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Abstract: Safe, secure, and economic operation of nuclear power plants will remain of strategic significance.
New and improved monitoring will likely have increased significance in the post-Fukushima world. Prior to
Fukushima, many activities were already underway globally to facilitate operation of nuclear power plants
beyond their initial licensing periods. Decisions to shut down a nuclear power plant are mostly driven by
economic considerations. Online condition monitoring is a means to improve both the safety and economics
of extending the operating lifetimes of nuclear power plants, enabling adoption of proactive aging
management. With regard to active components (e.g., pumps, valves, motors, etc.), significant experience in
other industries has been leveraged to build the science base to support adoption of online condition-based
maintenance and proactive aging management in the nuclear industry. Many of the research needs are
associated with enabling proactive management of aging in passive components (e.g., pipes, vessels, cables,
containment structures, etc.). This paper provides an overview of online condition monitoring for the nuclear
power industry with an emphasis on passive components. Following the overview, several
technology/knowledge gaps are identified, which require addressing to facilitate widespread online condition
monitoring of passive components.
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1 Introduction

In a post-Fukushima world, there is a heightened
awareness of the importance of the roles of safety and
security in the affordable operation of nuclear power
plants (NPP). Plant life management (PLiM) has
become a critical topic as life extension is considered
for the existing fleet, as new monitoring technologies
are considered for use in new-build large reactors,
and as attention turns to opportunities to meet
sustainable energy needs using both light water and,
in the longer term, advanced small modular reactor

designs .

The current global fleet was developed with plant
design lives that were typically either 30 or 40 years.
In the USA, which has many of the older plants, a
process has been developed to enable operators to
seek a 20-year license extension, providing operation
from 40-60 years. Of the 104 U.S. plants, to date 71
plants have been granted the license extension, the
majority of the remaining plants are expected to seek
an extension, and 9 plants are now in longer-term
operation (LTO). In looking to meet future energy
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demand, two delayed plants are being completed by
the Tennessee Valley Authority (TVA); construction
has been approved for two Westinghouse AP-1000
plants at the Vogtle, Georgia site; and approval is
expected soon for two further plants at the V.C.
Summer site, where site preparation is in progress.
Attention is now turning to consider the feasibility of
extended LTO for the legacy fleet (beyond 60 years)
and any additional refurbishments or modifications
that will be needed to ensure safe operation through
the end of a second license extension, and also to
manage new plant builds with a 60-year design life.

It is the management of materials issues that will
ultimately determine the safe operating life limits for
a nuclear power plant. Since the start of plant
operation for the current light-water reactor (LWR)
fleet, new degradation processes have appeared on
average at a rate of once every seven years 6l To
address these issues in support of NPP license
renewal over the past decade, various national and
international programs have been initiated ' and
major reports and databases developed by both
regulators, with the U.S. Nuclear Regulatory
Commission’s (NRC’s) GALL — Generic Aging

Nuclear Safety and Simulation, Vol. 3, Number 1, March 2012 31



MEYER Ryan Michael, BOND Leonard John, and RAMUHALLI Pradeep

Lessons Learned [8], and Proactive Materials

Degradation Assessment Expert Panel ) and
industry, with the Electric Power Research Institute
(EPRI) Issues Management Tables (IMT), and
Materials Degradation Matrix (MDM) "' The
international community has also focused on the
issues with the IAEA’s PLiM "), OECE-NEA’s
Committee on the Safety of Nuclear Infrastructure
(CSNI), European Groups through the NULIFE
Program, the Materials Aging Institute in France,
PMMD Programs in Japan and Korea, and related
work in a number of other countries that are all
recognizing the challenges faced in extended LTO for
NPP 7,

The components, systems, and structures in NPPs are
in general categorized in two classes: active or
passive. Active components are managed under a
maintenance rule, and this covers items such as
pumps, motors, valves, and compressors. Passive
components, which include the reactor pressure
vessel, piping, core internal components, the
containment structure, and cables, are managed using
in-service inspections (ISI) performed in the context
of an aging management plan (AMP). Degradation
found under an ISI program is managed through
mitigative actions, changes in designs, and repair or
replacement of degraded components. This reactive,
find and fix, approach has maintained the safety of
operating reactors but it is becoming increasingly
expensive as plants age. Attention is now moving to
consider  the

potential for more proactive

management of both active and passive components
[7,14,15]

At a recent meeting, the authors presented an
overview of some of the challenges facing extended
operation of LWRs as well as the operation of
advanced reactors, which are expected to consist of
new materials, operate at higher stressor levels, and
for which relatively little operating experience has
been accumulated. Online monitoring of active and
passive NPP components was offered as a means to
address these challenges '®. This paper provides an
overview on the status of online condition monitoring
for the nuclear power industry with an emphasis on
passive components. Section 2 describes how aging
issues and economic aspects of plant operation are

important considerations for the development of plant
life management strategies. Section 3 highlights and
summarizes the status of “life beyond 60” (LB60)
and issues or needs in support of improved
management of materials degradation for extended
operation of nuclear power plants. Section 4 provides
a snapshot of the state of online measurements for the
nuclear power industry, placing an emphasis on the
status of tools for online measurements of passive
components. In Section 5, a brief overview of
prognostics and its implementation in nuclear power
plants is discussed. This concerns the processing and
interpretation of data collected from online
measurements to determine current and predict future
component condition. In Section 6, several
overarching  technology/information gaps are
identified for which devoted research efforts would
greatly facilitate online condition monitoring of
passive components. Some brief conclusions are
provided in Section 7.

2 Plant life management

Aging and degradation mechanisms in materials are
usually classified into two main categories: (1) those
that affect the internal microstructure or chemical
composition of the material and thereby change its
intrinsic  properties (e.g., thermal aging, creep,
irradiation damage), and (2) those that impose
physical damage on the component either by material
loss (e.g., corrosion, wear) or by cracking or
deformation (e.g., stress-corrosion, cracking). The
phenomena of degradation due to aging in NPPs is
complex and requires sophisticated, state-of-the-art
science and technology procedures to detect, monitor,
quantify, and track processes to ensure continued safe
and reliable operation. An effective aging
management program and supporting measurement
systems, along with data analysis, are needed to
determine what mitigating action is needed.

The material degradation phenomena are in many
cases based on longer-term interactions that may not
necessarily represent an immediate challenge to
safety. However, impact on system efficiency
(capacity factor), costly unplanned outages, and
reduction of safety margins should not be ignored. As
plants continue to age, more proactive approaches are

[17]

being proposed , representing a fundamental
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change from most current inspections that are
reactive and based on find and fix.

For nuclear power plants, the operations and
maintenance (O&M) costs are estimated for various
plants and countries at between 40 and 70% of the
overall generating cost. In the USA, O&M is at the
higher end of the range (~60—70%) and fuel costs are
at about 15-30%. Of the O&M costs (in the USA)
about 80% are related to the costs of labor. In both
Europe and North America the situation is further
complicated by the problem of an aging workforce
and a limited supply of new workers '®. In the
rapidly growing Asian economies and developing
countries, there are also challenges in meeting the
skilled workforce needs '),

Active components are now routinely managed and
replaced through plant maintenance programs. The
state-of-the-art has advanced significantly in recent
years, and condition-based maintenance and
increasingly online monitoring is being employed .
There are already known to be significant additional
opportunities to deploy new technologies when
power uprates and upgrades, including modernization
of instrumentation and control systems, are
implemented at existing facilities. The economic
benefit from a predictive maintenance program can
be demonstrated from a cost/benefit analysis. An
example is the program for the Palo Verde Nuclear
Generating Station “'\. An analysis of the 104 U.S.
legacy systems has indicated that the deployment of
online monitoring and diagnostics has the potential
for savings at over $1B per year when applied to all
key equipment #%1,

For passive components, these are currently managed
through in-service inspection. The potential and use
of online monitoring is still at the R&D stage. There
has been a growing recognition that nuclear plant
condition assessment based on nondestructive testing
(NDT) for metal components at the time of
fabrication followed by intense inspections during
outages requires the adoption of conservative
assumptions with regard to addressing detected
indications and intervention. With aging plants there
is the risk of “surprises” at outages, which can cause
extended down time. There is a concern that current

inspection frequencies may not match rates of
degradation growth, which adds support to the
conclusion that online monitoring is needed for both
current and new reactors.

Reviews of requirements looking towards more
holistic and proactive plant management approaches
provide opportunities to define, develop, and deploy
advanced online surveillance, diagnostic, and
prognostic techniques that continuously monitor and
assess the health of NPP structures, systems, and
(SSC). These
potentially deliver enhanced condition awareness and

components technologies  can
improve advanced outage and maintenance planning
through early warning of conditions and components
that require attention while at the same time
minimizing exposure to many future and unknown
risks.

3 Life-beyond 60 years

The move in the USA towards consideration of
extended longer-term operation or LB-60, the second
period of license extension from 60-80 years, is
serving to focus attention on the science and
technology needed. In 2009 the U.S. DOE-NE
sponsored a Light Water Reactor Sustainability
(LWRS)
instrumentation, information, and control (II&C)

workshop  focused on  advanced

systems, and human-system interface technologies
U7 Three R&D strategic program goals were
identified as being central to better understanding the
challenges posed by nuclear power plant aging,
including advanced instrumentation systems. The

primary activities identified in this I1&C area were:

® Sensors, diagnostics, and prognostics to support
characterization and prediction of the effects of
aging and degradation phenomena on critical
systems, structures, and components (SSCs)

® Online monitoring of SSCs and active
components, generation of information, and
methods to analyze and employ online
monitoring information

® New methods for visualization, integration, and
information use to enhance state awareness and
leverage expertise to achieve safer, more readily
available electricity generation.
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The LWRS strategy has been recently further refined

[2

and updated ', but these needs remain. Initial

progress in several areas been described in multiple

reports [24.25]

Another LWRS workshop was held in 2010 focusing
on online monitoring (OLM) technologies. The
workshop was organized to bring industry and
researchers together to identify the technology and
research gaps associated with the nuclear industry’s
OLM needs. The intent of the workshop was also to
foster collaboration between industry and research

organizations in addressing the gaps *°.

From 2007-2011, the International Atomic Energy
Agency (IAEA) facilitated a cooperative research
program (CRP) to establish the state-of-the-art in
online monitoring, surveillance, diagnostics, and
prognostics technologies for the equipment and
structural health monitoring (SHM) in the nuclear
industry and to identify the technology gaps and
research needs of the nuclear industry with respect to

surveillance, diagnostics, and prognostics 7.

EPRI has been engaged in LTO research activities
and has collaborated with the U.S. DOE-NE through
the LWRS program. In 2011, EPRI hosted a Nuclear
Online Monitoring workshop consisting primarily of
participants from U.S. utilities and vendors of
advanced pattern recognition (APR) software. Utility
members shared experiences with regard to the
implementation of APR software and building
effective business cases to encourage investments in
online monitoring technologies for offsetting
maintenance costs. EPRI also updated members on
the development of a fault signature database for
diagnostic assessments and, eventually, remaining
useful life (RUL) estimations **.

Among the various activities looking at the issues
that surround LB-60, the NRC is seeking to facilitate
the establishment of an International Forum for
Reactor Aging Management (IFRAM) as a part of its
activities in a program called proactive management
of materials degradation (PMMD). The IFRAM
activities are seeking to better facilitate information
exchange and enable enhanced coordination in

identifying gaps and issues that need to be addressed
[29]

4 Online measurements in NPPs

Within a nuclear power plant, the reactor’s
instrumentation and control system provides online
monitoring of various process and environmental
parameters, including temperatures, pressures, flows,
and neutron flux, in a range of locations *”. These
data are not, in general, directly related to the effects
of environmental conditions on life utilization for
plant systems and components. The current
state-of-the-art for online monitoring of component
condition, as opposed to process parameters, in NPPs
includes systems that measure reactor noise, acoustic
signals and vibration in various forms (e.g., loose

3134

parts monitoring and leak monitoring) |
addition there are aspects of process sensor
recalibration that are addressed, in some plants,

2135 Mostly, however,

employing online monitoring *
online monitoring for degradation of system elements
within the nuclear power industry has been as part of
condition-based maintenance programs, and it has

been limited to active components.

4.1 Active components

d 123 it appears

When the state of the art is reviewe
that many, if not all, active components, which are
the pumps, valves, motors, and other moving parts, in
an NPP can potentially be well-managed and
routinely diagnosed, analyzed, and upgraded as
needed using a combination of periodic and online
(CBM).  These

approaches are being implemented by the industry.

condition-based  maintenance

The basis for the application of advanced diagnostics
and prognostics to active components outside the
nuclear industry has a longer history. It emerged, in
large part, from the use of vibration signatures and is
routinely employed for pumps, valves, motors, and

7381 The potential for

other rotating machinery
application in the nuclear industry has been
considered in several studies, including work on
elements in a pilot-scale service water system ") and
wireless sensors on rotating equipment at a research
reactor !, Distributed sensors and computing can be
used on “smart” components, which provide a

condition or degradation metric. An example of this
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is a type of hand-held unit for monitoring on a valve
in the service water system is shown in Fig. 1.

F o ¥ 3 ¥
Fig. 1 Motorized valve with sensors and wireless tag is
shown with a hand-held reader . Reproduced with

permission from ICI/Korea Nuclear Society.

There is currently an EPRI program looking at online
monitoring for active components focused on legacy
plants, and there are a number of utilities who are
deploying both wireless networks and monitoring for
active components. Data analysis is based on pattern
recognition for anomaly detection. These techniques
are basically automating current manual CBM tests
and signature collection. The success with this
technology is causing the community to look beyond
diagnostics to prognostics and beyond locally
monitored CBM to site and then centralized
fleet-based CBM "],

Online monitoring is now being deployed as part of
new LWR plants; for example, by AREVA, where
256 online measurement channels are included in the
new reactor at Olkiluoto in Finland *). New designs
for small modular reactors and advanced nuclear
power plants, which will require longer intervals
between scheduled outages and also shorter outages,
are seeing enhanced online monitoring and advanced
diagnostics as essential.

4.2 Passive components

It is increasingly expected that the management of
the passive components in legacy systems, including
the feasibility and the economics of deploying
determine  the

enhanced  monitoring,  will

acceptability of extended longer-term operation. The

passive systems of particular interest include the
pressure vessel, Class 1 piping, concrete structures in
the form of those which support and surround the
nuclear island and the containment, buried piping,
core-internals and cables. Passive components can
also include some of the structural components that
are related to active components—such as large
pump or valve cases.

In looking beyond current capabilities that are
effective in detecting and characterizing large cracks
and other degradation/corrosion/erosion, there is
interest in those methods capable of detecting and
monitoring early degradation. Several researchers
worldwide are engaged in PMMD-related research
programs, which include detection and monitoring of
carly degradation ™. Significant activities in this

[43]

area include work by Dobmann et al. and

| 14445

Ramubhalli et a ! There are extensive reviews of

this area in papers by Raj et al. “°! and Bond et al.
[47]

4.2.1 Monitoring large defects in metal components

Rules for the ISI of SSCs in commercial LWRs are
provided by Division 1 of Section XI of the ASME
Boiler and Pressure Vessel Code. The rules and
regulations outlined by the Code are mandatory and
are enforceable in the USA through Title 10 of the
Federal Code of Regulations, Part 50 (10 CFR 50).
The requirements of the Code are often generic and
more specific guidelines are often issued by industry
or owner’s groups (e.g., Nuclear Energy Institute
[NEI] and EPRI through the Boiling Water Reactor
Vessels and Internals Project [BWRVIP] and
Materials Reliability Program [MRP]).

Inspection and examination methods are classified in
Article TWA-2000 as visual, surface, or volumetric
examination methods. Specific nondestructive
technologies are called out for the surface and
volumetric examinations in Article IWA-2000. These
are shown in Table 1. However, provisions exist
within the Code to accommodate the use of
alternative examination methods assuming they are
demonstrated to be superior or equivalent to the

specified methods.

Nuclear Safety and Simulation, Vol. 3, Number 1, March 2012 35



MEYER Ryan Michael, BOND Leonard John, and RAMUHALLI Pradeep

Table 1 Summary of NDE techniques included in
Section XI of the ASME Boiler and Pressure Vessel Code.

Surface Examination

Volumetric Examination

Magnetic Particle Radiographic
Liquid Penetrant Ultrasonic

Eddy Current Eddy Current
Ultrasonic Acoustic Emission
Visual

Rules for inspection schedules are provided in Article
IWB-2000. Generally, a “phased” schedule is applied
to examinations, with the specification that all
required examinations for a given category be
distributed over three inspection periods within a
10-year inspection interval. The Code establishes a
hierarchal and layered sampling strategy for the
inspection of components based on their perceived
importance to safety. Systems in direct contact with
reactor coolant (Class 1) receive the most stringent
and populated inspections because it is important to
maintain the coolant inventory and contain
radioactivity. Secondary systems (Class 2), such as
those that remove primary heat or are necessary to
actuate in case of emergency, also must be examined,
but smaller populations of components are generally
inspected than on Class 1 systems. Class 3 systems,
such as the component cooling water supply, service
water, and steam conversion systems, which provide
support functions, are inspected in lesser numbers
and less rigorously. Balance-of-plant components are
not under the purview of ASME Code rules.

Many operating licensees have adopted risk-informed
inservice inspection (RI-ISI) programs to define the
locations and sample size for ISI of safety-related
(Class 1, 2, and 3) piping welds at their plants. The
concept behind RI-ISI is to use insights from a plant
risk analysis to develop a ranked order of
components and apply ISI resources to those
contributing the higher risk. Therefore, RI-ISI could
provide a more meaningful basis for selecting the
specific components to be inspected than was

originally developed by the Code **..

Currently, acoustic emission (AE) is the only tool
sanctioned by the ASME Code for performing online
monitoring of passive SSCs. There is a significant

history relating to AE in the nuclear industry, but it
has seen only limited use in the USA. Field studies
have been conducted that demonstrated the feasibility
of using AE for crack monitoring in actual NPP
environments. In one study, AE was used to
continuously monitor the growth of a known flaw in
a reactor pressure vessel (RPV) nozzle to safe-end
weld at the Limerick Generating Station Unit 1 2.
Similarly, AE technology was field tested on a known
flaw in a nozzle at the Watts Bar Unit 1 reactor [**. A
waveguide was used to couple the AE transducers to
the pipe being monitored, which reduced the
temperature seen by the piezoelectric elements. A
diagram illustrating the location of AE monitoring is
shown in Fig. 2 and a photograph of the Limerick
Unit 1 setup is provided in Fig. 3. The study
demonstrated AE technology for NPP monitoring,
culminating with continuous online monitoring field
trials of nuclear reactor components. These
NRC/Pacific Northwest National Laboratory (PNNL)
research efforts were then used as a basis for
developing an ASME Code Case for the use of AE to
monitor nuclear reactor components. This Code Case
was followed by the development of AE
methodology that was included in the ASME Code,
Section V, Articles 12, 13, and 29. The criteria for
interpreting AE data were included in ASME Code,
Section XI, IWA-2234. This work also provided
invaluable insights into the issues that will be
encountered, and will need to be overcome, in
deployment of online monitoring/prognostics in a
field-deployable system. For example, more robust
transducers and electronics are required than were
used at the Limerick site. Difficulties associated with
routing large numbers of cables and transferring large
volumes of sensitive data in and out of containment
during reactor operation were also highlighted. In
addition to continuous monitoring of crack growth,
AE has been used for continuous monitoring of leaks

32

in pipes ®'! and valves ®. Other applications of AE

in NPPs include preservice and periodic inservice

B3 and loose parts

hydrotesting of pressure vessels
monitoring °*. The work that has been conducted has
shown the feasibility of deploying AE and other

online monitoring systems in an NPP.
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Lo athon Monitoned
Lising AE

Fig. 2 System geometry for tests at Limerick NPP
(NUREG/CR-5963) [,

Fig. 3 AE sensor in place at Limerick NPP
(NUREG/CR-5963) 21,

Research is continuing to investigate the use of
modern AE systems with digital signal processing

and more robust transducers, as well as guided-wave

®1 has shown that

technology. A recent study
instrumentation developments now enable both
advanced AE and guided-wave techniques to be used
for the detection and monitoring of larger size defects
in passive structures relevant to NPPs. These tools
were validated by monitoring fatigue damage
induced in an SA 312 TP304 stainless steel pipe
specimen (see Fig. 4). Acoustic emission detected
signals caused by a crack initiation prior to visual
confirmation of crack formation. Guided ultrasonic
wave was employed to monitor the growing cracks
and the response was related to the crack size. AE has
been recently applied to monitor the simulated failure
of the main cooling pipe of an NPP. The amplitude
and energy of AE events were considered for

indications of failure, and the amplitude distribution
[50]

and event rate were correlated to damage stage

Fig. 4 Four-point bend test conducted on a TP304 stainless
steel pipe specimen (schedule 80).

Guided ultrasonic wave (GUW) technology is also
receiving serious consideration as a crack detection
and degradation monitoring tool for piping inspection
in the nuclear industry. GUW can minimize the need
to remove insulation, and inspections are performed
by injecting relatively low frequency (wavelength ~
component dimension) waves into a target
component. In this regime, ultrasonic energy interacts
significantly with the boundaries of the components
and is thus sensitive to discontinuities introduced by
damage. Currently, a Section V working group is
developing ASME code methodology requirements
for GUW inspections. GUW has been investigated as
a means to detect defects in steam generator tubing
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51321 a5 well as coolant piping °*, containment liner

plates ¥, buried piping 531 and fuel cladding 5% In
addition to straight line components, researchers have
explored the impact introduced by such complexities
as water loading °"), weld seams and joints °*. The
rapidly maturing state of GUW technology, combined
with increasing recognition by the nuclear
community, enables an imminent field demonstration
(591, Typical LWR operating temperatures can pose a
challenge to performing GUW inspections online
with transducers incorporating lead zirconate titinate
(PZT) piezoelectric elements. As a consequence,
alternate piezoelectric materials and also a laser
fiber-optic system has been investigated as means to
excite and detect guided waves in a pipe. A system
for detecting flaws in PWR cooling pipe has been
demonstrated up to temperatures of 300°C '°),

A further monitoring technology that has potential for
field deployment is based on low-frequency
ultrasonic phased arrays (PAUT) " The reliability
of this technique has been studied for several difficult

(62661 " Applications considered

examination scenarios
include examination of degradation in coarse grain
materials (such as cast austenitic stainless steels '),
examination of dissimilar welds [62], examination of
PWR surge line piping welds 63 far-side
examinations of austenitic stainless steel piping

64]

welds | , and examinations of interference fits of

control rod drive mechanism (CRDM) penetrations
[66] In such measurements, various forms of signal
processing including synthetic aperture focusing
(SAFT) are utilized 7] Recent trends utilizing
electronic beam steering improve the characterization
of flaw indications and expand the immediately
inspectable volume of the probe from a stationary
placement compared to single element UT systems. A
factor limiting the use of current PAUT technology
for online monitoring is temperature during reactor
operation. A high temperature PAUT probe is under
development for applications in liquid sodium cooled
fast reactors (SFRs). The probe is targeted for under
sodium viewing (USV) to perform inspections during
outages when the temperature of the liquid sodium is
in the range of 200°C-250°C ®). Such efforts can
potentially be leveraged to benefit development of
PAUT technology for online deployment in LWRs.

4.2.2 Monitoring early degradation in metals
Degradation in metal components in its early stage is
characterized by development of crack nucleation
sites and then small cracks, which are below the size
for which current NDT is sensitive. Laboratory
techniques, including optical methods and those
using potential drop, can be used to study crack
initiation. In deployed systems, inspection sensitivity
to degradation in its early stages could lead to
improved state awareness by increasing the
probability that degradation phenomena are identified
with sufficient time for planning and implementing
corrective action. Earlier knowledge of degradation
also has the potential to provide plant staff with
greater flexibility in responding to degradation
indications, and the opportunity to avoid a failure or
leak rather than merely delaying or mitigating its
negative effects.

The four stages in the evolution of aging degradation
in passive components are discussed by Bond
etal. 17!
with an assessment of the maturity of technologies
suitable for their detection. Traditional NDE
technologies are only sensitive to the most severe

and these are illustrated in Fig. 5, together

stages (stage IV) of degradation while the early
degradation (stage I) is typically observable only
using traditional tools of material science. The need
is to investigate phenomena between these two
extremes and provide field deployable technologies
that are sensitive to “early” degradation (stages
II-111).

The development of methods sensitive to the
phenomena of degradation at early stages first
requires the identification of suitable observables that
correlate with changes in material condition. Such
changes could be local changes in electrical,
mechanical, or thermal properties that “localize”
before initiation of a macro-defect, which could
become metal loss or a crack. For example, gradual
loss of fracture toughness may result from generation
of dislocations and voids preceding failure due to
mechanical-, thermal-, or irradiation-induced
phenomena. To be useful from a plant aging
management perspective, precursors should be
detectable and quantifiable using non-invasive
measurements.  This

may be achieved by
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Fig. 5 Evolution of material degradation and correlation with damage measurement technologies ..

Copyright 2011 by the American Nuclear Society, La Grange Park, Illinois.

and linking the

microstructure property changes to measurable bulk

understanding underlying
material properties (elastic, magnetic, and electrical).
Material aging can be manifest at the microstructural
level in several ways. Examples include changes in
dislocation density, grain size/orientation/shape,
precipitation of second phases, and others. The
influence of such microstructural phenomena on
measurable bulk magnetic and elastic properties is

described in the extensive review by Raj et al. %),

One of the challenges then becomes detecting and
characterizing small local changes from among
natural variability in a nominally homogeneous
material using a modest number of sensors to
interrogate critical regions. This challenge can be
thought of in terms of determining what to measure,
how to measure it, where to measure it, and how
many measurements to make, all using sensors and
that
impacted or degraded by the operating environment

instrumentation will not be significantly

Nuclear Safety and Simulation, Vol. 3, Number 1, March 2012

(temperatures, radiation, and chemistry) during

extended periods.

Several NDE technologies are emerging as potential
candidates to meet early degradation (stages I-III in
Fig. 5) These
micromagnetic techniques in the form of magnetic
Barkhausen noise (MBN) and B-H curve analysis.

measurement  needs. include

MBN is particularly sensitive to imperfections such
as the presence of precipitates and inclusions which
resist the motion of magnetic domain walls.
Substantial efforts to relate thermal, mechanical, and
embrittlement to

radiation degradation

micro-magnetic responses are described by Raj et al.

(461 31 Nonlinear

and Dobmann et al
acoustic/ultrasonic techniques are also promising
with research indicating that nonlinear techniques are
more sensitive to micro-damage than conventional
] Four kinds of

material nonlinear responses, which correlate with

linear ultrasonic techniques
micro-damage, have been identified, and these are
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described by Jhang . These include the generation
of higher-harmonics, generation of sub-harmonics,
nonlinear resonance, and signal modulation (referred
to as mixed frequency response).

4.2.3 Primary containment structures

Typical safety-related concrete structures contained
in LWR plants may be grouped into four general
categories: primary containments, containment
internal structures, secondary containments/reactor
buildings, and other structures. Primary containment
structures, in particular, have significant safety
responsibilities including serving as a final barrier to
the release of radionuclides, providing protection
from severe external anomalies such as missile
attacks or natural disasters, and also providing
shielding for the external environment from radiation.
As a consequence, primary containment structures
must satisfy functional requirements for structural
integrity and leak tightness. They have been the
subject of recent studies and reviews to understand
the relevant aging mechanisms, their impact on the
lifetime of the NPPs, and the adequacy of aging
management plans for discovering and mitigating the

effects of primary containment degradation 7",

In the United States, approximately 80% of PWRs
and 30% of BWRs licensed for commercial operation
use either reinforced or prestressed concrete primary
containments. Usually a very recognizable feature of
an NPP site, these structures consist of a foundational
basemat, cylindrical walls, and a dome-shaped cap.
Concrete containments can be up to 50 m in diameter,
and up to 70 m tall, with wall and dome thicknesses
approaching 1.4 m. Basemats can be up to 4.1 m
thick. Leak tightness is achieved with the use of a
metal liner on the inside surface of the containment.
The liner is typically composed of carbon steel plates.
Leak tightness at joints and penetrations is achieved
through welding or the use of polymeric seals and
gaskets. Because of its foundational structure, the
basemat is heavily reinforced with steel. The walls
and dome of the structure also contain reinforcing
steel while prestressed containments also use tendons,
which are tensioned to hold the walls and dome in

: 70
compression L ].

A variety of phenomena can compromise the
functional integrity of concrete structures, including
aging degradation, collapse of soils under the raft of
the nuclear island which impacts load distribution,
seismic activity, and long-term or transient
fluctuations in pressures and temperatures during an
incident. Leak tightness can be compromised by
degradation of welds and seals at joints or
through-thickness corrosion of liner plates. Structural
integrity is impacted by many forms of degradation
associated with both the cement-aggregate mixture
and supplemental metallic hardware. The porosity
and permeability of the concrete significantly
influences susceptibility to degradation through
impact on transport of moisture and chemical species
through the interior of the member. Degradation of
the cement-aggregate mixture can occur by chemical
or physical attack, which is ultimately manifest as
cracking and loss of strength. Some forms of
chemical attack include alkali-silica reactions,
carbonation, and sulfate attack. Examples of physical
attack include freeze/thaw cycles, shrinkage, creep,
and drying. Corrosion of metallic hardware
embedded in the concrete can lead to cracking in the
concrete. Loss of tension in the tendon system is a
concern associated with prestressed containments and
can occur by shrinkage or creep of the concrete,
tendon relaxation, or corrosion of tendon cables and

anchorage hardware ["*7%,

Inspection requirements of concrete sections of the
containment, metallic reinforcement systems, and
post-tensioned tendon systems are covered by Article
IWL-2000 of Section XI of the ASME Boiler and
Pressure Vessel Code. IWL-2000 specifies two types
of visual inspections for these components referred to
as a general visual inspection and a detailed visual
inspection. The purpose of detailed visual inspections
is to assess the severity of degradation identified
during the general visual inspection. Components that
are not accessible for visual inspections are subject to
an environmental assessment to determine the
likelihood for degradation. Single wires or strands
from sample tendons are removed to undergo detailed
visual examination and a series of mechanical tests.
Article IWL-2000 specifies that components must be
inspected at 1, 3, and 5 years following containment
construction and every 5 years thereafter. Rules for
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the inspection of metallic liners are outlined in
Subsection IWE of the ASME Code, Section XI. The
Code specifies general visual inspections for all
surfaces accessible to inspection. Paragraph
IWE-1241 specifies criteria for which surface regions
require additional augmented inspections by either
more detailed visual or ultrasonic means. In addition
to the ASME Code requirements, additional
regulations are contained in the Code of Federal
Regulations, specifically, Appendix J of 10 CFR Part
50. These rules specify the requirements for verifying
the leak tightness of the containment boundary and

specify the frequency of periodic leak testing [,

Structural assessments of concrete containments are
normally performed through NDE and destructive
mechanical and chemical analysis of core samples.
The heterogeneous nature of concrete containments
and variety of degradation mechanisms requires the
application of diverse techniques to obtain a holistic
assessment of structural integrity. Some issues
associated with concrete inspections are associated
with access. Examples include sections that are
below grade or thick concrete members such as the
basemat, which is also heavily reinforced. Some
difficulty has also been experienced in accessing
portions of metal liners embedded in concrete >"].
A comprehensive overview of inspection techniques
for concrete structures at NPPs is included in a

3] Motivated by large costs

review by Naus
associated with manual containment inspections in
addition to risks to personnel safety, EPRI supported
a project to instrument the containment structure at
the Ginna nuclear generating station with optical
strain gauges for monitoring the stress of a sample of
prestressed tendons. The real-time information
provided by the instrumentation gives operators a
significantly greater state awareness of tendon

[74

conditions . For new plants, there is increased

interest in the use of embedded optical fibers to

continuously monitor the condition of concrete

[75.76

structures ! Guided ultrasonic waves have been

the focus of efforts to inspect embedded portions of

[54

concrete containment liners ], and researchers are

increasingly investigating GUW techniques and AE

as a means to monitor strain in prestressed tendons

77-81 . . .

7811 a5 well as reinforcing steel for signs of

82-86] T .
| Diffuse ultrasonic

fields are under investigation for detection of damage

corrosion and delamination

in the heterogeneous cement — aggregate mixture
[87-89]

4.2.4 Cable condition monitoring

Cables are a part of power, instrumentation, control,
and communication circuits in NPPs and are essential
to both normal and post-accident plant operations.
Thousands of kilometers of cables, of a variety of
classes, are routed throughout NPPs ®*.. Most cables
were selected and tested to have a nominal 40-year
life. Licensee data shows that the number of cable
failures is already increasing even within the 40-year
nominal lifespan !, However, LTO is now seeking
operation to 60 and even 80 years. In many cases,
cables are difficult and expensive to replace. It has
even been suggested that it is the economics of cable
replacement that could be the determining factor in
the economic assessment for the feasibility of plant
Lo 2,

The main components of an I&C or low-voltage
power cable include the conductor(s), electrical

t . Typical

insulation, shielding, and outer jacke
cable architecture consists of one or several
conductors individually wrapped with electrical
insulation and bundled inside of a protective jacket
(see Fig. 6). Single conductor cables will consist of
the components listed above while multiple
conductor cables will also include extra filler material
between individual conductors to constrain the
movement of individual conductors within the jacket.
The cable insulation and jacket components are
normally composed of polymeric materials. Common
insulating materials include cross-linked
polyethylene (XLPE), ethylene propylene rubber
(EPR), ethylene propylene dimonomer (EPDM), and
polyvinyl chloride (PVC). Common jacket materials
include neoprene, hypalon (CSPE), and PVC P¥. The
polymeric materials will often contain protective
additives (i.e., anti-oxidants, thermal stabilizers, fire

retardants) 1?1,
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Protective

Insulation Jacket

Filler
Fig. 6 Depiction of a typical cable architecture.

The aging degradation of a cable will be governed by
the polymeric system, environmental conditions, and
the time scale for which age-inducing stressors are
applied **!. Exposure to high temperatures, moisture,
and radiation are key aging stressors for cables ).
Polymeric insulation and jacket materials can become
embrittled with sufficient exposure to high
temperature and radiation while moisture intrusion
can reduce the dielectric integrity of the cable ).
Exposure of cables to boric acid and mechanical
vibration are also potential aging factors. In addition
to the main cable body, splices and connectors can
also be potential locations for degradation and

failure %,

Cable aging management in the U.S. nuclear power
industry is not subject to formal requirements. The
NRC has performed an evaluation of cable aging
degradation and cable condition monitoring
techniques to form the technical basis to support the
development of regulatory guidance °'. Recently,
guidance documents have been published by EPRI
for the aging management of both low-voltage 7
and medium-voltage ! cables in NPPs. The EPRI
guidance documents define the scoping criteria for
including cables in an aging management plan.
Factors that determine if a condition assessment is
required include the 1)relevance of the cable to
safety and 2) severity of the cable environment.
These documents also provide guidance for cable
testing, acceptance criteria, and actions to address

degraded cables.

Localized degradation (“hot spots”) can disrupt the
function of the entire cable. Thus, consideration of
cable architecture, connectors, potential
environmental stressors, hot spot phenomena, and the
desire to perform measurements in situ impose a

complex set of requirements on cable condition

monitoring systems. The current cable condition
monitoring techniques have been reviewed by

61 Condition assessment

Hashemian et al.
techniques are generally visual, mechanical, chemical,
or electrical in nature and these approaches are
summarized in Table 2. Visual, mechanical, and
detailed

characterizations of damage but are often localized or

chemical techniques can  provide
destructive in nature. Further, in situ evaluations in
extreme environments, such as within containment,
are unlikely if sampling requires direct human
interaction. Electrical techniques can sample larger
sections of cable, they are nondestructive, and some
techniques can be performed online. However,
electrical techniques are most sensitive to damage in
the conductor and are limited in their ability to
characterize damage prior to a failure that impacts
electrical function. The application of several
condition monitoring techniques is often necessary to
form a comprehensive assessment of cable condition
(99101 Thys, efforts continue in the development of in
situ online cable monitoring tools that are able to

provide a more holistic assessment of cable condition
[96]

Table 2 Summary of cable condition monitoring techniques
[96]

Property Technique

Mechanical ~Elongation at break (EAB)
Indenter Modulus

Chemical Oxidation induction time (OIT)/temperature

Fourier transform infrared (FTIR)
spectroscopy

Nuclear magnetic resonance imaging (NMRI)

Gel content or gel fraction test

Insulation resistance

High voltage testing

Impedance testing

Time domain reflectometry (TDR)

Electrical

Frequency domain reflectometry (FDR)

5 Prognostics for the nuclear power
industry

Prognostics are methods for predicting the future
condition and remaining safe or service life, based on
understanding the effect of stressors which cause
degradation phenomena that impact a system’s
capability to perform its desired function. Depending
on data available, this prediction can be made using
various classes of algorithms which vary in terms of
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the ability to make a prediction for a specific unit or
an average performance for a class of components.

Current practice with condition-based monitoring can
be used to identify an off-normal condition for a
specific unit, such as a pump or motor, and to initiate
maintenance or replacement in order to avoid a
failure. Current practice is moving from diagnostics,
which gives an assessment at a point in time based on
observed data (e.g., CBM assessment, an NDE, or
structural health monitoring (SHM) assessment), to
prediction of remaining useful life. This predictive
element can be achieved using the range of
approaches, based on different classes of data sets
and algorithms, which are identified in schematic
form in Fig. 7. These range from the general
data-based
populations, such as the performance of all pumps of

statistical assessments based on
a particular type or class, to those based on physical
degradation models with specific data taken on a
particular part or component. Those methods shown
at the top of the pyramid increase accuracy, but they
also come at a higher cost, require greater
understanding of the system under study, and often
require more data for analysis.

> Model-Based Prognostics g

3] : ;

P (Failure Physics, Virtual -
oy 5 S Fuineti )
= 2 Sensing, Functional) e}
= 9 )
2 9
o < \

5 <
S 2 Classification Evolutionary or
]

Methods, Fuzzy
Logic, NN, State
Estimation Models

(Data Driven, Feature-
Based Correlation)

e,
-
)
Trending Modcls ?O
2
%
(3]
]

Experience-based

Generic, Statistical Life s
- Prognostics

Usage Algorithms

(Failure PDFs, Few
sensors or model)

L e

Range of System Applicability
Fig. 7 Range of prognostic approaches *!. Copyright 2011
by the American Nuclear Society, La Grange Park, Illinois.

There is an extensive history of prognostics
technologies for non-nuclear applications, including
instrumentation and system health monitoring for
electronics, in what is being called “electronics

. 101-103
prognostics” [ ]

There are also integrated
technologies being developed for advanced fighter
aircraft and unmanned aerial vehicle (UAV) system

health  monitoring, = which  include  both

electrical/electronic and mechanical systems. A
review of machinery diagnostics and prognostics for
CBM is provided by Jardine et al. "'* but again it
does not consider nuclear power systems. There is

1951 that considered

also a review by Kothamasu et al. !
both the current health monitoring paradigms and the

tools and standards.

As suggested by the “No Free Lunch” Theorem, no
one prognostic algorithm is ideal for every situation
(106197 A variety of models have been developed for
application to specific situations or specific classes of
systems. The efficacy of these algorithms for a new
process or system depends on the type and quality of
data available, the assumptions inherent in the
algorithm, and the assumptions that can validly be
made about the system. As such, these prognostic
algorithms can be categorized according to many
criteria. One proposed categorization focuses on the
type of information used to make prognostic

108 I practice, there is no need to limit

estimates
oneself to a particular prognostic algorithm for any
given component. Different algorithms may be more
suitable over certain stages of a component’s lifetime

depending on the information that is available.

The state-of-the-art in prognostics technology for
condition-based monitoring has been reviewed by
Lybeck et al. [25], Coble et al. [109], and Hines et al.
MO An assessment of the state of the art in
diagnostics and prognostics in terms of technology
maturity for different classes of systems was
provided by Howard ', and this has been recently
updated and expanded to specifically include aspects

[

of nuclear systems !, The status for these various

elements is shown in Table 3.

Lybeck et al. *! assessed the state-of-the-art of

prognostics  technologies for nuclear power
implementation. The assessment covered component
selection methodologies, prognostic algorithms, and
prognostic architectures. The assessment considered
several commercial software packages originally
intended for other industries in an effort to leverage
those resources for deployment of prognostics in the

nuclear power industry.
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Table 3 State of Maturity for Diagnostics (D) and Prognostic (P) Technologies !'! and adapted from Howard Keynote
Address Y, by permission of the MFPT.

Diagnostic/Prognostic Technology for:

AP©® A® © NO©@

Basic Machinery (motors, pumps, generators, etc.)
Complex Machinery (helicopter gearboxes, etc.)
Metal Structures

Composite Structures

Electronic Power Supplies (low power)

Avionics and Controls Electronics

Medium Power Electronics (radar, etc.)

High Power Electronics (electric propulsion, etc.)
Instrument re-calibration — monitoring (NPP)
Active components — nuclear power plants
Passive components — nuclear power plants

D&P
D&P
D

o U U U o

vAlvBlvilvilviv)

(a) AP = Technology currently available and proven effective.

(b) A = Technology currently available, but verification and validation (V&V) not completed.
(c) I = Technology in process, but not completely ready for V&V.

(d) NO = No significant technology development in place.

The importance of component selection, when
implementing advanced pattern recognition (APR)
software tools in the nuclear power industry, was
emphasized at an EPRI Nuclear Online Monitoring
workshop in 2011. Industry experience with APR
shows that integration of such tools in the field is
certainly feasible 1. However, success is correlated
with the amount of fore-thought and planning
associated with an implementation strategy 2] Thys,
a key aspect to enabling widespread application of
prognostic tools in the nuclear industry is for utilities
to have well developed strategies for implementing
Likewise,

these products. a poorly conceived

implementation  strategy can have negative
consequences that significantly impact the likelihood
that prognostic tools can be transferred to industry in
a timely fashion. Beyond these discussions of
industry experience, industry is also developing a
fault signature database for diagnostic assessments
with the goal of eventually deploying the ability to
make remaining useful life (RUL) estimations **.
The success of these efforts relies on industry

participation for database population.

5.1 Integrated prognostic

As indicated, prognostics methods have been
successfully applied to active components and the
challenges remain with passive components. The
application of prognostics to NPP SSCs will require
adoption of a philosophical and cultural change in the
nuclear community.

Engage Materials Community
Specimens, Degradation
Growth Model,...

Engage Industry

OLM trlals, r
Stressor l

Information

Sensor and
Instrumentation —»
Deign for OLM

Probabilistic
In-situ Online Monitoring ‘ Prognostic

NDE Methods for
degradation
precursors
4
Monitoring Degradation Precursors P"° nostics

' Engage Risk Commumg
PRA, Risk Assessment,..

Fig. 8 Elements in the LWRS on line monitoring activities

Degradation 5
— Time-To-
State FallureIRUL

to provide prognostics '®!. Reproduced with permission from

ICI/Korea Nuclear Society.

A schematic showing the integration of some of the
elements in the online monitoring/NDE elements of
the LWRS program is shown as Fig. 8.

An example of the ability to predict damage
accumulation is provided with the data in Fig. 9 !'%
This is a fatigue prognostic for a passive component
based on measurements of the nonlinear acoustic
responses in data from Kulkarni et al. "l
Measurements in the degradation precursor stage
were used, with a semi-empirical model of damage
accumulation and assumed stressor profiles, to
predict the level of damage at future times using a
Bayesian algorithm. This information can be used,

together with failure probabilities, to estimate RUL of
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passive structural components, extrapolating from
early degradation detection ®”. The use of online
NDE monitoring techniques can enable frequent
updates to the condition of the structure and
subsequently to the RUL estimate. Further, data from
multiple measurement modes can potentially help
improve the accuracy and reduce the uncertainty

associated with the prediction "',

Prognostics: Estimated Damage Index using A tic Monli ity

Failure Density !
(Probability of failure/
0.8 'gman damage |nde>§} — TrueDl

Estimated DI
------- Lower Bound (95% CL)
~Upper Bound (95% CL)
+ A d t

=
£

Damage Index (%)

o
=

o2 _+Actual Time to Failure

1 2 3 4 5 [ 7 8
Cycles x10°

%

Fig. 9 Prediction of DI from acoustic nonlinearity
measurements, to demonstrate the feasibility of the prototype

Bayesian algorithm.

6 Technology/Knowledge gaps

For passive component assessment, researchers have
investigated NDE technologies that are sensitive to
degradation precursors due to mechanical fatigue,
thermal aging, and radiation effects. Most research to
date has resulted in empirical relationships between
precursor phenomena and NDE measurement
parameters. More work is needed to fully understand
the separate effects of multiple microstructural
phenomena on NDE signals and to develop physical
models correlating microstructural changes, induced
by aging, to macroscopic NDE measurements.

Quantification  of through  the
measurement and prediction process is essential to

uncertainty

bounding the confidence of diagnostic assessments
and RUL predictions. Uncertainties are associated
with the NDE measurements, interpretations of the
degree of damage, stressor history, future stressors,
and the models used to integrate factors and
extrapolate and bound predictions moving forward in
time.

The development of ruggedized sensors for NPP
environments is key to the successful deployment of
online surveillance technologies. Not only must
sensors survive, but they must exhibit robust
behavior while exposed to stressors for periods of
several years or decades. Excellent tolerance to
thermal stress is required for sensors assigned to
monitor pressure boundary components while sensors
for internal component monitoring require an even
higher tolerance to temperatures and radiation effects.

The what and how to measure questions remain only
partially answered, as does the issue of the number
and location of the sparse network of sensors to be
used for monitoring degradation in passive
components. Strategies are still needed to optimize
placement of sensors. Such placement could be
informed by expert opinion and/or the results of a
risk-based analysis. As the number of sensors grows
larger, data management and wireless implementation
becomes important, particularly with regard to power
needed for sensor operation and data transmission to
a monitoring and analysis location.

Data fusion is also needed to form more holistic
condition metrics at the system level from data
obtained by multiple measurements. Components
with complex architectures, such as cables, are most
illustrative of this need. It is also likely that combined
measurements can enable more complete condition
indications for concrete and metal components as
well. Methods to meaningfully combine stressor
information with damage characterization are also
needed to facilitate stressor-based prognostics.

7 Conclusions

Safe, secure, and economic operation of nuclear
power plants will remain of strategic significance.
New and improved monitoring will have increased
significance in the post-Fukushima world.

The science base for advanced surveillance of active
components has benefited from work primarily
conducted in the aerospace and defense industries.
Although some open issues remain, active
components are being well managed, maintained, and
condition-based

replaced as needed using

maintenance approaches. There is increasing
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adoption of online monitoring and centralized
monitoring, with consideration being given to the
adoption of prognostics for active components.

For legacy plants, the challenges relate to monitoring
passive components when looking at extended LTO
(60 years+ of operation), particularly in providing the
science base for early detection of changes using
advanced surveillance. As interest in this field grows,
it is likely that several more promising measurement
techniques will be identified. It is also likely that
prognostics techniques for passive components will
become a necessary part of extended operation for
NPPs. The application of prognostics to NPP passive
components still presents technical challenges and
will require adoption of a philosophical and cultural
change in the nuclear community if it is to be
successful.
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