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ABSTRACT

A study of the aging-related operating experiences throughout a five year period (1984-
1988) of six generic instrumentation modules (indicators, sensors, controllers, transmitters,
annunciators, and recorders) was performed as a part of the USNRC Nuclear Plant Aging
Research (NPAR) Program. The effects of aging from operational and environmental
stressors were characterized from results depicted in Licensee Event Reports (LERs). The
data are graphically displayed as frequency of events per plant year for operating plant ages
from 1 to 28 years to determine aging-related failure trend patterns.

Three main conclusions were drawn from this study:

1. Instrumentation and control (I&C) modules make a modest contribution to
safety-significant events

17% of all LERs issued during 1984-1988 dealt with malfunctions of the six I&C
modules studied

28% of the LERs dealing with these I&C module malfunctions were aging related
(other studies show a range of 25-50%)

2. Of the six modules studied, indicators, sensors, and controllers account for
the
bulk (83%) of aging-related failures.

3. Infant mortality appears to be the dominant aging-related failure mode for
most I&C module categories (with the exception of annunciators and
recorders, which appear to fail randomly).

Research sponsered by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission under Interagency Agreement
DOE 1886-8082-8B with the U. S. Department of Energy under contract No. DE-AC05-84OR21400 with Martin Marietta Energy Systems.
Inc.



INTRODUCTION

This study examined the effects of aging on equipment performance and normal service life and
concentrated on six specific instrumentation categories: indicators, sensors, controllers, transmitters,
annunciators, and recorders.1 A basis founded on power plant practices was employed in selecting
the boundaries for I&C module categories used in the study. This basis is primarily the set of
modules for which I&C departments at the plants are responsible and that are utilized in systems
considered important to safety. These categories were selected because of their importance in the
operations of safety-related instrumentation and control (I&C) systems and because they have not
been reviewed previously by the NPAR program. Their nature is primarily electronic, as opposed
to power electrical systems, which are not within the scope of this study.

In accordance with the NPAR program philosophy, this study has three objectives.

1. Identify aging stressors and the likely effects of these stressors on I&C modules.

2. Identify, by examination of operational history, those safety-related I&C modules most
affected by aging.

3. Identify, where possible, methods of inspection, surveillance, and monitoring that will ensure
timely detection of significant aging effects prior to loss of safety function.

These goals require that a number of subtasks be accomplished. Also, an analysis of the
operational, environmental, and accident-related stressors and a detailed review of the operating
experience of these modules at nuclear plants should be included.

The purpose of any instrument system is to receive as input one or more physical quantities and
to produce as output one or more physical quantities that are in more useful forms than the inputs.
The outputs may represent measures of the input quantities, as in a measuring system, or they may
represent controls on the operation of some equipment or process. More than 10,000 I&C modules
are used in a typical nuclear power plant to perform control, protection, monitoring, and service
functions. These modules are located in both hostile and benign environments in primary systems
and in the balance-of-plant and service systems. The 109 operating units in the United States have
been designed and built over a period of 28 years by many architectural and engineering firms that
specified the equipment/modules used. At only a few plant sites do multiple units utilize
interchangeable replacement modules. Aside from this small set, the numbers of manufacturers and
models present for any one module type render impractical failure modes and effects analyses that
would lead to a determination of module aging. Because nuclear power plants have an abundance
of I&C systems, the scope of this evaluation has been limited to those I&C modules that are vital to
safe plant operation. Examples in the assessment have been limited to six classes of modules that
are part of reactor safety-related systems, with some overlap into the reactor control and process
control systems as appropriate.

I&C modules are unlike other components or equipment in a nuclear power plant because their
modularity enhances the performance of maintenance and repair and makes possible their change-out
even during plant operation. This makes the aging assessment of I&C modules inherently different
from and more complicated than that of other mechanical and electrical modules in a Dower plant
for several reasons.

1. The same kinds of modules are exposed to different environments and are used in a variety
of ways (e.g., transmitters are used both inside the containment and in the balance of plant,
and indicators can be positioned locally or mounted in control room panels).



2. Interaction of modules is inherent in the system design (i.e., modules are interconnected and
feed signals to each other and also can be cascaded within a control loop).

3. Simultaneous actions of normal and accelerated aging stressors are quite common during
normal plant operation (e.g., elevated temperature, radiation, and process transients).

STUDY APPROACH
The approach of the study was to examine experiences within the nuclear industry that have

affected the aging of l&C modules. This was accomplished by using data reported in nationwide
industry databases such as Licensee Event Reports (LERs), Nuclear Plant Reliability Data Systems
(NPRDS), and Nuclear Plant Experience (NPE). Other material used in the research included NRC
Daily Headquarters Reports, NRC Daily Operating Events Reports, NRC Regional Inspection
Reports, and published literature for related investigations of instrumentation aging.

PLANT

transmitter

actuator controller

annunciator

indicator

recorder

Fig. 1. A typical configuration for instrumentation and control safety-related systems in a
nuclear power plant.

The characterization of aging in a system in a nuclear power plant is recognized as being a
complex task. This is especially true when the system is composed of several interacting parts such
as modules in I&C systems (see Fig. 1). For this task, modules were treated generically, with the goal
being to determine how each category of modules typically ages. Results for the generic analysis were
also compared to operating experiences. Effectiveness of surveillance, testing, maintenance, and
incipient failure/degradation monitoring was then assessed.

Information associated with aging-related failures of I&C-category modules was obtained via
structured searches of the LER national database. The Sequence Coding and Search System (SCSS)
database of LER information, operated by Oak Ridge National Laboratory for the NRC Office for
Analysis and Evaluation of Operational Data (AEOD), formed the basis for a compiled aging
database for this task. The SCSS database was developed to allow information reported in the LERs
and accompanying descriptive text to be encoded such that detailed, comprehensive information
regarding component and system failures, personnel errors, and unit effects and their interactions
could be retrieved. In addition to its ready availability and accessibility, many features of this database
made its use attractive for evaluating instrumentation failures.

A search of operating experiences was made to cover the 5-year period 1984-1988 for each of
the six categories. This period encompasses 471 reactor years of operation, during which the median



plant age was 12 years. This time span was selected because reporting requirements were changed
in 1984 and a continuity of reporting was deemed necessary for the analysis. Each abstract was
reviewed and analyzed to obtain insights into module aging failures, and then those aging events were
placed into an electronic database created especially for this study. Excerpts from the NRC Daily
Headquarters Reports, NRC Daily Operating Events Reports, and the NRC Regional Inspection
Reports were added. The information is retrievable by structured searches such as for categories,
plants, involved systems, methods of detection, and reported causes.

A detailed analysis was then performed on the retained data. The data were compiled first by
system affected for each of the six categories. Then, the numbers of module aging failures were
matched to the plant age. The data were next regrouped by event year to determine the relative
percentages of module failures and to determine the trending. The trend of module failures was
analyzed by plotting total module failures per plant-year vs the year in which failures occurred. Data
from the NPRDS and NPE databases were retrieved and the results were compared quantitatively
to those obtained from the LER database. The data were used to rank the effects of the various
aging stressors and to observe how these were manifested. This strategy provided the means for
evaluating the operating experiences and for developing a comprehensive aging assessment for the
six I&C module categories.

A search of the LER database for the 5-year period 1984-88 showed a total of 13,726 reportable
events. Structured searches for the six I&C module categories retrieved 2,276 references,
representing 17% of the 13,728 LERs reported during this time. Of the 2,276 LERs dealing with
the six I&C module categories, only 628 events were judged to be aging related (i e., 28% of the
LERs involving I&C modules were aging related). The number of aging-related failures is small and
amounts to only 4.6% of the 13,726 LERs produced from 1984 through 1988. The six I&C module
categories are ranked in Table 1 by the frequency of occurrence of their aging-related failures. These
low figures appear to show that I&C modules make only a modest contribution to safety-significant
events; annunciators and recorders, in particular, show negligible problems.

The search of the NPRDS database retrieved additional data supporting the trends in Table 1.
The NPE database was likewise surveyed and was found to contain essentially the same aging
information as in the LER database.

Table 1. Safety-related findings from Licensee Event Reports (LERs) (1984-1988)

Instrumentation and
control module

category

Indicator

Sensor

Controller

Transmitter

Annunciator

Recorder

Total

Number of LERs
retrieved for modules

997

424

397

296

101

61

2276

Number of
aging-related

LERs

220

199

105

79

17

_8

628

Percentage of
aging-related

LERs + aging-
related total (628)

35

32

17

12

3

_1

100

Percentage of
aging-related
LERs + total

LERs generated
(13,726)

1.6

1.4

0.8

0.6

0.1

0,06

4.6



FOREIGN EXPERIENCE
Some foreign literature, primarily in two collections of papers on aging at international meetings,

was examined in this study.2"3 Essentially all countries in the commercial nuclear power community
are addressing aging issues, but relatively few papers address I&C aging issues specifically. However,
some useful information was extracted from the referenced meetings. Belgium uses a rigorous
approach to the accelerated aging of electronic equipment.4 It is based on a formula from Military
Standard Specification MIL-HDBK 217C, "Reliability Prediction of Electronic Equipment" (1979),
combined with data on individual components that make up complex electronic units. Japan's
practice of formalized inspection of instrumentation during refueling outages has been adopted as
a result of regulation.5 Possible merits of this approach, supplementing surveillance testing during
operation, are discussed in further detail in the "Generalization of Findings; Inspection" section of
this paper. France has an aging program that starts at the time of plant construction.6 This approach
is in contrast to starting such a program midway through plant life when issues of life extension begin
to arise.

AGING STRESSGRS

An important concern of the nuclear industry is the impact of equipment aging on the capability
of plant safety systems to mitigate the consequences of accident and abnormal transients. The effects
of aging-induced degradation on the ability of the plant to achieve a safe shutdown includes an
evaluation of stressors acting on the equipment as potential causes of aging-related failure.
Therefore, consideration must be given to all significant types of degradation that might affect the
functional capability of the equipment.

Aging degradation occurs when a material is subjected or exposed to a stress condition for a
period of time. Typical aging mechanisms that cause a material's mechanical strength or physical
properties to degrade include fatigue stress cycles (thermal, mechanical, or electrical), wear, corrosion,
erosion, embrittlement, diffusion, chemical reaction, cracking or fracture, and surface contamination.
Each mechanism can occur in various materials when they are exposed to particular operating and
environmental stressors. Abnormal conditions accelerate the aging process, thus weakening the
material faster than normal.

The effects of age are particularly important when sensitive modules are operated in
environments of elevated radiation, temperature, humidity, vibration, and other conditions that may
degrade performance. These processes are reasonably well understood when one type of material
is exposed to one kind of stress. However, with the complexities of composite materials (which is the
case for most electronic components) and the synergistic effects of several stressors, these processes
become difficult to understand. Extensive laboratory testing and material analyses are necessary to
characterize these complex phenomena. Also, because aging is by definition a time-dependent
process, considerable time is necessary to understand completely the true aging mechanisms operative
in a plant environment.

The electronic components in I&C modules often include numerous resistors, capacitors, diodes,
and integrated circuits that are used for signal conversion, signal-conditioning, and linearization of
the module's output. In some, resistors and/or capacitors are used to maintain the linearity of the
output and to set the module zero and span. These components are adversely affected by long-term
exposure to high temperature and humidity, by radiation, and by fluctuations or step changes in the
power supply voltage. Any change in the value of electronic components such as the resistors or
capacitors can cause calibration shifts, response time changes, and also affect the output signal
linearity. Calibration shifts can occur from deterioration such as loosening or wear of mechanical



constituents or aging of electronic parts. Adverse effects from such exposures gradually become
apparent over time, and more than one stressor can be responsible for the same ultimate physical
degradation.

I&C modules in nuclear power plants are subject to stresses from their environment, their
application, the process being monitored, and the services supplied to them such as air and electricity.
Under normal plant conditions, the major environmental stressors are radiation, temperature,
humidity (moisture), and vibration, all of which contribute to normal wear of components and affect
the module in a continuous fashion but with a relatively low aging rate. Module aging can be
accelerated by some transient situation such as water hammer, shock, electromagnetic interference,
or improper maintenance. Another form of aging-related stressing arises from ronquantifiable forces
such as dormancy, human errors, and technological obsolescence. Any one or more of the stressors
can severely curtail the service life of I&C modules. The principal stressors for I&C components
considered in this study are radiation, temperature, moisture/humidity, vibration and shock, human
interaction, process pressure surge, testing, electromagnetic interference, cycles of operation, and
technological obsolescence

Radiation

Ionizing radiation is a dominant stressor for aging studies in nuclear facilities, and its presence
makes a nuclear power plant unique in the process and electricity generating industries. Materials
such as (1) organic fluids, (2) elastomers, and (3) plastics are especially susceptible to radiation
damage. In a nuclear plant, organic liquids can be found in many different forms such as greases,
lubricants, coolants or heat-transfer media, and neutron moderating materials. Two of the most
striking effects occurring in an organic liquid as the result of exposure to radiation are gas evolution
and changes in viscosity. The viscosity usually increases upon continual exposure to radiation until
the liquid polymerizes into a solid form. Both elastomers and plastics exhibit radiation damage at
lower dosage levels than do organic liquids.

Many components in electrical, electronic, and mechanical systems are susceptible to radiation
damage because their modules use components fabricated from the above materials. Certain
electronic materials, particularly semiconductors, can change their properties at very low neutron and
gamma dosages. Relatively small changes in some electrical properties can render a module
functionally useless.

Temperature

Perhaps the best understood and easiest aging phenomenon to analyze is that due to
temperature. In fact, aging degradation of I&C equipment not placed near the reactor vessel is
principally temperature dependent. The failure rate of instrumentation can be expected to increase
significantly as ambient temperature increases. When the temperature exceeds specified limitations,
as set by the manufacturer or the plant Safety Analysis Reports/Technical Specifications, components
in the I&C modules are stressed, aging is accelerated, and useful service life defined by the
environmental qualification requirements for that module is decreased. Manufacturers design their
products for a specified range of operating temperatures. When the extremities of this range are
exceeded, stresses greater than normal (accelerated aging) are applied to the product. Effects of off-
normal temperatures are much less evident for mechanical devices, which are often more robust than
electronic devices.

Concerns have been expressed about the performance of safety-related equipment when excessive
temperatures are recorded in the containment and equipment rooms/cabinets, especially over



prolonged periods. In particular, overheating of electronic components in safety-related I&C modules
has raised questions about (1) decreased reliability due to increased failure rates of printed circuit
cards and other heat-sensitive components and (2) the potential for common cause failure (CCF) of
redundant safety-related instrumentation channels due to extended loss of normal cooling air flow
to the cabinets in which the modules are located.

Failures of electronic components in safety-related instrument systems lead to malfunction of
control systems, plant transients, inoperability of instrument channels in protection systems, and
erroneous indications and alarms in the control room. These concerns prompted NRC to issue an
Information Notice regarding the significant problem involving the loss of solid state instrumentation
following a failure of control room cooling.7 These concerns are generic to all operating nuclear
plants that use solid state electronic components. Four events involving failures of solid state
electronic components in safety-related instrumentation and control systems due to overheating are
reviewed and evaluated in ref. 8. Information Notices were also issued alerting licensees to the
potential problems resulting from high-temperature environments in areas containing safety-related
equipment.9

Excessive temperature can also act in concert uith other stressors. For example, detrimental
effects of humidity are increased at higher temperatures because of the increased diffusion rate.

Moisture/Humidity

I&C modules inside containment are occasionally exposed to moisture from leaking valve seals
or broken water or steam lines. These I&C modules are sealed to conform with environmental
qualification requirements. However, time and temperature eventually degrade the effectiveness of
the seal, and maintenance sometimes damages the seals as well, thus providing a pathway for moisture
to enter the module. Moisture can also be elsewhere in the system and enter a module by way of
electrical conduits.

Moisture has been found in modules, equipment racks, and instrument cabinets. Some events
and NRC concerns are given in two Information Notices.1011 Moisture weakens the dielectric
strength of insulators and promotes rot, bacteriological invasion, and reduced tensile strength.12 It
can result in the burning of insulation and the propagation of shorts by increasing surface conductivity
and can also cause the failure of relay coils by promoting arcing. Besides stressing insulating
materials, spray water and steam can entrap and deposit substances detrimental to electronically
conductive surfaces.1011 Once present in I&C instrument air tubing, moisture is difficult to remove
and, in the interim, promotes corrosion.

Vibration and Shock
Systems operating with low levels of vibration may eventually experience high-cycle/low-stress

fatigue in their components, loosening of fasteners, and shifts in set points or calibration. Vibration
generated by nearby machinery during plant operation and also water hammer in the process piping
are leading contributors to this aging stressor. Although vibration due to cyclic mechanical motion
can be predicted reasonably well, unpredictable random mechanical shocks can impose as much
cumulative degradation.

Human Interaction

All man-machine interfaces are susceptible to the consequences of human interaction, which can
create a situation conducive to the degradation of equipment. This interaction may be via normal
practices in maintenance, operation, repair, and testing or inadvertent acts that, as a result, contribute



to the wear-out and accelerate aging for the system components. If the human interaction is
erroneous, the aging effect can be even more serious. Set points (potentiometers) require
adjustment, jumpers are installed and removed during some surveillance and testing procedures, and
needle valves and block valves are opened and closed during testing and calibrations. Each of these
can be unintentionally mishandled, and each such act contributes to wear of some component.

Aging is further hastened by operational misuse such as installation errors, and incorrectly applied
procedures13 which can adversely stress the equipment's subcomponents and may accelerate the aging
process. For example, inadvertent overrange of a module may compromise performance and shorten
expected service life. Errors in maintenance or lack of preventive maintenance can likewise be a
cause of degradation in many components of nuclear power plants and cause modules to experience
accelerated aging degradation.

Process Pressure Surge
During normal operation, sensors and process transmitters are continuously exposed to small

process pressure fluctuations and to larger pressure surges during reactor trips and other process
system transients. Cyclic pressures accelerate normal wear and the loosening of parts in mechanical
components. Process excursions and surges force sensors and transmitters to produce an overrange
response. High pressure can affect the span and zero offset of a module, which may therefore
require more testing and calibration. Such stressors can impose forces outside the design
specifications for the module. They can also fatigue the measuring diaphragms through work
hardening of the metal, which may result in cracks and stiffness changes.

Testing
Components are periodically tested to monitor and maintain their condition during the life of

the plant. In current plants, testing is performed by human interaction; however, in the future, many
testing functions will be automated. Plant technical specifications require that certain safety-related
equipment be tested regularly for operational readiness. However, if the tests are performed too
frequently, unnecessary stresses could be placed on some components. Mechanical tests may include
vibration, elevated temperatures, valve stroking, leak tests and measurements, and functional tests.
Electrical tests typically measure insulation resistance, dielectric strength tests, and contact resistance
and may involve the application of high voltages.

Electromagnetic Interference

More than 50 LERs describing electromagnetic interference (EMI) related events have been
documented from various plants using solid state modules.14 This information indicates that nuclear
power plants have experienced spurious I&C system behavior due to EMI. Forty-two LERs
describing EMI-related events were documented between 1969 and 1980. Solid state devices from
sensitive microelectronics to power electronics, especially in computers and microprocessors, are
vulnerable to EMI. An EMI stressor may originate from within the affected system or external to
it. Electrical transients may be either conducted or radiated to the susceptible module.

Sources of EMI stressors include arc welding equipment, lightning, radio-frequency devices, and
power supplies. Arc welding equipment may generate radiated and power line-induced
electromagnetic interference. Plant maintenance routinely requires the use of arc welding equipment
which, when used in close proximity to I&C modules, may inject false signals into the control and
monitoring circuitry. The back electromotive force associated with de-energizing electromechanical
relay coils may be sufficient to generate degradation in some circuits. Lightning can cause induced



voltages that may penetrate instrumentation and control system signal lines, data processing system
cables, and power supply circuits. Lightning-induced energy pulses are sometimes sufficient to break
down (ionize) the insulation between adjacent conductors, to weld contacts together, to bridge the
gap to an unnatural ground, and to ignite combustible materials. Lightning, although well appreciated
for its direct and immediate destruction of equipment, may also act as a stressor when the lightning-
induced pulse results in only partial damage, leaving equipment degraded and vulnerable to further
stress.

Cycles of Operation

A stressor that may not come to mind immediately when studying aging is that of equipment
remaining in a dormant or standby state for long periods. Some parts may degrade from lack of use
when in storage or when in inactive service. An example is an inactive transmitter or controller which
fails when activated because motions are impeded by sticking or increased contact resistance due to
the presence of dust or corrosion. On the other hand, hyperactivity may also cause degradation of
equipment. Hyperactivity is the condition in which modules experience rapid changes in their
operating modes or are switched on and off many times at a fast rate. Some susceptible components
are lamp filaments and indicators, chart drives (high-speed tracing), computer disk drives, and power
supplies.

Not all I&C module failures are due to stressors of an unusual magnitude or character, because
aging is the generic effect from normal wear. Wear through normal use is common for both
electromechanical and electronic devices. The I&C modules most often affected are some sensors,
transmitters, and control actuators.

Degradation and premature failure can sometimes be traced to the effects of storage
environment on I&C equipment. Storage areas often have uncontrolled environments and therefore
can subject stored equipment to extreme temperature, humidity, and even corrosive atmospheres.

Technological Obsolescence

Technological obsolescence is a less quantifiable, nonphysical aspect of aging, which may
nonetheless be treated as a stressor. With a lack of spare parts for many I&C modules due to their
obsolescence, undesirable compromises required during preventive maintenance and repair accelerates
the aging process. Replacement of components for failure prevention may not even be possible. As
a result, those modules affected may fail prematurely or perform poorly. Technological obsolescence
spawns from three sources.

1. Suppliers withdraw support from I&C equipment they sold to plants years earlier,

2. Advances in I&C have produced modules with capabilities that far surpass those that were
state of the art 20 years ago.

3. Requirements that equipment must meet tend to change over time.

Most nuclear power plants in the United States are still using I&C technology that was available
in the 1960s, despite remarkable improvements in this technology that have increased system
reliability, performance, and maintainability at a reduction in cost and physical size of equipment.
The result has been a critical shortage of replacement parts for I&C systems and potentially more
important, a loss of the supporting infrastructure Compounding the problem is the general lack of
interchangeability and standardization of parts in nuclear plants because of the continual



modifications of plant equipment over the years. Many parts necessary for repair of equipment still
being used are no longer available or are available from only a single source.

Initially, nuclear industry I&C followed the technological lead of fossil-fueled power stations.
Other industries such as pulp, paper, chemical, and petrochemical contributed technology as well.
Over the past decade, fossil-fueled plants, driven by competitive economic forces and equipment
obsolescence, felt the need to modernize by using newer generation I&C components and systems.
Thus, they abandoned most of the older technology and methods that nuclear power industry relied
on for measurement and control of both nuclear and nonnuclear systems. Even the national and
international standards reflect this shift. Unlike fossil generation and other industries, however, the
nuclear industry has remained technologically stagnant.

As I&C technology advances, so does the desire for better performance from the I&C systems,
modules, and equipment. Only by upgrading can expectations for improved performance be realized.
A heightened awareness of the superior capabilities of current I&C equipment has emerged. As
plants age, the absence of desired improved performance compounds the problems of degradation.

Maturation and change of equipment requirements over long time periods can also contribute
to technological obsolescence. Methods and understanding of control processes are also evolutionary
and lead to improvements in technology. System performance and safety requirements change and
mature with experience that brings about corresponding evolutionary changes in equipment. As this
happens, equipment in place and being used becomes outdated.

OPERATING EXPERIENCES

This section examines the aging-related failure data from the LER national database for the six
I&C module types over the period 1984-1988. A structured search of the SCSS database was
completed by using the name of the module category as a keyword for each of the six categories.
The abstracts of LERs retrieved by these searches were reviewed to determine which events were
aging related. Those reports that were determined to be aging related were then added to the
database constructed as a tool for this study. By using this database, the events were first sorted by
year of occurrence (i.e., 1984-1988), then sorted chronologically by the operational age of the plant
where the occurrence took place. The data were normalized for each year of occurrence, 1984-1988,
by dividing the number of events in each plant age category by the number of operating plants of that
age. This computation provides a failure rate vs plant age. Failure rates were also determined for
the entire 5-year period by dividing the total number of events for each given plant age category over
the 5-year period by the total number of plant years of operation contained in that 5-year period.
Appendix C of Reference 1 gives an example of how this was done for the indicators module
category, as well as data summaries and accompanying plots for each of the six I&C module
categories.

Aging-related failure data can be represented in various ways, but in this study, three basic
patterns were hypothesized to exist (see Fig. 2). The first pattern, designated Type I, begins with an
initially high failure rate that rapidly decreases before leveling off as the module gets older. This
pattern is typical of most modules that suffer infant mortality or burn-in problems early in their
service lives. The second pattern, Type II, has been postulated for a module having a service life that
is shorter than that for the plant and, consequently, is required to be replaced at least once during
the plant lifetime. Like the Type I pattern, a Type II curve also shows an initial high failure rate,
due to infant mortality, that rapidly decreases. In the second case, however, following the rapid
decrease, the failure rate increases again steadily before decreasing a second time (see Fig. 2). This
second rise in the Type II pattern could be due to a module's reaching the end of its service life and



consequently being replaced by a new or refurbished unit which then undergoes its own burn-in and
infant mortality phase. The third pattern, Type III, is typical of modules with failure rates that are
so low that accurate conclusions cannot be drawn from the data. A Type III pattern is noisy and
appears random because of a small number of reported failures, which results in low failure rates.

Infanl ' Maintenance
Mortality : Failure

Period : Period

Aging-related failure events
per plant-year

Plant age (years)

0 10 20 30

Type I pattern: infant mortality or bum-in

Aging-related failure events
per plant-year

—> 1 1 1 Plant age (years)
0 10 20 30

Type II pattern: infant failures followed by a rise
and second decline in failure rates

Aging-reiated failure events
per plant year

1 M A ^ A Plant age (years)
0 10 20 30

Type III pattern: random, noisy, and low-level

Fig. 2. Generic module failure rate patterns.



Indicators
Instrument, indicating: a measuring instalment in which only the present value of the measured
variable is visibly indicated.15

Indicators are modules that associate an input quantity to a measured variable in some directly
observable fashion (i.e. by means of an analog or digital display). Analog instruments use one
physical variable (e.g., angular position, color, brightness) to indicate another (e.g., temperature, flow
rate, neutron flux level), whereas digital indicators present the readout in numerical form. Analog
instruments are often preferred to indicate a measured instant of a physical variable that is likely to
have sudden quick changes. Numerical readouts are called for when a quantity is to be counted. For
example, a flowmeter customarily uses analog indication for the rate of flow, while the total quantity
of fluid having passed a given point is usually indicated numerically on a separate counter.

Of the six I&C modules studied, indicators appear to have the highest rate of aging-related
failures per plant per year (see Fig. 3 and Table 1). Indicators in the mild environment of the control

Aging-related events per plant-year

1.5

0.5 -

10 12 14 16 18 20 22 24 26 23

Plant operational age (years)

30

Fig. 3. Indicator module aging failures by plant age (1984-1988).

Table 2. Indicator module aging failures by plant system
System

Nuclear
Heating, ventilating, and air cond.
Radiation monitors
Toxic gas
Containment

Steam
Feedwater

Module failures (%)

19
18
16
8
7
6
4

System

Reactor cooling system
Stack
Reactor protection system
Reactor core isolation cooling
Reactor water cleanup
Residual heat removal
Others

Module failures (%)

3
3
2
1
1
1

11



room receive frequent operator attention during each shift because of the necessity to observe plant
operations and record the routine process data. However, many other indicators are installed on
panel boards outside of the control room, a harsher environment without the continual attention of
operators. This may explain the higher rate of aging-related failures reported for indicators.

A structured search of the LER database retrieved 997 failure events for indicator modules, of
which 220 were judged to be aging related. The indicator module category represented 35% of all
aging-related events reviewed and about 1.6% of all the LERs written during this study period. The
plot of the normalized failure rate data in Fig. 3 suggests a Type I pattern with an evident infant
mortality or burn-in period during the first couple of years. An average failure rate, calculated by
dividing the total number of aging-related events (220) by the total number of plant-years (471), is
0.47 aging-related failures per plant-year, or one indicator module aging-related failure per operating
plant every 2.1 years.

The safety-related systems had a relatively low percentage of the number of aging-related
indicator module failures reported in this study when compared to the number of similar failures for
other systems (see Table 2). The results from this study of operating experiences for indicator
modules indicate that no apparent aging-related problem exists that was or could be affecting
indicator module performance in safety-related systems.

Sensors
1. Transducer: an element or device which receives information in the form of

one physical quantity and converts it to information in the form of the same or another physical
quantity.

2. Element, sensory: the element directly responsive to the value of the measured variable.
3. Element, primary: the system element that quantitatively converts the measured variable energy

into a form suitable for measurement.'5

A sensor then is the module that measures directly the process variable and produces an output
signal or indication proportional to the measured variable. Sensor output signals must be accurate
and up to date for the safety-related systems to perform properly. Sensors are exposed to the
harshest conditions and process disturbances of all I&C modules. Daring normal plant operation,
sensors are exposed to a variety of conditions that can cause pertbi.nance degradation over time.
Their inaccessibility during plant operation severely restricts the times that many of these modules
can be serviced and repaired. Hence, the failure rate per module might be expected to be higher
than that of the other module categories in this study and more likely to show aging problems
because module replacement is more difficult. Scrr.e ex2r"p!c3 oi sensuia arc thermocouples and
resistance temperature devices (RTDs), strain gauges, resonant wires, piezoelectric devices, variable
reluctance devices, capacitive elements. Bourdon tubes, and linear variable differential transformers.

The structured search of the LER database retrieved 424 failure events for sensor modules,
of which 199 were judged to be aging related. This represented about 32% of all aging-related events
reviewed and about 1.4% of all LERs written during this 5-year period. As with the indicator module
category, the plot of the normalized failure data for sensor modules also appears to conform to a
typical Type I module pattern (Fig. 4). Close examination of the database data showed that a large
percentage of the aging-related sensor failures were due to toxic gas analyzer sensors (Table 3). An
average failure rate, calculated by dividing the total number of aging-related events (199) by the total
number of plant-years (471), is 0.42 aging-related failures per plant-year, or one sensor module aging-
related failure per operating plant every 2.4 years.
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Fig. 4. Sensor module aging failures by plant age (1984-1988).

Table 3. Sensor module aging failures by plant system

Service

Toxic gas analyzers

Radiation monitors

Nuclear

Temperature

Pressure and differential pressure

Others

Module failures (%)

40

21

14
9

4

12

Another NPAR study analyzed NPRDS data for 315 failures of resistance temperature devices
(RTDs) for the period 1974 to 1988.16 These modules covered a population of 21 vendors. That
study found that aging-related causes amounted to 40% of the RTD failures, with component faults
and personnel error accounting for 53 and 7% respectively.

Controllers
Controller: a device which operates automatically to regulate a controlled variable. Another ISA
proposed definition is that a controller is a device that compares the value of a variable quantity
or condition to a selected reference and operates in such a way as to correct or limit the deviation.I5

Many industrial processes require that certain variables such as flow, temperature, level, and
pressure remain at or near some reference value, called a set point. The device that serves to
maintain a process variable at the set point is called a controller. The controller looks at a signal that
represents the actual value of the process variable, compares this signal to the set point, and acts on



the process so as to minimize any difference between these two signals. This control function may
be implemented by using pneumatic, fluidic, electric, magnetic, mechanical, or electronic principles
or combinations of these.

Controllers are the command centers that determine and set the action for the I&C systems.
Controllers now offer computer and other unique control capabilities that had previously been
impractical. In this respect then, input signals, power supplies, and operational environment are more
important than for the other I&C modules. Controller modules follow indicator modules in the
replacement activity for I&C modules.

Controller modules, subjected to more intense testing because of their central function in the
I&C system control loop, represented an even smaller fraction of all aging-related failures than did
either the indicators or sensors. A structured search of the LER database retrieved 397 failure events
for controller modules, of which 105 were judged to be aging related. These represented 17% of all
aging-related events reviewed and about 0.8% of all the LERs written during this study period. The
plot of the normalized failure data for the controller modules has an apparent Type II pattern with
an infant mortality period followed by a second period of higher failure rates around plant age 10
years (see fig. 5). The predominant rise in failure rates occurring around plant age 10 years may be
representative of an ~ 10 year service life of a typical controller module. An average failure rate,
calculated by dividing the total number of aging-related events (105) by the total number of plant-
years (471), is 0.22 aging-related failures per plant-year, or one controller module aging-related failure
every 4.6 years.

Aging-related controller failures were reported in ten different plant systems, with the most often
reported system being the auxiliary feedwater system. Table 4 gives a breakdown of these ten systems
with their respective percentages of the number of module failures. Safety-related systems
represented relatively few events. The results from this study of operating experiences for controller
modules indicate that no apparent aging-related problem exists that was or could be affecting
controller module performance in safety-related systems.
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Fig. 5. Controller module aging failures by plant age (1984-1988).



Table 4. Controller module aging failures by plant system
System

Auxiliary/main feedwater

Turbine-generator

Steam

Steam generator

Reactor core isolation cooling

Reactor cooling system

Module failures (%)

25

17

11

10

7

7

System

Nuclear

High-pressure coolant injection

Residual heat removal

Control rod drive

Others

Module failures (%)

6

5

4

2

6

Transmitters
Transmitter: a transducer which responds to a measured variable by means of c sensing element
and converts it to a standardized transmission signal which is a function only of the measured
variable. Another ISA proposed definition is that a transmitter is a device which receives an analog
signal and converts it into a suitable input signal to a controller. The transmitter module can,
optionally, include a primary sensor.15

Pressure transmitters provide important signals that are used for control and monitoring of the
safety of nuclear power plants. Depending on the plant, 50 to 200 pressure transmitters may be in
the safety system, with newer plants having the greater number of transmitters. Aging affects the
performance of these transmitters, and temperature is the dominant stressor in most cases. The
transmitter usually converts the sensed pressure to a proportional voltage or current signal. Two
types of pressure transmitters are found in safety-related systems in nuclear power plants: motion
balance and force balance, depending on how the movements of the sensing element are converted
into an electrical signal.

Transmitters are subjected to aging stressors from misapplication, poor design/fabrication, testing
and maintenance practices, their environment, the process they are monitoring, and their electrical
power supply. Under normal plant conditions, the environmental stressors are temperature, humidity,
and radiation. Over time, elevated temperatures and radiation may affect the environmental seals
and the electronic subassemblies. Instances have been noted where ambient temperatures have been
elevated over prolonged periods, causing seals to harden, crack, or take a set, thus allowing moisture
to enter even during normal plant service.

A structured search of the LER database retrieved 296 failure events for transmitter modules,
of which 79 were judged to be aging related. These represented 12% of all aging-related events
reviewed and about 0.6% of all the LERs written during this study period. The plot of the
normalized failure data showed an infant mortality during the first few years and a sharp peak in plant
year eight. The curve follows a Type II pattern, perhaps indicating a typical service life of 8 years
(see Fig. 6). Three failures in the single 8-year-old plant operational in 1986 accounted for ihe sharp
peak in the eighth year of plant operation (see Table C.4 and Figs. C.15 through C.18 in Appendix
C of Ref. 1). An average failure rate, calculated by dividing the total number of aging-related events
(79) by the total number of plant-years (471), is 0.13 aging-related failures per plant-year, or one
transmitter module aging-related failure per operating plant every 5.9 years.

Between 1985 and 1986, the total number of transmitter aging-related events rose 30% above
the average for the study. This could have been due to the well-publicized problems associated with
Rosemount transmitters. That problem resulted in many transmitters being replaced with newer
models, hence an improved service life. In all, eleven different plant systems were represented where



aging-related transmitter failures were reported (see Table 5). While the ESF systems involved are
in the lower half of the list, they cumulatively represent about 22% of the data.

A 1986 investigative report described analyzed failures in pressure transmitters and stated that
from September 1982 to April 1984 the failure rate, as reported in LERs, was very low.17 It further
stated that the LERs indicated that in this 3-year period, -330 reportable failures occurred
throughout the nuclear power industry in 65 operating plants. Quoting from the report, "These
numbers indicate that less than two reportable failures occurred per year per plant and that the
failure rate was 0.02 failures/year (2.4 x 10"6 failures/h) for each transmitter." In a more recent study,8

a survey of 8 years of LERs was conducted, with 498 of 1325 found to be categorized as aging-related
pressure instrumentation problems, a significant part of the total. The above shows how various
studies can categorize differently what are judged to be aging-related effects.
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Fig. 6. Transmitter module aging failures by plant age (1984-1988).

Table 5. Transmitter module aging failures by plant system

System

Reactor cooling

Main feedwater

Steam

Steam generator

Turbine-generator

Auxiliary power

High pressure coolant injection

Module failures (%)

22

12

11

8

8

6

6

System

Emergency feedwater indication

Injection

Reactor core isolation cooling

Reactor water cleanup

Others

Module failures (%)

and control 6

5

5

5

6



The 1986 study involved an evaluation of the stresses that cause degradation in nuclear plant
pressure transmitters.17 The report on this work describes a means of detecting and evaluating the
degradation of pressure transmitters and concluded that the major consequences of the stresses on
pressure transmitters are calibration shifts. The results from this study of operating experiences for
transmitter modules indicate that no other aging-related problem exists that was or could be affecting
the performance of transmitter modules in safety-related systems. The study indicated that
transmitters are relatively stable devices under norma! power operations and illustrated the benefits
from a prevailing practice in the industry of replacement before failure.

Sandia National Laboratory has performed several aging studies on nuclear safety-related
equipment. Included was an experimental study with five Barton Model 763 pressure transmitters.18

These transmitters were tested to determine the failure and degradation modes in separate and
simultaneous environmental exposures. The study showed that temperature is the primary
environmental stressor affecting the static performance of the Barton transmitters tested. Also
performed at Sandia was work on several Barton and Foxboro pressure transmitters which were
removed from Beznau Nuclear Power Station in Switzerland and sent to Sandia for testing.19 These
transmitters had aged naturally in the plant for eight to twelve years. The experimental work showed
that although some degradation had occurred, the performance of the transmitters remained
satisfactory.

Annunciators

Annunciators provide the operator with a visual or an audible indication that a quantifiable limit
has been reached. Warning lights indicate to an operator that a certain potentially dangerous
condition exists within a process. Driven by solid state or relay logic, the alarm lights are commonly
backlighted nameplate panels.

Malfunction of annunciators is quite apparent (especially the visual units), and at the first
indication of a malfunction, service is applied (lamps tested or changed out) by the operator or
maintenance is ordered. However, unless such maintenance is the result of a safety-related event or
the annunciator itself causes such an event, the only records available are in the plant maintenance
log books. When one considers the hundreds of annunciators in a typical plant and the sparsity of
aging-related operating experiences reported in LERs, one can easily surmise that early detection by
the operator is a principal reason for the scarcity of aging-related events in the national database.

The structured search of the LER database retrieved 101 failure events for annunciator modules,
of which 17 were judged to be aging related. These represented 3% of all aging-related events
reviewed and about 0.1% of all the LERs written during this study period. The normalized failure
data are plotted in Fig. 7 and show a Type III pattern. The data were sparse and randomly
distributed throughout the study period (see Table C.5 and Figs. C.I9 through C.22 in Appendix C
of Ref. 1). The random distribution of the data might best be attributed to the prompt if not
constant attention given to these modules by the operators, resulting in much preventive maintenance
(PM) service. Proper PM can prolong the service life of annunciators to approximately that of the
plant; therefore, aging-related failures are indeed random. A failure rate, calculated by dividing the
total number of aging-related events (17) by the total number of plant-years (471), is 0.04 aging-
related failures per plant-year, or one annunciator module aging-related failure per operating plant
every 25 years. The results from this study of operating experiences for annunciator modules
indicated that no apparent aging-related problem exists that was or could be affecting annunciator
module performance in safety-related systems.
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Fig. 7. Annunciator module aging failures by plant age (1984-1988).

Table 6. Annunciator module aging failures by plant system

System Module failures (%)

Feedwater

Nuclear

Reactor cooling system

Radiation monitoring

Reactor core isolation cooling

Reactor water cleanup

Others

21

17

12

12

5

5

28

Recorders
Instrument, recording: a measuring instrument in which the values of the measured variable are
recorded.1S

A recorder is an instrument module that produces a trace of an input signal and provides a
permanent, reproducible copy of that process signal. In a chart recorder, for example, the process
variable actuates a pen which traces on a chart while the chart moves constantly with time. These
two motions produce an analog record of the measured variable vs time. The shape of the chart
provides a primary means of classification into (1) circular charts and (2) rectangular charts, in sheet



or strip form. The recorder input signals may be analog or digital. Digital signals require transducers
to obtain an analog plot. Likewise, digital recorders can be provided with analog-to-digital conversion
and conventional digital printout.

When several variables are to be recorded on the same chart, such as several temperatures from
thermocouples in various locations, multiple recorders are used. Circular chart recorders can handle
up to four variables, whereas strip chart recorders handle as many as 24 to 36 measurements. To
identify each variable, symbol or numerical coding or color printing is used, as well as full digital
alphanumeric printouts on chart margins.

Magnetic recording on tape is used frequently to store information. Material can be stored in
either analog or digital form. Videotape recording provides the additional feature of recording video
information. Industrial applications are found in closed-circuit television.

Recorder modules are referred to several times every shift and, consequently, service is prompt-
hence, the relatively low rate of aging-related failure data (see Table C.6 and Figs. C.23 through C.26
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Fig. 8. Recorder module aging failures by plant age (1984-1988).

Table 7. Recorder module aging failures by plant system

System Module failures (%)

Feedwater

Turbine generator

Reactor coolant

Radiation monitoring

Seismic

38

25

13

12

12



in Appendix C of Ref. 1). The normalized failure data plotted in Figure 8 show a Type III pattern
and are not sufficient to hypothesize the circumstances of failure. The more frequently identified
systems involved in the reports for aging-related recorder failures are listed in Table 7, where no ESF
system was identified.

GENERALIZATION OF FINDINGS
The problems treated in this report can be diagnosed at various levels ranging from the system

and its interface with the operator to the microstructure of components on circuit boards. In the
middle of this range are the basic components and their clustering into equipment modules.
Unfortunately, failures are often analyzed at only these intermediate component levels in LERs.
Thus, it is often difficult to determine the root causes for aging-related failure because events are not
examined at a sufficiently low level. Also, no information is ordinarily given as to whether the
problem was aging related unless correlation of the event with a stressor happens to be possible and
happens to be written into the failure report.

Analysis of instrument failure databases has been reported to be difficult by previous authors.
This is still found to be the case here, especially when the interest is in aging phenomena.
Interestingly, the difficulties cited for the LER data collection system in the 1970s still exist today.20

• Incomplete information stems from nonuniformities in reporting.

• Incipient failure detections of importance to aging are sometimes not reported.

• Evolutions in reporting requirements influence consistency.

This investigation bears out the findings of previous investigators.

• Major existing databases have shortcomings in tracking I&C module aging.

• A primarily regulatory tool cannot give the type of statistically reliable engineering
information desired in aging studies, although qualitative information obtained can be
useful.

The obvious and expected direct correlation between I&C module aging-related failures and the
age of the plant could not be clearly determined from the available data in this study. Compounded
by the modularity of I&C modules that provide easy surveillance, preventive maintenance, and
changeout, the quantitative data were diffused by:

• industry practice of replacing those modules that required increased service or repair
(when no failure occurred, no failure report was required),

• unclear history of failed modules in event reports because of difficulty in identifying
past module replacement, and

• changes and replacements made because of required environmental qualification.

Plant-specific data are the most desirable (when obtainable) because of the availability of
maintenance histories associated with the failed components. An additional feature of plant-specific
data is the ability to identify plant-specific environmental and human contributors to aging-related
failures. High incidence of failure of a particular module, for example, may indicate either weakness
in a specific design or merely a change in the system's maintenance procedure or mode of operation.



Set-Point Drift

Instrumentation and control systems in nuclear plants are typically provided with adjustable set
points at which specific actions are initiated. Each of these adjustable set points is assigned a preset
value. Set-point drift is the unplanned change in these preset values. When the change is of
sufficient magnitude to cause the set point to fall outside specified limits, the event may be classified
as an abnormal occurrence that must be reported to NRC. The term drift is often used erroneously
as a synonym for the term aging-related, i.e. set-point drift is sometimes considered an indication of
an aging-related problem. Although modules with aging-related problems may be more likely to have
excessive drift problems, set-point drift does not reliably indicate that an age-related problem exists.
Set-point drift is affected by the module's design, application, calibration, and maintenance and
operational procedures as well as by aging-related problems.

A search of the LER database was completed to analyze the problem of set-point drift. The
search retrieved 370 events—2.7% of all LERs written during this five-year period—where drift was
the cause. A review and analysis of each event determined that of these 370 events, only 74 (or
20%) actually failed because of an aging-related problem.1 In otherwords, in 80% of the reportable
events triggered by set-point drift it was determined that the problem was not aging-related. Given
these data, set-point drift cannot be considered an effective indicator of I&C module aging.
Reinforcing this conclusion, an article published in Analog Dialogue21 states that "long-term instability
(assuming no long-term deterioration of some damaged component within the device) is a drunkard's
walk function; what a device did during its last 1,000 hours is no guide to its behavior during the next
thousand." The report further states " . . . as a device gets older, the stresses of manufacture tend to
diminish and the device becomes more stable (except for incipient failure sources)."

Testing

Extensive testing of I&C equipment is required by plant technical specifications to ensure that
I&C failures are discovered as soon as possible. The purpose of this testing is to minimize the time
over which the plant operates with a reduced level of redundancy in the plant protection system. The
potential effects of I&C failure is that either

1. an instrument failure produces a trip signal that, in coincidence with spurious signals on other
instrument channels, results in a plant trip causing an unnecessary loss of plant availability; or

2. an instrument failure fails to produce a trip signal, thus reducing the redundancy of the
protection system and, therefore, the safety of the system (the degree of decrease in
redundancy is different for PWR and BWR plants).

Testing procedures cannot predict the occurrence of a forthcoming component failure or the
effects of aging. However, if the test indicates marginal performance of a particular I&C system, then
corrective action can be taken to prevent a failure from occurring during operation.

The I&C modules also receive frequent casual attention by the plant operators in the
performance of their duties. According to the findings of this report, more module failures are
discovered by operator detection than by routine surveillance testing. For example, in the indicators
module category, many more module failures were discovered by operator observations (204) than
by scheduled testing (28) (see Table D.2 in Appendix D of Ref. 1). Only six failures were discovered
during related maintenance. For transmitter modules, which are not as accessible to operator
observation, this finding that scheduled surveillance testing is not the principal means of discovery
for module failures is again true.



Incipient Failure Monitoring
Aging phenomena can proceed without an immediate and obvious effect. Therefore, it is natural

to think of trending as a monitoring technique where the test data are compared for changes from
the original acceptance data. Such changes would indicate degradation or impending failure in an
incipient stage before catastrophic failure. Many plants have implemented a practice like this in their
preventive maintenance programs in recent years. The increased implementation of trending
techniques is due to two factors: (1) encouragement along these lines from the NRC and the
Institute of Nuclear Power Operations (INPO) and (2) the ease of doing this with the growing
popularity of computerized databases. This encouragement for plants to implement trending is quite
general regarding types of equipment. A specific example of trending beneficially used is the
discovery of sustained drifts in Rosemount transmitters.22

Techniques for monitoring instrument conditions are quite varied. The simplest and most used
is trending the results of calibrations. More complex, but potentially much more powerful, is on-line
multiple signal analyses.23'24 Advantages of these methods are that (1) monitoring can be continuous
rather than at discrete times; and (2) depending on the instrument and the analysis technique,
varieties of static and dynamic properties can be obtained. Also, especially in the newer digital
circuitry, built-in self-testing can be essentially ongoing.

Electronic components and circuits tend to fail catastrophically rather than by gradual
degradation. Because of this factor, systems that monitor voltages or waveforms internal to the device
may not be effective in predicting imminent circuit failure. However, indirect monitoring of
environmental stressors acting on the device in question may be a more suitable means of predicting
circuit failure. Unfortunately, threshold values above which greatly accelerated aging is likely to occur
are probably not currently quantified and are likely to be device specific. The intensity and duration
of aging stressors as well as their possible synergistic interaction in the circuit's environment must also
be considered. Therefore, for important circuits, it may be desirable to determine threshold values
for aging stressors and implement a means to perform real-time measurement of stressors acting on
the circuit of interest.

Inspection

Inspection methods are applicable to monitoring aging. These are analogous to practices with
mechanical equipment, especially rotating machinery. The established tradition of frequent
surveillance tests conducted by I&C personnel right at the instruments and their cabinets affords
numerous opportunities for informal inspections. With ample training and experience on what to
look for, both regarding stressors and their effects, this can continue to be effective. The importance
attached to observation of equipment by personnel can be seen especially in Japan/'25 Plants have
formal, rigorously scheduled programs of inspections. Instrumentation receives its annual outage
inspection as would piping and vessels. These inspections are based on using diverse types of
personnel: shift operators, instrumentation specialists, management, and manufacturer staff.
Moreover, some inspections require involvement of regulatory personnel. The basis for this attention
to inspections performed at levels beyond that found in the United States is required by Japanese law.

CONCLUSIONS, OBSERVATIONS, AND RECOMMENDATIONS
A study of the operating experience for six selected I&C modules (indicators, sensors, controllers,

transmitters, annunciators, and recorders) throughout a five-year period, 1984 to 1988, was performed.
Various operational and environmental stressors were identified, and the effects of aging due to each
of these stressors were examined. The study relied on investigation of national databases and



examination of the published literature from related aging studies. Limitations of the study of which
the reader should be aware are that (1) plant maintenance records were not examined, so detail is
lacking on most events; (2) only failures discovered as a result of safety-significant occurrences are
reported in the databases used; and (3) installation date of individual I&C modules is not known, so
module age had i.o be assumed equal to plant age.

Conclusions

1. I&C modules make a modest contribution to safety-significant events.

17% of LERs issued during 1984-1988 dealt with malfunctions of the six I&C modules studied

28% of the LERs dealing with these I&C module malfunctions were aging related (other studies
show a range 25-50%)

2. Of the six I&C module categories studied, indicators, sensors, and controllers account for the
bulk (83%) of aging-related failures (see Table 1).

3. Infant mortality appears to be the dominant aging-related failure mode for most I&C module
categories (with the exception of annunciators and recorders, which appear to fail randomly).
Instrument drift does not appear to be strongly correlated to the occurrence of aging and,
hence, is not a reliable indicator.

Observations

1. I&C modules in nuclear plants are replaced as often for reasons of technological obsolescence
as for aging. This replacement practice obviously obfuscates aging studies that rely on
industry-wide databases (such as LERs), where the reason for module replacement is not
usually given.

2. The issue of replacement in response to technological obsolescence [almost-one-for-one
substitution of newer hardware as advances in technology and/or dwindling supplies of spare
parts dictate] may have far greater impact on regulatory matters in the I&C area in the years
ahead than the issue of aging.

3. Monitoring of environmental stressors acting on the module in question may be a suitable
means of predicting approaching circuit failure. It may be possible to determine threshold
values for aging stressors and perform real-time measurement of stressors acting on the circuit
of interest. Systems that monitor voltages or waveforms internal to electronic devices may also
be useful in predicting imminent circuit failure, but because of the tendency of electronic
components to fail catastrophically rather than by gradual degradation, further development
may be necessary to achieve this goal.

Recommendations
1. Consideration should be given to methods that would be helpful in reducing the incidence of

infant mortality, particularly for the indicators and sensors categories, which dominate aging-
related I&C module malfunctions and failures. For example, modules could be subjected to



extremes of operational environment (e.g., temperature, humidity, operating voltages) and
perhaps cycled over an extended time period to identify marginal components prior to
installation. Military standards provide good indication of those practices likely to be
beneficial.

2. Consideration should be given to testing selected I&C modules for synergistic effects of aging
stressors. The purpose would not be qualification of specific equipment but rather
identification and quantification of generic stress and failure relationships. Tests would not
be intended to demonstrate operating envelopes of any specific brand of equipment.

3. Consideration should be given to creating an industry-wide database dedicated to aging-related
information. Earlier studies pointed out that existing databases, while reporting stressors, do
not adequately indicate the root-cause failure mechanisms; this current study also encountered
difficulty in drawing conclusions as a result of this deficiency. A good source of information
for aging studies would be the maintenance records of the individual plants. An industry-wide,
readily accessible database devoted specifically to aging-related events and information would
provide a most helpful and efficient service for those interested in plant and equipment aging.
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