmanship (i.e., human
factors) were the primary cause of these failures. Additionally these fail-
ures occurred while the motors were in operation, and were primarily driving
pumps and fans. The EPRI study further addresses failures in terms of human
factors as shown in Table 4-14. Although design flaws are indicated as the
predominant contributors to the failures, it must be realized that the unspe-
cified failure category can include a portion of any or all of the other cate-
gories such as design, workmanship, misoperation, misapplication. Basic con-
clusions from the balance-of-data review include the following:

Motor failures predominantly occur while the system is in operation.-

79% of the failures are detected either by operational abnormality or+

during surveillance testing or by routine surveillance.
Stator grounding and bearing-related problems contribute significantly+

to motor failures.

. . . . . . . . . . . . . _ . . .

. . . . . .
- - -
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Table 4-9:
| NPRDS Motor Failures for the Period 7/74-12/82l91
: (Squirrel Cage Polyphase Induction Motors)
|
|

| 300-499 VAC 2000-2599 VAC 3500-4999 VAC
'

FAILURE MODES No. No. No. No. No. No.
Failures Units * Failures Units Failures Units

Leakage 5 4

Crack 1 1

Physical Distortion 5 2 5 1 4 4

Physical Displacement 1 1

Collapse 1 1

Fracture / Break 1 1

Won't Start / Move 20 7 2 2

Won't Stop 1 1 1 1

Won't Close 1 1

Won't Open 2 1

Out of Limits 3 2

Out of Adjustment 1 1 1 1

False Response 1 1 1 1

Won't Operate Per Demand 1 1

Overheating 1 1 2 1 3 2

Vibration 1 1

Noise 1 1

Contamination 1 1

Short 1 1

Short to Ground 1 1

Other 1 1 3 2

Total 40 11 7 1 26 12

* Units represent reactor units
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Table 4-10: Nuclear Power Experience (NPE) Failure Data [10]

Components Number or Failures

BWR PWR

Air Deflector 1 0
Bearings 16 48
Brushes 6 0
End Bells 4 2

Fan 4 4

Insulation 17 8'

j Lube 3 10

overload 15 14
Starter 5 253

Vibration 5 5
Windings 29 32'

j Failures (General) 58 45
'

Total 163 193

i

b
'

Table 4-11: Failure Modes for Motors 100 HP and Larger

I (EPRI Study, ReferencellI)

Percent of Total

j Stator Frame 0.8
Insulation-GND 18.5

I Insulation-Turn 3.7
Coil Connection 0.6
Loose Blocking 1.8
Line Cable 0.8
Stator Slot Wedges 1.3
Shaft 1.5
Bar Failure 3.5
Loose Iron 1.0
Balance Weights 0.6

; Ball Bearing 4.9 !.

; Roller Bearing 2.3 !

Sleeve Bearing 9.7
011 Leakage 4.1
Bearing Seal 2.3
Oil System 1.4

i Thrust Bearing (V) 4.7
Thrust Bearing (H) 0.2
Accessories 0.5
All Others 35.9

100.00'

,

e

|
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Table 4-12: EPRI Survey - 100 HP and Larger Motor FailuresIll
(Generating Units Went into Service 1969-1979)

;

Bearing Related 41%

Stator Related 37%

Rotor Related 10%

; Accessories 12%

i

Table 4-13: EEI Trouble Report Sununary[3]
(For Motor Sizes 250HP and Larger)

:

1 No. of Failures
i Out of 66 Reported

Squirrel Cage 59

5000 V 59

Drip proof Enclosures 49

Indoor 56
s

Pump Motors 34

Fan Motors 18

Design (Manufacture) 36d

Woriumanship (Manuf. & Instal.) 29
,

f Found While in Operation 53

Manufacturing Defects 13

Operational Failures 53

Table 4-14: Failure Causes (EPRI Study, ReferenceII})

|
Percent of Total

j Design 19.5

Workmanship 13.3 ,

,

Misoperation 10.2

| Misapplication 6.8

I Not Specified 50.2

100.00.

i

l

,

.n, -, , - . . - - . , , . , , na -. -., , . - -
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4.4 FAILURE MODES / MECHANISMS /CAUSES AND FREQUENCY

Table 4-15 is a culmination of the review and analysis of operating ex-
periences, data banks, applicable reports, motor design and materials of con-
struction, and consideration of the existing stresses. The table classifies
the failure modes, causes and mechanisms for various motor components. It

also indicates whether the component is susceptible to aging, whether it has
an aging seismic correlation, and identifies the failure category. The proba-i

bility of occurrence was determined subjectively based on expert opinion.
Terms used to organize and classify the information presented in the table are
defined below:

FAILURE MDES indicate the basic manner in which the motor failed to*

start on demand or ceased to :.ontinuously operate.

; FAILURE MICHANISMS detail the materials and parts of the motor af fec-*

ted by degradation thereby causing the occurrence of the malfunction.
FAILURE CAUSES explain the actual malfunction by describing the manner*

I in which motor materials and parts jam, crack, separate, shrink, burn,

(etc.) and therefore create the failure mechanism.'

ACING and ACING-SEISMIC CORRELATION categories indicate whether the*

failure mode, mechanism, and cause are directly attributable or poten-
tially susceptible to time-related effects and externally-induced
vibrational effects, respectively.
FAILURE CATECORY classifies the underlying or root cause of the motor*

malfunction.
PROBABILITY OF OCCURRENCE (subjectively) indicates the likelihood of*

the corresponding failure to occur based on the characteristics of the
failure cause, and is assigned either a high, medium, or low
probability.

It should be noted that the information presented in Table 4-15 is generic and
2 thus applies to motors of various sizes and ratings in many environmental and

industrial settings. The most significant failure modes are viewed as those
having the highest probability of occurrence and the greatest potential impact

1,

on motor dielectric, rotational, and mechanical integrity.

j As previously noted, most data base reported motor failures are prompted
by catastrophic losses of functional integrity as opposed to a minor condition
of degraded performance. From the various modes, mechanisms, and causes it
can be observed that the adverse effects causing component wear and material

: deterioration are very much time-related and rarely initiate immediate motor
] failure. The occurrence of various failure modes is dictated by conditions

ranging from human factors-related events to environmental ef fects. Several
basic contributors to motor failure can be determined from the data review
based on intermittent versus continuous operation and reactor load status con-
ditions. Although time provides an index for anticipating motor degradation I

it is apparent that other factors, such as the number of motor starts, is
highly significant. 4

-- . - _. _. .- - , _- --
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Table 4-15: Motor Failure Modes /Causes/Machanisms !

!

1

Motor Fallure Modes Fallure Causes Failure Mechanisms Agi ng * Aging-Selsmic* Failure Probability !
Component Correlation Category of Occurrence |

STATOR-CORE Loose Loosenim of stator lum- Improper assembly of No No Workman- Low4

(Consists of Leni nations Inations stackings (made laminations or mounting ship '

Insulated laml- with notches lined up to of locked bars. Ext er-
nations & make slcts for receiving nel dynamic forces ilocked bers) the winding) or locking caused by vibration or,

,

bars which are processed alsalignment. '

into notches spaced
1

; around the periphery. '

Leninetion $hrinkage of Lamination Thermal degradation & Yes No Wear Low
overheet Ipoor Insulation (Coating of torsional forces during

j electrical alkaphos on both sides & cycIlc loads & notor
offIciency) baked) operat ions. 3

e
, Loose Stator Failure of locking de- Material shrinkage or No No Workman- I.ow U' Assembly vices of the stator large rotational / vibra- ship

punching assembly into tional forces.
the f rene or casing.

[
,

I (pressed or tack welded)

>

- WifCI'WS Loose windings Wedges cane out of the Thermal degradations, Yes Yes Wear Medium
(consist of slot, blockings come out vibrations coJsing en-

t
,

] copper of the windings or colI brIttInmont & reduction !
i conductor, slot ties came loose, in strength.

1Iner for *

. ground Insule- Stator Insule- Winding short or Thermal & rad iat ion d og- Yes Yes Wear (or High i'
tion, turn / tions (turn to overheating leading to radation of Insulation, d egrada- |'
phase insule. turn, phase to burning of stator, water /steen leak into tion)
tion, slot in- phase, phase to the motor coll, or loss
sulation and ground) of Integrity of I nsul e- i

ond rings) tion by cracking.
n .

i
* Susceptibility to aging and aging-seismic correlation are based upon a general consensus on a certain

|failure mode for any type and size of a motor. Mate that for certain classes of motors (such as small
t

induction motors) these statements may not be applicable. '

'

l !
'

!

*

|

|
:

l
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Table 4-15: Motor Failure Modes /Causes/ Mechanisms (Cont'd.)

Motor Failure Modes Failure Causes Fallure Mechanisms Aging * Ag i ng-Sei smic * Fallure Probability

Component Correlation Category of Occurrence

ST ATOR-WI NDI NGS Stator lasula- Stator Winding Excess current in wi nd. No No Mi sop era- Low

(Cont'd.) tion (Cont'd.) Overheating (Cont'd.) Ing due to larQer loMs tion
or too frequent starts.

Faulty nyIon erao around No No Workman- Low
each last phase to absorb ship
the resins during Impreg-
nat ion l ead i ng to p ass-
age for entering water /
stem into the coll.

E nd i ng or l ead Coll connections to ena Thornal degradation or Yes No Workman- Med ium

cable rings and the line cable leproper ties during ship /
loose, manuf ac turer. Wear

ROTOR-CORE Lamination over Insufficient air cooling Due to rotational con- NO No Workman- Low

(Consist of in- h eat trifugel forces, f aulty snip

sulated lasnina- design of cores In the Mai nt e- e

htions) air ducts and their nonce
spacing fingers. >

Insulation damane (l ess Thornal, RMiaton, & Yes No Wear Low
critical f rom the die- Humidity could cause In-
lectric standpoint since sulation shrinkage,
voltage generates per-
Inch of stack length is
inversely proportional
to sp ea1) .

- CAGE Armature wind- W i nd i ng short or ov er- Thermal / Radiation degra- Yes Yes hear Medium

(Consists of I ng & I nsul a- heating of rotor Colts dation of Insulations. Mai nt en-
w i nd i ngs, tion leading to burnt motor Water / stem leek to ance

| conmutator for short coils.

DC motor,
squirrel cage Excess current due to Yes No Wear Low

bars and too mary starts, or cage Mi sop era-

fingers) winding f ailure due to tion
joggirg & poor brazing. Workmansh

Ip
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i Table 4-15: Motor Failure Modes /Causes/ Mechanisms (Cont'd.) *

i

!

Motor Fa? lure Modes Fallure Causes Failure Mechanisms Ag i ng * Aging-Solsmics Failure Probability
Component Correlation Category of Occurrence

ROT (R-CAGE Commutator Loose brush connection Normal wear out of car- Yes Yes Wear Medium
(Cont'd.) Contact to the commutator coil bon brushed or relaxed

for DC motor, synchrous sprivy load in the brush
& wound rotor motors. holder mechanisms.

Lack of cleaning dirt, Dirt / moisture on the Yes No Mainte- Medium
foreign particles or oil commutator & their oxi- nance
d epos its, dation ef f ects.

- SHAFT Misalignment Pulsating pressure on - Misallgruent between No No W l f at e- Medlum
a (i nclud es the bearing supporting motor and load shaf ts nance
; coupilng & bal- the rotor shaf t would impose heavy pres-
1 ance weights) Sure followed by a re-
I laxIry of the pressure.

!
| Vibration Unbalanced rotors Loss of balance welghts No No Mainte- Low |

I| nance :-

- | Broken couplings between
Excessive wear or mis- No No Mainte- Low

the load and motor allgreent at the coup- nonce :
shaft, l i ng. !

!
Frane distortion or NO No Mainte- Low

'

shif t in the rotor's na nce -

center of gravity.

! Coupling Keys Sheared Keys Large mechanicai torque No No Misappil- Low
on the coupling due to cation'

jammel pump. Also de-
f active motor bearing or
loss of grease.

BEARIM3s Seired bearings Lack of proper lubrice- No oll/ lube In the bear- Yes No Mainte- High
| (Sleeve, Ball tion Ing, deteriorated and nonce

or Roller) conf erinated lubricant,
leak of oli, moisture /

j {

.

-_ _ , _ - _ _ . . _ _
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Table 4-15: mtor Failure Modes /Causes/ Mechanisms (Cont'd.1
ii

i Motor Failure Modes Failure Causes Failure Mechanisms Aging * Aging-Seismic * Fallure Probability }
! Component Correlation Category of Occurrence L

BEARINGS water in the tube, or I

(cont'd.1 Incorrect lubricant I

viscosity.

Corrosion of bearing Exposure to air & water Yes No Misappil- Low
(especially sleeve bear- for a long period in cation
Ingsl case of intermittently Mainte-

used rotors, nance

Damaged oli sling ring Brass powder in bearing No No Mainte- Low
and bearing housing houst rg and in oli rose- nance

voir from worn out bear-
Ing oli sling ring.

I Flooding of bearing Pump seal l eek, cool i ng No No Mainte- Medium
housi ng systeri leak, pit flood- nance i

Ing could Jam the bear- e i

Ing. g |

Overheeted Improper lubrication or Loss of coolant or lub- Yes No Mai nt e- High
bearings bearing insulation ricant, damage in the nonce

damage. bearing insulation whicn
,

enhance the circulation
of bearing current. Ex-

4

cess lubricant would be
churr.ed by the bearing
generating hlgh tenpara-
ture and pressure.

I

j Improper design of type Thrust on bearing could No No Misappil- Low

] of bearing for the loed- be larger than the de- cation

9
I ng . Excessive axial sign value/ poor align- >

shaf t movements, ment of shaft

Cooling ptsap & i nsuf ficient cooling of No No Mainte- Low
accessories beari ngs, nance

'

i j.

!,

_ + - - - "-v --- _ _ _ _ _ ____ _ - -----4. - - , .-
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Table 4-15: Motor Failure Modes /Causes/ Mechanisms (Cont'd.)

Motor Failure Modes Failure Causes failure Mechanisms Agi ng* Agi ng-Sei smic * Failure Probability
Component Correlation Category of Occurrence

BEARINGS Bearing Vibra- Lack of lubrication or dried or leaked lubrica- No No Wear Low
(Cont'd.) tions alsalignment tion f rom the housing or

rotor-stator interfor-
ence enusing scoring on
the stator surf aces.

Bearings / Cracking of the bear- Lack of lubrication, vl- Yes No Mainte- Medium
Housing Ings, housing and end bration of motor asen- nonce
Fracture plates bly, electrical pitting,

'

,

machine chips or foreign
objects inside the bear-
Ing which could wear in-
dentations in races
where the balls / rollers
are touching.

Excessive vibration / No No Ma i nt e- Low
flawed material on the nance *-
bearing housing design h
without the copper ring u
around the bearing.

ACCESSORIES - Bolts, Sheared bolts, cracked Large mechanical exter- Yes Yes Mainte- Medium
MOUNTING Flanges, or flanges or housing nel forces, vibrations nonce

.
Housing Fall- due to improper instal-

' ures lation. Corrosion of
bolts due to atmospheric
cond I t lons.

- CASING or Casing cracked Excessive Vibration or leproper installation, No No Workman- Low
FRAIE bearing failure flaw In material, ship

f atigua.

Overheeted Heat generated inside improper ventilation No No Mainte- Low
frame the motor due to normal system design or clogged nance

operati ng up vents.
,

I
i

-. _ . - . . - - - _ _ _
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Table 4-15: Motor Failure Modes /Causes/Mochanisms (Cont'd.)

Motor Failure Modes Fallure Causes Fallure Mechanisms Aging * Aging-Selsmic* Fallure Probability
Component Correl ation Catgory of Occurrence

CASING or Oowel pins Sheared dowel pins Undersired pins or large Yes Yes Workman- Low
FRAE S between f rames vibrational forces can ship

(Cont'd.) and end bells cause sheer f ailure Misappil-
failed cation

ACCESSORIES - Burning of Jamming of brake coil Overload the motor drew- No No Mi sop era- Low
BRAKE ColLS motor windings excited electrically Ing large currents into tion
(Mov'S) the windings..

- AIR FILTERS & Overheating Clogging the vents or Improper ventilation of No No Mainte- Low
S0 TEENS motor air path motor by a concentration nanc e

of contaminants environ-
monts.

- COWUlT BOX Leek Leeds exposed to the leproper seats of the Yes No Melnte- Low
outside envirorsnent coverpl ate /vibrat ion / nonce

| ttemp., press. & fIImsey mounting 7
humidity) screw s. w

co

Poor electrl- Lack of cleaning dirt, Swelling of motor leads Yes No Mai nt e- Medium
cal lead con- foreign objects or oil caused by residual oil, nance
tact deposits preventing dirt /eolstura and their

proper connection, oxidation ef f ects. t

I
l Broken or loose inadvertently bumping or Human error or negle- No Yes Mainte- Low

l eads pulling leads out of the gance, nance
bow, leproper Installa-
tion

- SEALS & Leekage Cracking or shrinking of Heat, vibration, and Yes Yes Vei nt e- Medium
GASKETS Material radiation causing mater- nonce '

lal anbrittlenent and [

depolymerization.
*

,

{

:i

,

|

i
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Table 4-15: Motor Failure Modes /Causes/ Mechanisms (Cont'd.)

Motor Failure Modes Fallure Caeses failure Mechanisms Ag i ng * Agi ng-Sal smic * Failure Probability
Component Correlation Category of Occurrence

SPECIFIC ** Overcurrent in Unknown use of oversized test No No Mainte- Low
PROBLEMS windings I nst rument. nance

" Locked rotor" Unknown Wrong or loose adjust- No No Mainte- Low
current ment in the valve torque nance i

switch settings.

Broken valve gear No No Wear low,

mechanism or teeth'

Burned or dead Unk nown Excess of design duty No No Ml sop era- Medium
motor cycle or valve seating tion

to prwent leak in the,

sten area or shaf t*

brushing f roze.

Disengaged Unknown Broken electrical cor>- No No Mainte- Low p
motor nections in starting nance w,

motor *,

Fuse Blown In MCC No No Mainte- Low
nonce

Unknown Solenold valve hung up No No Mainte- Low
allowing for disengage- nance
ment

** Specific problems found in data base without any specific mode, cause or mechanism and also no specific
motor component was identified.

.

4

. , - - - - - _ - - - _ - - _ . - _ _ _ _ - - - - - - - - -
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Table 4-15: mtor failure Modes /Causes/ Mechanisms (Cont'd.)

Motor failure M es Fallure Causes Failure Mechanisms Ag i ng * Agi ng-S ei smic * Failure Probability
Component Correlation Catapry t Occurrence

SPECIFIC Unknown Low torque for the drive Low wl ndIng resistence, No No Manuf ac- Low

'
PROBLEMS d amagat wI nd I ng i oad, turers

i

(Cont'd.) open circuit through
overload heaters.

Water /oll In the motor External source, No No Mainte- Medium
(flooding) ruptured oil resevoir nonce

diaphrage valve packings
l eak, environment.

I noperabl e Damaged phase windings Attributed to provlous No No Mi sop era- Low
motors operation of the 3 tion I

phase trotors In a single
phase mode.

>
I
LJ
O

,
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4.5 PERFORMANCE OR FUNCTIONAL INDICATORS

During the operation of motors various parameters such as temperature,
vibration, current, and voltage can be monitored and utilized to assess motor
integrity. The performance or functional indicators serve to characterize the
behavior of any electric motor. When normal values for these parameters are
observed to adversely change, degradation, potentially leading to ultimate
failure, may be occurring. Appropriate parameter performance can be linked to
failure modes, mechanisms, and causes that are representative for all types of
motors.

For the sucessful operation of a motor, three integrities, dielectric,
rotational, and mechanical, need to be properly maintained. In each case the
dominant failure mechanisms and associated motor components are identified
based upon the operating experience data base and qualitative analyses of de-
signs and materials. Typical aging related hazards which have influenced the
perormance readiness of motors in various plant settings are then estab-
lished. At this point of the study, both normal and accident stressor are
considered. The failure effects caused by the plant stressors on the motor
components are evaluated to select the functional indicators which can be used
to monitor the integrity of the motor. These parameters will be further
studied in the next phase of the NPAR study to identify the most significant
ones and specifically how to monitor them.

Dielectric integrity (provided by the motor insulation system) is sensi-
tive to performance hazards such as the environment, vibration, excess cur-
rent, high voltage gradients, improper ventilation, and inadvertent spray of
water / steam. The operating environment includes the temperature, humidity,
radiation, chemicals, and contaminants of the exposed atmosphere. Motors in-
side of containment can be exposed to a harsher environment under accident
conditions. Deterioration or loas of dielectric integrity can result in
shorted and burned windings, overheating leading to burned out windings, ex-
cessive eddy current losses, corona or ionization of insulating materials
causing insulation breakdown, and corrosion or contamination of contact points
leading to poor electrial connections. These ef fects degrade motor perfor-
mance and could lead to failure. Dielectric integrity is unique in that de-
terioration or loss of this roperty is usually underterminable by visual in-
spection and requires fairly sophisticated testing measures to reveal it.
Operating parameters such as winding temperature, vibration signature, current
signature, voltage gradient or corona effects, insulation resistance, power
factor / loss factor, and polarization index for measuring insulation dryness
are the functional indicators for dielectric integrity. Standards and guides
used to measure these quantities are discussed in the next section. A more
comprehensive selection of these parameters will be done in the second phase
of this study.

Unlike the dielectric integrity, rotational integrity is a more physi-
cally apparent property of electric motors and therefore, it is more straight
forward to assess and maintain. With the exception of the insulating system'

in the rotor assembly, the bearings and the lubricating systems are responsi-
ble for most dominant failures. Some large motor bearing housings contain an
independant cooling system for dissipating heat from the bearing frictional
energy. The primary failure stressors are excessive / insufficient lubrication,
vibration, and improper cooling of bearings. Other hazards include spray or

.- - --.
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leaking of water / steam in the bearing assembly, bearing insulation damage
causing overheating, and other mechanical problems resulting from frozen bush-
ing, contaminant deposits, excessive axial movement, and misalignment of rotor
assembly. These hazards affect the bearing performance in terms of overheat-
ing, cracking, scoring, brinelling, corrosion, noise, jamming, shifting of
rotor center of gravity, and tripping of accessories. The bearing assembly
can be maintained in good condition by monitoring parameters such as lubrica-
tion condition, vibration signature, bearing or oil temperatures, bearing cur-
rent losses, alignment of rotor assembly, clearances and speed-torque charac-
teristics of the motor. Many of the bearing related f ailures can be avoided
by an adequate bearing maintenance program. Operating experience has indica-
ted that pump motors are more susceptible to such failures than motors in
other types of applications.

| Motor failures other than those mentioned above are categorized as
mechanical failures and are attributable to all motor sub-components. Typicali

mechanical hazards include unwanted machine vibrations causing bolts, pins and
welding failures, contamination and corrosion of certain metallic parts, seals
and gasket degradations, improper adjustments and settings due to human
errors, faulty components such as heaters, misapplication and misoperations,
and commutator brush wear. These stressors can impair the mechanical ability
of motors causing distortions and f ailures, poor connections, leaking oil or
water from the lubricating or cooling systems, overloading and overheating
components, and making the equipment potentially dangerous to accidental
dynamic loads such as earthquakes. Based on this, the following functional
indicators which can be monitored during the motor operating life, are:
vibration signature, environmental conditions, corrosion, cracks, leaks and
wear.

It should be reiterated that functional or performance indicators are
primarily of interest for ensuring motor dielectric, rotational, and mechani-
cal integrity. Detriments to these integrities can be induced by improper de-
sign, misapplication, insufficient maintenance, incorrect operation, and any
other action that detracts f rom the ability of the motor to perform the re-
quired driving' function.
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5. DISCUSSION OF CURRENT METHODS, TECHNOLOGY, AND REQUIREMENTS

This section discusses in a general fashion those areas which will be ex-
amined in greater details in phase II of the NPAR study. Electric motor reli-
ability is continuously being improved by advances in design, manufacturing
standards, research, condition monitoring, and diagnostic testing. Chronic
failure modes have been identified from the numerous types of motor malfunc-
tions that have occurred; however, those failure mechanisms and causes related
to aging are in many cases not fully understood. Various codes , standards,
and guidelines have been developed for standardizing and enhancing motor de-
sign and testing for particular applications and also for environmentally
qualifying motorized systems and associated equipment. The concept of aging
versus service wear is not clearly distinguished in existing failure-related
documentation and reports and the evaluation and determination of motor compo-
nent fragility limits is not fully addressed in existing seismic-related
guidelines. Thus, current methods, technology, and requirements should be ex-
panded and improved to include all potential failure-related aspects of
nuclear power plant electric motor operation.

This section seeks to review and preliminarily discuss existing motor de-
signs and specifications including relevant standards, guides, and codes as
well as manufacturer recommendations for ensuring reliability, and also in-
spection, surveillance, monitoring, and testing practices currently in use.
The benefit and value of FRC experience, expert knowledge, and on-going re-
search within the context of these areas is addressed as well.

5.1 DESIGN & SPECIFICATIONS

The design and application strategy for an electric motor drive requires
consideration of both the functional objective and the operational environ-
ment. Included in thase considerations must be an allowance for abnormal cir-
cumstances as needed to sustain excessive duty cycle and possible accident ef-
fects. In essence then, engineering criteria based on functional and opera-
tional requirements serve as the guidelines for motor design development.

General design and perfo rmance requirements typically addressed by the
motor manufacturer include the followingl35]

output horsepower required at each operating condition*

synchronous speed and number of windings (where applicable)+

normal voltage (including tolerance)+

minimum starting and running voltage+

phase and rotational direction+

frequency (including tolerance)+

load inertia+

driven equipment speed / torque (curve) - minimum & normal voltage' +

maximum allowable time for load ac.eleration, or open/close, (etc.)+

temperature rise and method of measurement+

service factor+

insulation life / temperature class+

thrust requirements+

locked rotor current limit (in amperes or percent of rated current)+

type of motor+
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l

type of enclosure required |*

size of terminal and auxiliary enclosures*

interior and exterior finish (coating) requirements+

bearings: type, vent; drain plug, detectors, lubricant, (etc.)*

maximum reverse speed / torque curve (where applicable)+

surge protection*

current transformers+

space heaters*

winding temperature detectors+

type of ventilation and cooling (e.g., convection air; air-to-water*

heat exchanger)
duty cycle+

vibration monitoring*

The horsepower and corresponding voltage rating for a motor is dictated
primarily by the application equipment load and the overall system configura-
tion. MOVs are readily outfitted with an appropriately-sized motor based on
the necessary opening and closing torque and time values, whereas pump and fan
motors are rated for output between the minimum and maximum required flow at
ambient as well as operating temperatures. Miscellaneous equipment (i.e.,
other than pumps, valves, and fans) are similarly motorized by addressing
specific functional requirement parameters. Accident condition: are consid-
ered where applicable.

As an example ,[36] . consider large motor design specifications for a ReactorPump (RCP) The horsepower required by the RCP incorporatesCoolant
125% load capacity as needed for start-up when the transfer fluid is cold. In
effect then, proper rating selection requires that cold loop horsepower not
exceed 125% of motor capability and that the hot loop horsepower not exceed
100% of motor capability. It is imperative that calculated torque ratings for
the motor be adjusted to the same basis between the hot and cold conditions
since the motor must always be capable of accelerating against the maximum
torque load realized by the RCP. High reliability is of the utmost concern
for this vital primary system motorized component and allowance must be made
for extended periods between maintgnance while the motor is subjected to con-
siderable radiation (e.g., 33 x 10 Roentgens over the expected 40 year plant
life), a typical ambient temperature of 50*C,100% relative humidity, and even
more extreme combined conditions which can include chemical spray in the event
of a LOCA.

Similar considerations can be applicable for an MOV which typically uti-
lizes a high-torque, high-slip, intermittent duty motor [37) . Valve actuator
motors are commonly rated by torque as opposed to horsepower, and most speci-
fiastions (e.g., National Electric Code [ NEC ) , Section 430-7) require that
motor rating be based on locked rotor torque. Manufacturers usually accoma-
date operating requirements by recommending 40% duty motors which serve to en-
sure that temperature limits will not be exceeded (i.e. , predicted full-load
torque will only be 40% of rated torque).

Since thu selection of proper insulation for withstanding motor heating
is a major concern, this area of design and specification is perhaps the most
crucial for avoiding premature failure. System or component malfunction and
persistent intermittent motor operation causes excessive current draw which

._. - _. ___
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often results in high temperature excursions. The adverse effects of even
normal levels of heating can promote the aging process; therefore, provisions
are needed in the form of electrical protection to avoid under and overvol-
tages and excessive current during normal as well as abnormal operating and
accident conditions and also to maintain adequate ventilation and cooling.
Designers strive to minimize thermal loads by effectively dissipating heat via
modes of conduction and convection. Small motors are typically ventilated and
cooled by a non-airtight enclosure that may incorporate fins, whereas larger
motors often require a more deliberate cooling medium system such as that pro-
vided by a heat exchanger. (Note that, from a seismic analysis point of view,
the use of a tube bank apparatus complicates the motor model by introducing
the likelihood for an additional source of induced vibration, and also tube
leakage as well as other detrimental conditions potentially leading to motor
failure can be imposed.) Certain relatively small motors that could normally
be air-cooled are designed with heat exchangers due to rigorous duty and her-
metic sealing requirements. Whether the cooling mechanism is specified for
combating external effects or is based solely on the most effective means for

; counteracting heating loads, motor insulation class and the maximum allowable
| temperature-rise (reference Table 2-3) must be fully complemented in the de-

sign process to ensure that thermal loads can be continuously dissipated.

Starting current and torque represent the highest expected normal opera-
ting stressors for a motor of any size while locked rotor (stall) torques, in-
sulation breakdown, as well as other eccentric duty cycle conditions must be
anticipated. The actual running state of a motor usually does not impose ex-
cessive stressors. Therefore, failure is often the result of degradation
caused by the environment and/or prior misoperation. While valve motors are
poised for direct functioning in a strictly defined manner, pump motors must
be designed for various configurations and operating conditions including
overspeed protection against reverse rotations. As a case in point, an RCP
motor (previously discussed) typically has the built-in capability to with-
stand rotation up to 25% overspeed in the forward and reverse directions as
well as an accidental reversed-phase condition.

A variety of bearing types and associated lubrication systems exist for
' specification which are based on motor size, operating environment, and the

overall required performance function. Common MOV bearings provided for main-
taining rotational integrity generally do not require lubrication, whereas,

, large fan and pump motors are often equipped with self-contained systems
having (motor-driven) lube oil pumps and oil-to-water heat exchangers supplied
by plant service water.

Rotor and frame balance is essential for minimizing wear and thereby in-
4 hibiting catastrophic failure due to excessive vibration. Consequently manu-

'

facturers and designers seek to eliminate machine imbalance, lack of lubrica-
tion conditions, and the corresponding bearing degradation which can include
spalling, abrasion, surface fatigue, fretting, brinelling, pitting, fluting,
smearing, scoring, debris denting, fracture, and hot working [38]. The
National Electrical Manufacturers Association (NEMA) has developed exhaustive
criteria for motor dynamic balancing, bearing specification, and motor mount-
ing, and these guidelines serve as the basic design standard for virtually all
U.S. manufacturers,

l,

:
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Clearly the objective of the electric motor is to immediately and reli-
ably provide rotational displacement of the driven equipment upon demand.
Achievement of this function of ten requires an array of supporting components
in addition to the stator, rotor, and bearings, and the quantity and extent of
which is essentially dictated by the size of the motor. Therefore, accessor-
les which include all supporting components (within the defined boundary) are
essential to the basic motor for achievement of the driving action. Motor de-
signs and specifications are less developed for these items than for other
motor components, although NEMA, IEEE, ASME, and others address this equipment
on a generic level. Accessories range from oil quantity and temperature indi-
cators to heat exchangers, flywheels, space heaters, quick-disconnects, and
terminal boxes, capacitors, and power (cable) leads. Despite the fact that
many of these supplementary devices appear to be of minor importance to actual
motor operation, it should be realized that degradation caused by aging and
service wear or ultimate destruction caused by a seismic event could poten-
tially result in total motor failure due to the loss of an accessory. ,

Engineering criteria as well as user operating requirements pertaining to
duty cycle, maintenance, and system function must be considered in the design
process for electric motors and particularly for those used in nuclear power
plants. Adherence to state-of-the-art guidelines ensures standardized manu-
facturing and should also promote long-term motor reliability.

,'
'

5.2 STANDARDS, GUIDES, AND CODES
i

Contempotary motor manufacturing technology and service methods are de-
rivatives of the vast number of standards , guides, and codes established by
NEMA, IEEE, ASME, ANS1, AFBMA, and others (note Appendix A). These documents
have been developed for the purpose of providing standard methodology to the
motor designmc and operator. The recommendations and technical format of most
of the guidelines have proven to be suitably generic for adaptation to nuclear
power plant application. Those standards, guides, and codes intended mainly
for accessory-type equipment must be interpreted in' a safety-related motor
context in order to adequately comply with environmental qualification and
other regulatory requirements such as [ ASME] N-stamp criteria for a vital
motor heat exchanger piping system. The purpose of the review of existing
guidelines is to establish the adequacy and suitability of the information in
regard to maintaining operating reactor safety.

NEMA standards " define a (motor) product,_ process, or procedure with ref-
erence to one or more of the following: nomenclature, composition, construc-
tion, dimensions, tolerances, (personnel) safety, operating characteristics,
performance, (manufacturing process) quality, rating, testing, and the service
for which (the motor) 'wss designed." This reference source has been compiled
for the purpose of guiding designers with the proper sele 6 tion and application
of motors and the information is revised periodically as required for accom-
modating user needs and advances in technology. Those NEMA standards appli -
able to electric motors address design, operating performance, and testing
methods suitably for machines in any industrial setting and are appropriate
for' many nuclear power plant motorized system considerations. The testing
guidelines offered by NEMA standards are basically inclined towards assessing
motor dielectric integrity.

.

g 4 %

.
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Certain IEEE standards (Appendix A) are rigorously inclined towards motor
testing in general (e.g., IEEE-112, 113, 114, 115) as well as for evaluating
dielectric integrity (e.g., IEEE-429, 433, 434), and for otherwise maintaining

,

machine reliability (e.g., IEEE-56). The IEEE objective is distinct from NEMA
! in that testing and integrity evaluation is essentially focused on in-service

motor operation versus design stage considerations. Selected IEEE standards
are specific to nuclear power plant requirements including equipment qualifi-

|
cation (e.g., IEEE-323, 334, 344).

AFBMA guidelines provide information suitable for nuclear power plant
motor bearing design aspects (and to some extent, for motor operational as-
pects) and obviously are germane to rotational integrity considerations (e.g.,
ANSI /AFBMA 11-1978). As with NEMA and other related standards, the AFBMA in-
formation is pertinent to assessing and ensuring motor reliability even though
no particular focus is directed toward the conditions and requirements unique

| to nuclear power plants. However, motor failure due to bearing-related causes
induced by cyclic fatigue, inadequate lubrication, and numerous other condi-
tions can be evaluated and circumvented based on these standards. During the

; design stage, calculation of rating life (based on the guidance of AFBMA for
the various bearing types) serves to predict the expected functional life of

'

the bearing assembly which implies the expected service life of the motor.
While the objectives and purpose of the AFBMA standards for bearings parallel
those for other motor components, the unpredictable (i.e., human-f actor-rela-
ted) and esoteric (i.e., aging and/or seismic-related) variables known to con-
tribute to and sometimes cause motor failure are again not specifically

j addressed.

Table 5-1 organizes the various IEEE, ANSI, and AFBMA standards by cate-;

j gories of applicability, and Table 5-2 links specific motor types with certain
s corres ponding IEEE standards. In addition to NEMA, IEEE, ANSI, and AFBMA,
i another source of pertinent engineering and testing information for the motor

manufacturer and licensee is ASME Boiler and Pressure Vessel Code, Section XI
i which delineates nuclear power plant in-service inspection and testing proce-

dures primarily for pumps and valves.'

Current BWR and PWR Technical Specifications (Tech Specs) incorporate,

mandatory provisions for in-service inspection and testing activities that are
i primarily in accordance with ASME Section XI. Of relevance for assessing

motor degradation is the requirement for on-going testing of safety-related
pumps and valves. ASME Section XI pertains to the conduct of physical diag-
nostics while the motorized apparatus is either in the standby or running mode
versus disassembled and de-energized. Due to the nature of these conditions,
the terms of ASME Section XI are applicable mainly for assessing rotational

! and mechanical integrities since dielectric properties are effectively inde-
terminable while the motor is in service.

Surveillance, testing, and inspection requirements for ASME Code Class 1,,
'

2, and 3 components are mandated by 10 CFR 50.55(a). Tech Specs dictate oper-
ational limits, and by incorporation of ASME Section XI provisions, the fre- (
quency for in-service inspection. While the purpose of the procedures is to
verify equipment operability, the detection of motor degradation can become a
coincidental by-product of the evaluation process. (Further consideration of i

the applicability of ASME Section XI to the detection of motor aging is given
!
1

i

I

__ _ , _ - , . . _ - . __- -- . _, _._
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Table 5-1: ANSI /IEEE/AFBMA Standards Classifications-Specific or
?Relative to Electric Motors

4

!

4 Standard Temperature Insulation Speed Sound General ' Bearing

IEEE 1 55 121 85 58

: 98 , 62 251 66
a

101 68 ll2A

93 113

11/ 114

I 118 115

?75 116

286 119

304 120

429 252
a

432 288
1

'

434 290;

| 522 303

323
t

329

q 334

I 344

421
,

649

ANSI /IEEE 43 4'

99 67

433 86

100
! 112
'

492

C50.10

C50.13
I-
i l CSO.14 "

C50.41

ANSI /AFBMA 9,

11
13

_

| /

"
.p.,

_. .., ., . . , . . , ~ . , , [ 4. '. _-m. , . - , - _. - _ .

'



.. . . _ . _ - - -

i

('{i)- i

\- 5-7

Table 5-2: Selected IEEE Standards and Corresponding Motor Types

'

N

IEEE Standard Induction Synchronous Direct-Current

i 56 X X

58 X

66 X

85 X X X

86 X X

95 X X

112A X
,

113 X

114 X

115 X4

121 X X X

252 X

288 X

304 X

329 X

421 X

1

.

1

!

9

i

9

I
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.

in Section 5.4.). It is worthwhile to note that , within the context of Tech
Spec requirements, a possibility exists for in: posing excessive duty cycle-re-
lated stressors on a motor. For example, consider the typical (PWR) required
provision for maintaining a boration flow path from the safety injection tank
to the main coolant system via the charging pumps whenever the plant is
operating in Mode 1. If for any reason dif ficulty is experienced in estab-
lishing or unintaining this flow path, the operator may elect to exceed the
normal capability of an equipment item such as an MOV. Once the boration flow

; _ path limiting condition for operation has been satisfied, and if the MOV has
apparently not been adversely affected, it is possible that subsequent routine
valve stroking and maintenance will not detect any resulting loss of motor di-
electric integrity that could have occurred. In effect then, the operational
strength and reliability of the MOV may have been altered by this service wear
condition to the extent that stator insulation aging will be accelerated.

5.3 MANUFACTURER RECOMMENDATIONS

The design, production, operation, and service of any electric motor re-
quires thorough consideration of all required functional aspects for ensuring
dependability. With the development of the environmental and seismic qualifi-
cation requirements for safety-related Class IE components, the motor manufac-
turer has been required to address and document more performance and reliabil-
ity parameters than ever before.

Of particular concern to the motor designer / manufacturer is the driven
equipment required function, the corresponding duty cycle, and the specific
installed plant location including whether the motor will be located inside or

outside of containment. On the basis of the aforementioned as well as on the
applicable requirements of NEMA, IEEE, ANSI, ASME, and AFBMA, production spe-
cifications are developed for the type of drive hardware (e.g., direct, belt,
hydraulic coupling) and for the materials and tolerances for the maximum
predicted starting voltage and torque. Additional considerations are given
for phase, frequency, maximum allowable (or minimum required) time to accele-
rate the load, predicted temperature rise, and methods for critical value mea-
sureme nt and continuous monitoring. Therefore, the information and data
typically supplied to the motor user mainly in the form of recommendations and
warranty requirements usually include the following[36] .

full-load and locked rotor current limits-

efficiency, power factor, torque, %-slip (where applicable), power*

output (load)

acceleration time at 100%-voltage from zero speed to full speed with*

standard load (square-law speed / torque curve and standard inertia)
stator winding connections*

open-circuit and short-circuit time constants*

transient reactancea

thermal limit curve (current vs. time)*

cooling water flow requirement (where applicable)+

allowable operating time without cooling water flow (where applicable)+

oil or grease properties and specification*

maximum allowable mounting displacement from true vertical or*

horizontal
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torque required to turn rotor with oil lift system operating (where.

applicable)
power loss to air or cooling water.

ventilating air CFM requirements, where applicable (flow and maximum+

ambient temperature)
list of instruments and controls with power requirements, range,+

action, and set-point accuracy
total kinetic energy of rotating parts-

description and recommended frequency for conduct of tests+

list of recommended renewal parts.

required maintenance schedule frequency+

Manufacturers of large motors which are intended for continuous duty
highly recommend the use of stator electrical protection. Therefore most pump
and fan motors employ either overload relays, inherent protectors, or thermo-
static protection. Since NEC (Section 430-33) does not require that intermit-
tent duty motors have specific overload protection, the decision to protect an
MOV motor and the corresponding selection of the protector type is of ten lef t

manufacturer [37]. Theto the discretion of the specifying engineer or
objective of motor overload protection is to limit the temperature of the

maximum safe levels for all expected conditions of opera-
winding].totion [39 Removing a motor from service prior to reaching the maximum safe
operating temperature unnecessarily limits output and thereby interrupts plant
operations, while failing to remove a motor from service once maximum safe
operating temperature is reached or exceeded is to risk destroying the wind-
ings. Depending on the type of duty and particular system function require-
ments, motor manufacturers endorse the use of either built-in (stator) temper-
ature detectors or remote (outside the defined boundary) current-sensitive
protection devices. For example consider polyphase induction motors ranging
in size from 1-200 horsepower manufactured with mesh or randomwound stator
coils and a die-cast aluminum rotor. These machines are most effectively pro-
tected from all conditions of overheating and overloading by directly sensing
the temperature of the main winding in the stator. It is usually better to
incorporate internal temperature detectors rather than use remote relay since
the different ambient (surrounding) motor and device temperatures prevent a
true representation of motor internal temperature. It is important to note
that internal temperature-sensitive devices only protect the motor windings
and not any of the (outside-of-the-boundary) system circuitry and therefore
manufacturers stress the importance of design compatibility with the motor
starter, branch circuit protectors, and manual disconnecting devices (e.g.,
" quick disconnects").

Numerous types of motor protection devices exist for detecting over cur-
rent resulting from an overload, a stalled rotor, and phase failure (etc.),
including the thermostat and thermistor types. While these elements are adap-
table to nearly all motors, the use of such motor protection is typically re-
served for smaller-sized, continuous duty machines. The temperature-sensing
thermostat consists of two dissimilar metals having different rates of thermal
expansion. The metals are rolled together and then cut into strips or discs
for locating within the motor. When operating temperature increases, the
metal on one side expands at a faster rate than the other causing the rolled
strip or disc to bend. This action serves to open the controlling electrical
circuit thereby tripping the motor since the thermostatic device is calibrated

.

._



5-10

to operate when stator temperature approaches the degree harmful to the insu-
lation. A modified version of the temperature-sensing thermostat is manufac-
tured for small (e.g., 1-5 HP) motors and is more directly protective of over-
current conditions in addition to sensing actual heat. By incorporating a
small resistance heater made of several wire turns connected in series with
the motor winding, the bimetal is heated by the heater as well as by the wind-
ing and this condition trips the motor.

A thermistor type protection device also utilizes thermal sensing and re-
sistance principles to safeguard a motor. A totally encapsulated ceramic disc
having no moving contacts maintains essentially constant resistance up to a
predetermined critical temperature. When the temperature limit is reached or
exceeded, the resistance changes very rapidly and the thermistor acts to cause
a relay to trip the motor or to at least provide warning annunciation to the
operator.

A survey of motor manufacturers and service facilitino has revealed that
approximately 60% of all machine failures are due to high winding temperature
excursions and the resulting insulation damage which could have been prevented
by the use of adequate thermal overload protection. It is noteworthy to real-
ize that the detrimental service wear and advanced aging ef fects caused by
overcurrent/ overheating can be induced or contributed to by system-level para-
meters, component-level parameters, application and operation errors, as well
as by environmental conditions including synergisms.

Manufacturer recommendations for motor specification, duty cycle, opera-
tion, maintenance, testing, and monitoring cover virtually every aspect of
preventing or retarding performance and reliability decline. However, the
basic guidelines of fered by designers and producers of electric motors mainly
consist of adhering to the specified requirement and warranty operating lim-
its, maintaining the environment to conform with original and predicted condi-
tions (to the extent possible), utilization of thermal overload protection,
and the implementation of on-going maintenance and parts renewal.

5.4 INSPECTION, SURVEILLANCE, AND MONITORING

The procedures of ASME Section XI that form an integral part of NRC-re-
quired Tech Specs provide for in-service vital component operability diagnos-
ties. Of particular applicability to motor performance considerations are the
rules governing in-service inspection of pumps (Subsection IWP) and valves
(Subsection IWV). The basic objective of the ASME Section XI guidelines is to

,

format procedures for documented component inspection, surveillance, monitor-!

ing, and testing, which includes verifications somewhat pertinent to motor
condition assessment. For pump components, ASME Section XI stipulates perfor-
mance diagnostic methods by observing flow rate and dif ferential pressure at
various motor output levels with regard to previously established reference
values. In the event of deviation from the reference values, corrective
action ranging from instrument calibration checks to (pump) bearing replace-
ment, and equipment overhaul is required. Failure to achieve the specified
acceptance criteria naturally implies that whatever action is needed to re-
store operability must be accomplished, which may include motor service or re-
placement . Rigorous guidelines for measurement methods are another aspect of
ASME Section XI which details required instrument ranges, instrument calibra-
tion, instrument and transmitter location, as well as bearing temperature and



5-11

vibration amplitude detection. A similar and equally thorough approach is
taken for motorized valves in order to verify operational readiness on a con-
tinuing basis. Valves must be exercised on a periodic basis to the full posi-
tion of required flow or closure and the inspection process is to be conducted
based on the valve category (e.g., A or B), and the necessary plant operating
status. Of particular significance in terms of the motorized feature of the
valves is the required response time for effecting the flow path or flow
blockage. As with the pump component, any failure to perform in accordance
with pre-established reference values requires timely corrective action which
again may include motor repair or replacement.

A published report, national standard, Regulatory Guide, or manufac-
turer's service manual exists for inspecting, surveying, and monitoringj
virtually every important facet of an electric motor. While the intent of>

this documentation is not to identify aging per se, it is plausible that
through testing and. critical parameter trending the age-related incipient
stage of motor degradation can be determined. However, the high cost of ex-
tensively monitoring and inspecting a motor on a frequent basis often results
in a lack of complete surveillance and testing, and as a result, age-related
common cause failures continue to occur. Currently there are no NRC guide-
lines or requirements for licensees to implement monitoring, testing, and in-
spection programs specifically for electric motors.

1

In addition to straightforward reference value check procedures such as
visual inspection of brushes, brush supports and commutators in case of a de
motor, sophisticated analytical and empirically-derived methods exist for
assessing mo tor condition sia inspection, surveillance, and monitoring re-
sults. For example, a correlation between certain non-destructive level mea-
surements and the motor residual breakdown voltage can be developed to ascer-
tain insulation strength [40]. Again utilizing advanced methods and measured
perfo rmance values, time-related and service wear induced phenomena such as
leakage current can be assessed [42),

NUTECH Engineers (423 has developed an approach to nuclear power plant
equipment inspection, surveillance, and monitoring that is readily adaptableJ

to electric motors. Condition monitoring, defined as "the use of quantitative
indicators in surveillance procedures to monitor the " health" of equipment ,"
relies on measuring key parameter values by cost-effective means to identify
the onset of critical " weak links" that have occurred with time. But, as
pointed out in the NUTECH report, monitoring results are not always independ-
ently conclusive and absolute in terms of diagnosing the (motor) performance
condition, and therefore supplementary testing is sometimes required (e.g.,
especially for those property assessments related to dielectric integrity).

Common practice by licensees for inspection, surveillance, and monitoring
of motors is viewed as an apparent trade-off of priorities which is mainly due
to the overwhelming number of routine operating and maintenance requirements
that have been imposed in recent years. Further complicating the equipment
diagnostic process is the number of large and small electric motors employed
in a typical PWR or BWR and the resulting manpower and equipment needed to
adequately assess the operability status for each. Aside from Tech Spec and
associated ASME Section XI requirements, plant monitorirq and maintenance
practices are predominantly adapted from the recommendations and warranty

__ _ - __. - -__-
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terms of the motor manufacturer and from prior plant (both nuclear and non-

nuclear) utilities. In conjunction with motor manuf acturers, and especially
for large, high-cost machines, post-failure examinations for determining the
actual cause of the catastrophic lors of performance integrity are sometimes
conducted. These efforts serve the two-fold purpose of improving the list of
critical parameters vital to ef fective continuous (condition) monitoring which
can improve motor on-going maintenance as well as subsequent manufacturing.
Aside from environmental qualification. Tech Spec, and other regulato ry re-
quirements, it is clear that cost has a significant impact on the extent and
degree of motor inspection, surveillance, monitoring, and testing that is per-
formed at a typical nuclear power plant. As a case in point, a relatively
small MOV of minor safety consequence simply does not warrant a full-scale,
continuous motor diagnostic program and as a result numerous equipment fail-
ures occur (note the MOV-proportioned failures delineated in Sections 4.1,

4.2, and 4.3). Current methods, technology, and requirements focused on motor
inspection, surveillance, and monitoring are presently inclined towards im-
proving motor reliability.

5.5 NRC EXPERIENCE, EXPERT KNOWLEDGE, AND ON-GOING RESEARCH

. In the course of conducting audits, inspections, and through evaluation

| of required data submittals, the NRC has compiled motor failure data and anal-

| ysis reports that have helped formulate the basis for existing design, manu-
facturing, quality assurance, quality control, maintenance, operating, and
testing requirements. LER reports , 1&E inspection findings, NRR accomplish-
ments, nuclear vendor 10 CFR Part 21 and Part 50 audits, TMI lessons-learned,
and various other activities and events have structured the conduct of opera-
ting and maintaining a commercial reactor plant in the United States.

Within the context of safety-related components manufacturing, the NRC
has imposed strict requirements for reporting deviations from those quality
standards which are deemed necessary for ensuring motor reliability. NUREG-
0040 (entitled Licensee Control and Vendor Inspection Status Report) frequent-
ly reveals deficiencies on the part of manuf acturers that could, conceivably,
have serious safety implications. As an example, a motor producer was cited
for insufficient adherence to a process quality specification for stator in-
sulation, even though the omission was inadvertent. On another occasion, a
manufacturer was noted for several deviations since " gauges used for the mea-
surement of product (electric motor) quality were found to be uncontrolled,
out of calibration, in use without (internal) authorization, and not identi-
fled properly." Therefore, despite comprehensive standards, guides, and codes
and the institution of advanced inspection, surveillance, and monitoring prac-
tices as well as manufacturing methods, the service wear versus aging question
acquires new meaning when considering the fact that an electric motor may be
at an operational and environmental endurance disadvantage even when new.
Deficient manufacturing practices such as the aforementioned f rom NRC experi-
ence clearly escalate the importance of in-plant condition monitoring and the
application of periodic yet frequent maintenance.

Scheduled as well as unannounced inspections of licensees and vendors by
the NRC and utility-initiated notifications (such as those relayed by the LER)
are part of the continuing ef fort to circumvent material hysteresis and per-

' sonnel-induced equipment degradation that can result in unsafe reactor opera-
tion when undetected and/or not corrected. Reports by I&E and notifications

;
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by plant staffs confirm that essential in-service inspections and other re-
quirements pertinent to ensuring motor and other safety-related component re-
liability are occasionally violated.

Sugarman{42] agrees that adherence to design specifications and contin-
uous inspection, surveillance, and condition monitoring functions are essen-
tial for vital components such as electric motors. Potentially at least, an
aging-seismic correlation is thought to exist for certain motor components
(e.g., for the stator winding including the slot lines, wire insulation, phase
insulation, separator, and slot cap, and also for the stator core lamination

insulation and terminal leads). It should be noted that equipment qualifica-
tion methods, technology, and requirements must not only cater to accident
conditions but to post-accident conditions as well (Carfagnol431). While
not defined as a qualification process, condition monitoring is viewed as a
means to quantify the natural aging phenomenon. Although SQUG has essentially
ascertained that seismic events will not impair nuclear plant operating safety
based on fossil plant evaluations of pumps and motorized valves, it is still
important to periodically index the aging rate of vital components since aging
and aging-seismic correlation have not been quantified.

Numerous research efforts have been implemented to guide and organize the
understanding of aging, aging-seismic correlation, environmental qualification
requirements, and the post-accident effect of synergisms on vital components.
Oak Ridge National Laboratory (ORNL) is currently conducting an aging assess-
ment study for the ultimate purpose of improving and ensuring MOV operational
readiness. In addition, comprehensive evaluations of the equipment degrada-
tion effects of the TMI-2 incidentl441 are on-going, and that portion rela-
ted to electric motors indicates that abnormal performance modes resulted f rom
system-level parameters, aging, pre-event service wear, and human factors.
All of the studies and research programs tend to promote the basis for motor
endurance life predictions that will enable diagnostic and maintenance prac-
tices to be enhanced.

5.6 TESTING

Electric motor testing is most commonly performed either for the purpose
of periodic condition diagnostics or for failure mode analysis once a catas-
trophic loss of dielectric, rotational, or mechanical integrity occurs.
Numerous IEEE, ASME, ANSI, and AFBMA standards, guides, and codes exist for
conducting the latter type of test while comprehensive guidelines for on-going
aging and service wear assessment are more limited.

Special teste are of course conducted as needed for research, material
evaluations, warranty claims and the like. The aging-seismic correlation
motor test cenducted at BNL[l5] represents an example of a special test per-
formed to enhance the research basis of the aging assessment program. While
it is realized that the assessment of two aged motors is not necessarily rep-
resentative of the entire nuclear power plant motor population, it is signifi-
cant that despite 12 years of age and service wear, both machines were able to
maintain satisfactory performance levels at the prolonged input of (approxi-
mately) 24 g's of acceleration. The conduct and requirements of a special

|test are of ten not apglicable for operating reactor in-situ evaluations and as
stressed by Nailenl43), tests must be practical, i.e., readily performed,
non-destructive, and the results adjustable to a realistic basis.
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Common motor tests currently ;ised by manufacturers, service facilities,
and licensees include those outlined below which are accompanied by supporting
descriptions of applicability, advantages, disadvantages, and other considera-
tions.

POWER FACTOR (IEULATION) TEST - Ef fective for incipient stage diag-*

nostics by the detection of insulation degradation resulting in in-
creased value of power factor: short-duration test for ac machines
while de machines require extended time; itemizes dielectric watts
loss and charging current; permits determination of capacitance, ac
resistance, and the presence of ionization (corona). Power factor in-
crease (tip-up) as non-destructive voltage as applied indicates insu-
lation breakdown; power factor upward trends can be utilized for
scheduling motor rewinding. Motor must be removed from service.

OFERTOLTACE TEST - Effective for assuring insulation minimum strength:+

applicable for ac as well as de machines; overvoltage is applied non-
destructively to determine the level at which leakage current is ex-
cessive; small, easily portable equipment required for de tests, but
larger required for ac test due to higher charging current require-
ments. i

VIBRATION AND TEMPERATURE (BEARINC) TESTS - Effective for diagnosing+

end of bearing usef al life and/or need for lubrication: dynamic bal-
ance assessed by measuring peak-to-peak amplitudes for various machine
speeds (completely non-destructive); temperature indicators reveal
wiping and the need for addition or replacement of lubricant.

INSUIATION RESISTANCE (MCGER) TESTS - Ef fective for assessing insula-*

tion strength, cleanliness, and dryness: Resistance capability evalu-
ated by the application of a potential, tests can be performed on the
entire winding or on individual phases (if possible); data is particu-
larly useful for long-term assessment of insulation condition.

POLARIZATION INDEX - Ef fective for assessing winding dryness and fit-*

ness for overpotential tests. This is defined as the ratio of the 10

min resistance value to the 1 min resistance value. This is also used
as indicative of the slope of the dielectric absorption characteristic
of the insulations.

,

In addition to the testing procedures, normal operating parameters such
as voltage, current, and vibrational amplitude trend values are of ten main-
tained for on-going performance assessment. Motor current is indicative since
progressive increases in the value of this quantity can reveal overload condi-
tions caused by bearing friction, coil failures, insulation voids, and loss of
load assynetry. While sophisticated power factor, overvoltage, and power fac-
tor tip-up tests are necessary for identifying the actual cause of motor per-
fo rmance decline, condition monito ring trending represents a cost-ef fective
means for detecting the onset of dielectric, rotational, and mechanical integ-
rity decline (i.e., the incipient stage of motor failure).

_ _ _ - . _ _ _
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The results of the BNL test may serve to establish higher limits for
motor endurance. From the evaluation it is at least conceivable that seismic
forces will not adversely affect a motor that has been periodically tested and
appropriately maintained. Recent studies by EPRI conducted at Wyle Laboratory
support the BNL findings in that 4 small motors (2-3 hp) tested under no-load
conditions were not adversely affected by simulated seismic excitation.
Clearly a drawback of on-line testing methods and technology is the inability
to assess motor seismic integrity. Since no one test or will absolutely de-
termine the ability of a motor to continuously and reliably perform, it is
evident that as many evaluations as possible (with cost-effective considera-
tions) should be instituted on a frequent basis for assessing bearing, lubri-
cant, and insulation condition.

l

. .

_ _ -_________ _ _
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6.0 CONCLUSIONS AND RECOMMENDATIONS <

The evaluation of operational failure data utilized for determining com-
mon failure modes, mechanisms, and causes has revealed those functional indi-
cators critical to motor dialectric, rotational, and mechanical integrity.
Subjective assessments derived from the review of motor design, construction,

j and materials in conjunction with the failure and test data base have been
| utilized to address the concept of aging degradation and the corresponding
! effects on motor components. In addition, standards, guides, and codes cur-

I rently relied upon for ensuring reliable motor performance have been reviewed.
: 2

| Figure 6-1 illustrates the interrelationship of the program elements re-
'

quired to achieve the interim conclusions of Part I and to complete the study
in Parts II and III.

6.1 CONCLUSIONS
|

The evaluation of operating experience and aging-seismic susceptibility
,

! has disclosed certain electric motor failure trends and tendencies which per-
'

j mit conclusive deductions to be made in regard to reliability and pe rfor-
mance. Alternatively, some aspects of the motor failures noted from the data,

| base are viewed as isolated yet significant occurrences of functional integ- !

rity losses that can only be classified as general observations due to the Id

j lack of adequate information noted throughout the report. ~

*;

6.1.1 Performance Indicators
;

The identification of chronic failure mechanisms has disclosed those per-
formance or functional indicators that provide the operational status of a'

,

motor. Figures 6-2, 6-3, and 6-4 depict the association of Ferformance '

4 hazards and their effects, functional indicators, and primary motor components |

: to dielectric, rotational, and mechanical integrities, respectively. I

f Electric motor dielectric hazard effects are given in Figure 6-2. The
j stator windings, and possibly the rotor windings depending on motor type,
t serve as the primary insulating system area of the machine. Conditions of de- !
1 graded electrical and mechanical strength resulting in shorted windings, phys- [ical loosening of subcomponents, overheating, corona effects, and short cir- !

! cuits have been linked to extreme environmental conditions, excessive
j vibrations, and the introduction of water or steam. From this cause and i

j effect relationship, critical parameters such as winding resistance and "

: temperature, voltage gradient, vibration amplitude, current, and power factor
! are noted as essential for diagnosing motor dielectric integrity.
; Figure 6-3 provides rotor assembly common failure mechanisms and corre-
| sponding performance indicators for the bearing and lubrication system re-
'

quired for motor rotational integrity. Bearing overheating and corrosion re-
i sulting in cracking, scoring, brinelling, splitting, and seizing are noted to
j be induced by excessive or under lubrication, the introduction of water or
; steam, vibration, the loss of (bearing) electrical insulation, inadequate
j cooling, misalignment, and the presence of dirt or other foreign particles.
! These symptomatic effects are detected by vibrational checks, lubrication
i analysis, temperature monitoring, eddy current checks, speed tests, and physi-
| cal clearance measurements and alignment checks.
|
i

,

1

I
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Miscellaneous mechanical hazards for all motor components including i

accessories are outlined by Figure 6-4. Effects ranging from f aulty heaters
permitting conditions of excessive humidity to human error resulting in mater-
f al overstress are noted to occur. Visual and instrumented machine inspec-
tions coupled with proper operation and maintenance applied over a pe riodic
basis represent the most practical methods for ensuring motor mechanical in-
tegrity. Other indicators that can be monitored are vibration amplitude, en-
vironmental conditions, evidence of corrosion or cracks, seal and gasket
leaks, and component wear.

6.1.2 Failure Data Evaluations

Conclusions and general observations derived from the Part I research are
categorized and listed below. The classification of the findings is associ-

'

ated with design and manuf acturing, application and operation, or maintenance
depending on the nature of the determined motor condition.

Design & Manufacturing

Induction motors represent approximately 90% of the total population*

as shown by Figure 2-3 and are characteristically more durable than
most other notor types.

Stator failures occur primarily as a result of insulatian breakdown as*

given in Table 2-4.

Application & Operation

From the total NPRDS f ailure population represented, small (0-99.9*

hp), medium (100 - 1000 hp), and large (> 1000 hp) motors as shown by
Figure 2-6 have the following probability of failure

SMALL MEDIUM 1ARGE

Population 47% 23% 9%
Failure 3% 8% 9%

1

NOTE: The remaining 21% of the population represents f rac-
tional size motors.

From examination of IPRDS data which represents many motor applica-|
*

i tions it has been noted that BWR and PWR plants have similar motor
failure rates.

Intermittent or alternating motor operation results in a greater abso-*

lute number of failures than continuous on-linn operation as shown by
Figure 3-3 from IPRDS data.

i

Hotor driven mechanical equipment (e.g., pumps and valves) in general*

contribute to a greater number of failures than the MCC and associated
outside-of-the-boundary electrical control system as noted f rom IPRDS
data and as shown by Figures 4-5 and 4-6: however, from LER data, the
converse is true for safety-related system motors.

|

|
,

|

]
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Service water, radioactive waste, residual heat removal, high pressure*

coolant injection, condensate, and circulating water systems exhibit a
noticeably higher number of failures than other plant systems as given
by Tables 3-1 and 3-2.

Motor bearings fail more frequently while driving pumps as compared to*

other application equipment such as valves and fans, as shown in Fig-
ures 3-1 and 3-2.

hintenance
1

Most reported failures are catastrophic as noted from IPRDS data and*

as shown in Figure 4-7.

Prominent and chronic causes of motor failure include moisture absorp-*

tion into windings, excessive heat, and bearing-related degradation
due to lack of lubrication, as given by Table 4-15. |

Ceneral

As noted from SALP maintenance ratings and LER data, plants with below*

average maintenance ratings experience more motor failures than plants
rated average or above average.

In consideration of utilities having multiple plant sites, typically*

if one site exhibits a high motor failure rate, the other site (s) fol-
low the trend.

Most motor failurcs have been detected while the reactor was in*

operation.

Common types of motor failure or malfunction detection are the result*

of operational abnormality, routine surveillance, or surveillance
testing.

De motors have a higher failure probability than ac motors, and the de*

motor failure is often the result of worn or otherwise degraded
comnutators.

* Excessive duty cycle (i.e., frequent starts) is a common cause of
motor failure.

6.1.3 Aging-Seismic Correlation

In order for a motor component to independently undergo severe inertial
loading as a result of seismic effects, the part or substructure must have
significant mass in order that the input acceleration produces other than a
negligible amount of force. However, as an assembled unit, individual compo-
nent masses are combined which can have susceptibility to earthquake-induced
excitations. Within the context of age-reinted degradation, it is plausible
to conclude that certain component material " weak links" will fail subject to
unsuitable levels of cyclic f requency response. Accordingly, the following

| basic motor items are considered to potentially have an aging-seismic correla-
' tions winding laminations, insulating systems, commutators, terminal leads,

|
.

- - - - , , ,



N

6-8

gaskets and seals, and bearings. These were extracted from the findings pre-
sented in Table 4-15 which were compiled from assessments made during the
evaluation of failure data and review of design and materials of construction
and it is to be noted that an aging-seismic (specific) data base does not
exist.

In essence then, it is conceivable that an electric motor has the poten-
tial to fail in the event of an earthquake, and particularly when the equip-
ment is in an aged state. However, recent EPRI seismic evaluation tests per-
formed by Wyle Laboratories on small motors and BNL tests on two naturally
aged 10 hp induction motors provided no evidence of seismically induced per-
formance decline. SQUG pilot program findings also indicated no apparent
operational abnormality in motors that have experienced real earthquake exci-
tations, although the actual aged condition of the equipment was not assessed.

Based on the above, it appears that for certain small induction motors
(approximately 10hp) seismic effects should be minimal providing motor dielec-
tric, rotational, and mechanical integrities have been adequately maintained.

6.2 FUTURE WORK

As continuation of the work performed to date, and in accordance with the
NPAR program strategy, the future work planned is shown in Figure 6-1. Three
separate investigations will be conducted for the final goal of developing a
cost ef fective preventive maintenance program and operational readiness accep-
tance criteria. An in-situ testing and monitoring program will be performed
on the functional indicators identified in the Part I study. Finally, after
reviewing advanced in-service inspection, surveillance, and monitoring tech-
niquen, preventative maintenance program recommendations will be developed for
investigating the effects of aging. Additional efforts focused towards the
further understanding of aging-seismic correlation relationships, particularly
for large motors, will also be mads.

|

|
_ - _ _ _ . . _ _ _ - - _ - _ - _ _ - _ _ _ _ _ _ _ - - _ _ _ _ _ - _ _ _ _ _ _ - - _ - - _ _ - - _ - _ _ _ _ _ _ _ _ _ - _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ - - -
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APPENDIX A

INDUSTRY STANDARDS ON HOTORS

IEEE STANDARD TITLE

1-1969 General Principles for Temperature Limits in the Rating of
Electric Equipment

56-1977 Cuide for Insulation Maintenance for Large AC Rotating
Machinery (10,000 kVA and Larger)

58-1977 Induction Motor Letter Symbols

62-1978 Guide for Field Testing Power Apparatus Insulation

66-1969 Short Circuit Characteristics of DC Machinery

68-1975 Recommended Practice for Measurement of Power-Factor Tip-up
of Rotating Machinery Stator Coil Insulation

85-1973 Airborne Sound Measurements on Rotating Electric Mschinery

95-1977 Re commended Practice for Insulation Testing of Large AC
Rotating Machinery with liigh Direct Voltage

98-1972 Guide for the preparation of Test Procedures for the thermal
evaluation and establishment of Temperature Indexes of Solid
Electrical Insulating Materials.

101-1972(R1980) Guide for the Statistical Analysis of Thermal Test Data

112A-1964 Test Procedure for Polyphase Induction Motors and Generators

113-1973 Test Code for Direct-Current Machines

114-1969 Single Phase Induction Motor Tests ( ANSI C50.21-1972)

115-1983 Test Procedure for Synchronous Machines

!!6-1975 Test Code for carbon Brushes

117-1974 Standard Test Procedure for Evaluation of Systems of
Insulating Materials for Randon-Wound AC Electric Machinery

!!8-1978 Standard Test Code for Resistance Hessurement



\

A-3

IEEE STANDARD TITLE

119-1974 Recommended Practice for General Principles of Temperature
Measurement as Applied to Electrical Apparatus

120-1955(R1972) Master Test Code for Electrical Measurements in Power
Circuits

121-1959 Cuide for Measurement of Rotary Speed

251-1963 (Reaff 1972) Test Procedures for DC Tachometer Generators

252-1977 Test Procedures for Polyphase Induction Motors with Liquid in
the Magnetic Cap

275-1966 (Reaff 1972) Test Procedure for Evaluation of Systems of
Insulating Materials for AC Rioctric Machinery Employing
Form-Wound Preinsulated Stator Coils

i

286-1975 Recommended Practice for Measurement of Power-Factor Tip-Up
of Rotating Machinery Stator Coil Insulation

288-1969 Cuide for Induction Motor Protection (ANSI C37.92-1972) ,

290-1977 Recommended Test Procedure for Electric Couplings

303-1969 Auxiliary Devices for Motors in Class ! - Croups A, B, C, and
D, Division 2 Locations

j

304-1977 Test Procedure for Evaluation and Classification of ;

Insulation Systems for DC Machines '

(

323-1974 Standard for Qualifying C1mes IE Equipment for Nuclear Power
Generating Station

329-1971 Synchronous Motor Protection Guide (ANSI C37.94-1972)

334-1974 Type Test of Continuous Duty Class IE Motors for Nuclear
Power Generating Stations

344-1975 Recommended Practices f ro Setssic Qualification of Class IE
Equipment for Nuclear Power Generating Stations

421-1972 Criteria and Definitions for Excitation Control Systems for
Synchronous Machines

!

429-1972 Evaluation of Sealco Insulation systems for AC Electric
Machinery Employing Form-Wound Stator Colls (ANSI
C50.26-1972)

6
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! IEEE STANDARD TITLE
!

432-1976 Guide for Insulation Maintenance for Rotating Electrical
Machinery

434-1973 Guide for Functional Evaluation of Insulation Systema for
Large High-Voltage Machines

522-1977 Guide for Testing Turn-To-Turn Insulation on Form-Wound
Stator Coils for Alternating Current Rotating Electric

! Machines

ANSI /IEEE
STANDARD TITLE

4-1978 IEEE Standard Techniques for liigh-Voltage Testing

43-1974(R 1979) IEEE Recommended Practice for Testing Insulation Resistance
of Rotating Machinery

67-1972(R 1980) IEEE Cuide for Operation and Maintenance of Turbine
Generators

86-1975 IEEE Standard Definitions of Basic Per-Unit Quantities for
Alternating-Current Rotating Machines

99-1980 !EEE Recommended Practices for the Preparation of Test Pro-
cedures for the Thermal Evaluation of Insulation Systems for
Electrical Equipment

100-1977 IEEE Standard Dictionary of Electrical and Electronics Terms

112-1978 IEEE Standard Test Procedure for Polyphase Induction Motors
and Generators

433-1974(R 1979) IEEE Recommended Practice for Insulation Testing of Large AC
Rotating Machinery with liigh Voltage at Very Low Frequency

492-1974(R 1981) IEEE Culde for Operation and Maintenance of Ilydro-Generators

ANS!/AFMBA
STANDARD TITLE

9-1978 lead Ratings and Fatigue Life for Ball Bearings

11-1978 Load Ratings and Fatigue Life for Roller Bearings

13-1970 Roller Bearing' Vibration and Noise (Hethods of Hessuring)
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ANSI STANDARD TITLE

C50.10-1977 American National Standard General Requirements for Synchro-
nous Machines

C50.13-1977 American National Standard Requirements for Cylindrical-Rotor
Synchronous Generators

C50.14-1977 American National Standard Requirements for Combustion Gas
Turbine Driven Cylindrical Rotor Synchronous Generators

C50.41-1982 American National Standard for Polyphase Induction Motors for
Power Generating Stations

ANSI / NEMA
STANDARD TITLE

.

MG1-1978( R1982) Motors and Generators

U.S. NRC
RECUI.ATORY CUIDE TITLE

t.89 Qualification of Class IE Equipment for Nuc1 car Power Plants

ASME-Section XI Rules for Inservice Inspection of Nuclear Power Plant
Components

|
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