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Abstract

The Next-Generation Nuclear Plant will be a high temperature gas cooled reactor (HTGR) operating
at temperatures up to 950°C and cooled by helium. HTGR designs exist to meet modern demands for
safety, modularity, and versatility with respect to the production of electricity, process heat, and
hydrogen. While two HTGRs have been licensed and operated in the United States (Fort St. Vrain and
Peach Bottom 1), and several more in Europe and Asia, the cumulative operating experience with HTGRs
is limited compared to the operating experience accumulated from the operation of Light Water Reactors
(LWRs). The minimal operating experience, coupled with the exceptional stress created by the high
temperature environment, motivates the application of online monitoring technologies to monitor
degradation of structural components. Two online monitoring technologies, Acoustic Emission (AE) and
Guided Ultrasonic Waves (GUW), have significant potential for application to HTGRs. This report is an
assessment AE and GUW for online monitoring of degradation in HTGRs based on a review of open
literature. This literature review was performed through several phases including a literature search, a
review of abstracts, selecting and requesting literature that was deemed most relevant, and finally a
thorough evaluation of the acquired literature. The literature searches were conducted with the assistance
of library staff at Hanford Technical Library. Rules for online degradation monitoring in LWRs with AE
are included Section XI and Section V, Article 13 of the ASME Boiler and Pressure Vessel Code. The
use of AE for crack monitoring has been demonstrated in the field on operating LWRs. In addition to
crack monitoring, AE has been deployed for leak monitoring, and loose parts monitoring. All of these
applications are negatively impacted by the presence of background noise in an operating reactor
environment. Cavitation is a common source of noise in an LWR environment that is not expected in an
HTGR environment. However, an HTGR environment may contain other sources of noise such as
cracking and spalling of oxide layers. Higher operating temperatures imply the standoff requirements for
sensitive piezoelectric transducers and electronics will be greater in an HTGR environment and may
result in decreased sensor sensitivity. Finally, AE has been extensively studied for its ability to detect
forms of degradation relevant to LWR materials and environments. Studies investigating the sensitivity
of AE to degradation in HTGR environments are limited. GUW is a promising technology and is
experiencing increasing interest from the LWR community for application to the inspection of piping and
plate-shaped components. GUW holds similar promise for inspecting HTGR components since its long
range inspection capability may allow inspection in harsh conditions remotely from a tolerable
environment. Additionally, online monitoring of HTGRs with GUW is facilitated by the gas-phase form
of the coolant.
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Summary

Advanced nuclear power plants, such as the Next-Generation Nuclear Plant, are expected to operate
at higher temperatures to take advantage of the higher efficiencies possible in converting thermal energy
to electrical energy. Conventional light-water reactors (LWRs) operate at typical efficiencies of 20%—
30% (thermal-to-electric), limited primarily by the coolant. High-temperature gas reactors (HTGRs) are a
subset of high-temperature reactors, which propose to use a range of coolant materials, including helium
or supercritical CO, gas, liquid metals (such as liquid sodium), and molten salt to operate at much higher
temperatures. HTGR designs are proposed to operate at higher outlet temperatures, on the order of
950°C, which can stress the available materials that are used in the design and construction of the
HTGRs. Substantial monitoring and surveillance efforts of structural components are essential to the
management of aging and degradation processes in HTGR environments to cope with enhanced material
stressors and limited operational experience. In addition, the implementation of on-line refueling (as in
the Pebble Bed Modular Reactor) means HTGRs may operate over ten years before encountering a
shutdown for fuel management. Ten years is the current inspection interval specified for the inspection of
systems, structures, and components in LWRs. Flaw growth rates in HTGRs may be expected to exceed
flaw growth rates in LWRs because of higher operating temperatures. To avoid increased frequency of
HTGR shutdowns to inspect for degradation, on-line monitoring approaches to manage degradation in
HTGRs are needed.

Acoustic emission (AE) and other online monitoring (OLM) technologies, especially guided
ultrasonic waves (GUWs), are candidate technologies for performing monitoring and surveillance of
HTGR structures while online. The capability of these techniques for monitoring HTGR environments
was assessed by performing a survey of open literature relating to operating conditions of HTGRs and the
state-of-the-art of AE and GUW techniques. This literature survey consisted of multiple stages including
a literature search, a review of abstracts, selecting and requesting literature that was deemed most
relevant, and finally a thorough evaluation of the acquired literature. The literature searches were
conducted with the assistance of library staff at Hanford Technical Library. Gaps with respect to the
application of AE and GUW to HTGR environments are highlighted. Applications of AE to nuclear
power plants (NPPs) have been considered for decades and have contributed to the development of leak
monitoring, loose parts monitoring, and degradation monitoring systems for LWRs. GUW is an emerging
technology for which new applications for NPP monitoring continue to be discovered. Some promising
features of GUW techniques with respect to monitoring of HTGR structures are highlighted.

The background noise in HTGRs is a source of uncertainty in predicting the efficacy of AE for the
above OLM applications. While cavitation is described as a significant source of noise associated with
LWR coolant loops, it will not be a factor in HTGRs. However, oxidation of components at high
temperatures may introduce a significant source of noise in HTGRs that is not of consequence to the
operation of LWRs. The high temperature of HTGR environments can also negatively impact the
effectiveness and reliability of AE monitoring indirectly. Generally, the higher temperature environments
in HTGRs relative to LWRs imply a larger standoff requirement for sensitive piezoelectric elements for
many reactor components or other heat shielding to limit the thermal exposure of the transducers to
tolerable levels. Attenuation in waveguides is linearly related to waveguide length; thus, it is generally
expected that AE sensors for HTGR applications will be less sensitive than waveguide sensors for LWR
applications.



AE is most sensitive to gross physical damage in materials such as metal loss (corrosion, wear),
cracking, and deformation. AE can potentially be deployed for local zone monitoring of degradation
processes including corrosion, fatigue cracking, and stress corrosion cracking. In these cases, the
monitoring zone may surround an existing flaw or may encompass a region of unusual stress
concentration including welds and material discontinuities. The above degradation phenomena are
common to both LWRs and HTGRs. Many degradation phenomena unique to HTGRs may be monitored
with AE as well. Processes including oxidation, carburization, and creep rupture have all resulted in
detectable AE in laboratory experiments employing waveguide sensors. More work may be necessary to
fully understand the capability of AE to monitor these processes in HTGR environments and in HTGR-
relevant materials.

GUW monitoring is a promising technology with respect to HTGR degradation surveillance. The
detection of simulated flaws in LWR components has been demonstrated but difficulties remain with
respect to GUW signal interpretation and flaw characterization. GUWs introduced to high-temperature
structures will not be subject to attenuation by adjacent layers of liquids, potentially allowing for
monitoring during HTGR operation. Additionally, the ability of GUW to monitor structures over a long
range may allow for GUW monitoring of structures in harsh conditions remotely from a more tolerable
environment.
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Acronyms and Abbreviations

AE acoustic emission

AET acoustic emission testing

AGR advanced gas-cooled reactor

AISI American Iron and Steel Institute

ARIS Advanced Reactor Information System
ASME American Society of Mechanical Engineers
ASNT American Society of Nondestructive Testing
AST automatic sensor testing

ASTM American Society for Testing and Materials
AVR Arbeitsgemeinschaft Versuchsreaktor

BPV Boiler and Pressure Vessel

BWR boiling water reactor

CANDU CANada Deuterium-Uranium reactor

CFRC carbon fiber reinforced carbon

Code ASME Boiler and Pressure Vessel Code
DMDS dimethyl disulfur

EMAT electromagnetic acoustic transducers
GTMHR gas turbine modular helium reactor

GUW guided ultrasonic wave

HAZ heat-affected zone

HTGR high-temperature gas reactor

HTR high-temperature reactor

HTR-PM high temperature gas cooled reactor — pebble bed modular
HTTR high temperature test reactor

IAEA International Atomic Energy Agency
IGSCC intergranular stress corrosion cracking

IHX internal heat exchanger

ISI inservice inspection

LMFBR liquid metal (-cooled) fast breeder reactor
LPMS loose part monitoring systems

LWR light-water reactor

MARSE measured area under rectified signal envelope
MHTGR modular high-temperature gas-cooled reactor
MsS magnetostrictive sensors

NGNP next-generation nuclear plant

NPP nuclear power plant
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NRC U.S. Nuclear Regulatory Commission

ODS oxide dispersion strengthened

OLM online monitoring

PBMR pebble bed modular reactor

PCA Principle Component Analysis

PCRV prestressed concrete reactor pressure vessels
PWR pressurized water reactor

RIS radiation-induced segregation

RPV reactor pressure vessel

SCC stress corrosion cracking

SEM scanning electron microscopy

SH shear-horizontal

SiC Silicon carbide

SOTA state of the art

SPRT Sequential Probability Ratio Test

SS stainless steel

SSC Systems, structures, and components

TGA thermogravimetric analysis

TGSCC transgranular stress corrosion cracking

TLA thin layer activation

TRISO tri-structural isotropic (coated-fuel particle design with three materials in coating

system (low-density PyC, high-density PyC, and SiC)
UNS Unified numbering system
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1.0 Introduction

Advanced nuclear power plants, such as the Next-Generation Nuclear Plant (NGNP), are expected to
operate at higher temperatures to take advantage of the higher efficiencies possible in converting thermal
energy to electrical energy. Conventional light-water reactors (LWRs) operate at typical efficiencies of
20%—-30% (thermal-to-electric), limited primarily by the coolant. High-temperature gas reactors
(HTGRs) are a subset of high-temperature reactors (HTRs) which propose to use a range of coolant
materials, including helium or supercritical CO, gas, liquid metals (such as liquid sodium), and molten
salt to operate at much higher temperatures. HTGR designs are proposed to operate at higher outlet
temperatures, on the order of 950°C, which can stress the available materials that are used in the design
and construction of the HTGRs. Substantial monitoring and surveillance efforts of structural components
are essential to the management of aging and degradation processes in HTGR environments to cope with
enhanced material stressors and limited operational experience. In addition, the implementation of on-
line refueling (as in the Pebble Bed Modular Reactor) means HTGRs may operate over ten years before
encountering a shutdown for fuel management. Ten years is the current inspection interval specified for
the inspection of systems, structures, and components (SSCs) in LWRs. Flaw growth rates in HTGRs
may be expected to exceed flaw growth rates in LWRs because of higher operating temperatures in
HTGRs. To avoid increased frequency of HTGR shutdowns to inspect for degradation, on-line
monitoring approaches to manage degradation in HTGRs are needed.

Acoustic emission (AE) and other online monitoring (OLM) technologies, especially guided
ultrasonic waves (GUWSs), are candidate technologies for performing monitoring and surveillance of
HTGR structures while online. The capability of these techniques for monitoring HTGR environments is
assessed by reviewing operating conditions of HTGRs and AE state-of-the-art. Gaps with respect to the
application of AE to HTGR environments are highlighted. Applications of AE to nuclear power plants
(NPPs) have been considered for decades and have contributed to the development of leak monitoring,
loose parts monitoring, and degradation monitoring systems for LWRs. GUW is an emerging technology
for which new applications for NPP monitoring continue to be discovered. Some promising features of
GUW techniques with respect to monitoring of HTGR structures are highlighted.

1.1 Method

Most of the information compiled in this report was obtained from a study of open literature. This
literature survey consisted of multiple stages including a literature search, a review of abstracts, selecting
and requesting literature that was deemed most relevant, and finally a thorough evaluation of the acquired
literature. The focus of the literature search was the physical property studies on the use of acoustic
emission, applicability of AE to HTGRs, applicability of GUW to monitoring of NPP SSCs, and existing
American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (Code) provisions
related to AE use in nuclear power reactors. Several keywords relevant to AE and GUW, the
applicability of AE to HTGRs, applicability of GUW to monitoring of NPP SSCs, and ASME Code
sections were identified based on a preliminary literature survey.

These keywords were the basis for a search conducted by Hanford Technical Library to search several
databases and identify potentially relevant articles and reports. Searches on these relevant keywords
generated a large pool of references related to non-HTGR applications. The pool of generated literature
that considered the application of monitoring technologies to HTGRs was relatively sparse. Therefore, a
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second phase of the literature search was initiated to identify applications of these technologies in high-
temperature plants such as coal and gas-fired plants. In total, the two phases of our literature search
identified approximately 900 documents.

Of the approximately 900 documents identified through the literature search, 76 were considered of
significant priority to this task. The priority given to individual documents was determined by reviewing
document abstracts against several parameters including the age of the document, the application, and
uniqueness of the content to reduce the list of documents and minimize document purchases. An
additional 40 documents considered of significant priority to this task were identified by reviewing the
bibliography obtained in Subtask 1A. Finally, in addition to articles collected through the formal
literature search, the authors tracked down articles informally based on an initial evaluation of the
literature obtained through the formal literature search.

1.2 Technical Letter Report Outline

This report summarizes the state-of-the-art (SOTA) on AE and other OLM methods (GUW) for
monitoring and surveillance of materials in HTGR environments. The remainder of this technical letter
report is organized as follows:

e Section 2 summarized aspects of HTGRs considered relevant to the application of AE and other OLM
technologies. Likely materials for HTGR components are summarized along with expected
degradation mechanisms and representative environmental conditions.

e Section 3 provides a SOTA summary of AE technology. In particular, the sensitivity of AE with
respect to several degradation phenomena is summarized. Further, descriptions of modern AE
hardware and their capabilities are summarized. Finally, discussions of several applications of AE to
the nuclear power industry are included.

e Section 4 discusses GUWSs as a monitoring tool for detecting degradation of HTGR SSCs (Systems,
Structures, and Components).

e Section 5 highlights gaps and opportunities associated with the application of AE and other OLM
technologies to HTGRs.

e Section 6 includes a summary of relevant technical gaps and issues discussed in Section 5.
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2.0 High Temperature Gas Reactors

High temperature gas reactors possess several features that distinguish them from LWRs. As their
name suggests, HTGRs operate at significantly higher temperatures with outlet coolant temperatures
generally greater than 500°C and approaching 950°C. This is accomplished by cooling the reactor using a
compressed gas, typically helium. A brief discussion of four significant features of HTGRs (coolant, fuel,
reactor pressure vessel, and turbo-machinery) follows.

The Magnox reactors built in the late 1950s in the United Kingdom (UK) represent early gas-cooled
reactors. A total of eleven Magnox stations were built in the UK in addition to stations (1 each) in Japan
and Italy (Chater 2005). The Magnox reactors were cooled using carbon dioxide and employed graphite
moderators. The use of carbon dioxide coolant imposed temperature limitations on the fuel due to fuel-
coolant interactions. HTGR designs are able to operate at elevated temperatures due in part to the use of
inert helium gas as a coolant (Kupitz and Dee 1984). Helium is also attractive as a coolant for HTGRs
because it is not expected to undergo any phase transitions for all conceivable operating and accident
scenarios.

In addition to employing helium gas for cooling, operation at higher temperatures in HTGRs is
facilitated by the use of coated fuel particles embedded in a graphite matrix. The fuel is composed of
small spherical particles of uranium and thorium oxides or carbides 0.2 to 0.6 mm in diameter. Individual
particles contain an outer coating of pyrolitic carbon and several inner layers of ceramic material for
fission product retention with high-temperature stability (Kupitz and Dee 1984). The particles are
homogeneously dispersed in a graphite matrix. The current reference fuel particle design is the tri-
structural isotropic (TRISO) particle consisting of four layers of three isotropic materials encasing the fuel
kernel (see Figure 2.1). A description of the layers, from innermost to outermost, is provided by
Verfondern et al. (2007):

1. A buffer layer of low-density pyrolytic carbon material to accommodate swelling of the fuel kernel,
provide void volume for fission gases, and to act as a sacrificial layer for fission products;

2. A coating of high-density pyrolytic carbon to act as a gas-tight coating and diffusion barrier for
metallic fission products and to reduce tensile stresses on the SiC (Silicon carbide) layer;

3. A coating of high-density SiC acting as pressure-retaining layer and primary metallic fission product
diffusion barrier; and

4. Another coating of high-density pyrolytic carbon to act as a further diffusion barrier for gaseous and
metallic fission products, reduce tensile stress on the SiC, protect the SiC during particle handling and
sphere/compact formation, and provide a bonding surface for the overcoating.
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Figure 2.1. Illustration of a Fuel Kernel, TRISO Fuel Particle, and Spherical Fuel Element of a Pebble
Bed Modular Reactor

Two primary fuel element designs exist: 1) block or prismatic and 2) spherical. The spherical fuel
element design was originally adopted by Germany in the Arbeitsgemeinschaft Versuchsreaktor (AVR)
experimental reactor and the THTR-300 prototype reactor. The spherical fuel element was the design
selected for the Pebble Bed Modular Reactor (PBMR) sited at Koeberg, South Africa, under consideration
by the state-owned utility, ESKOM. China has also adopted the spherical fuel element design in the
HTR-10 test reactor. Each spherical fuel element has a diameter of 60 mm and contains approximately
12,000 fuel particles embedded in a graphite matrix. No fuel particles are embedded in the outermost
5 mm of the graphite sphere (IAEA 1997). Figure 2.1 is an illustration of the spherical fuel element.

Prismatic or block-type reactors typically consist of large hexagonal blocks of graphite with channels
for cooling and insertion of fuel compacts. The fuel compacts consist of fuel particles embedded in a
graphite matrix. The fuel compacts can be inserted into the fuel channels of the hexagonal graphite
blocks and sealed or they can be integrated into fuel pins, which are inserted into the fuel channels. Each
fuel compact contains approximately 10,000 fuel particles (IAEA 1997).
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Prestressed concrete reactor pressure vessels (PCRVs) were a common design feature of HTGRs
including Fort Saint Vrain, THTR-300, and the advanced gas-cooled reactor (AGR) in the United
Kingdom. PCRVs provided several advantages in terms of cost, shielding, functionality, and safety
(Beech and May 1999). However, the oil embargo of the 1970s resulted in a dramatic decline in demand
for large central electricity generating stations and the accident at Three Mile Island heightened concerns
about the safety of nuclear power in the United States. The modular high temperature gas reactor
(MHTGR) was designed in response to these developments incorporating a metallic pressure vessel for
passive cooling through thermal radiation and preventing the fuel temperature from exceeding 1600°C
under accident conditions. Initially designed as 350 MW(t)/135 MW(e) units, the designs were
eventually uprated to 450 MW(t)/175 MW(e) for economic reasons (La Bar and Simon 1997).

HTGRs have a distinct advantage over LWRs in terms of operating temperature and thermal
efficiency. However, it was well recognized that even greater efficiency could be realized by coupling
HTGRs directly to a Brayton cycle. Technological barriers prohibited incorporating this feature into
HTGRs before the 1990s. A direct Brayton cycle was incorporated into the design of the gas turbine
modular high temperature reactor (GT-MHR) with the advent of advances in turbomachinery,
recuperators, and magnetic bearing technology. Initiated in the United States by General Atomics,
GT-MHR incorporates a prismatic core design. Today, GT-MHR’s development continues through an
international collaboration. It’s currently designed to provide a rated output of 600 MW(t)/287 MW(e) for
a conversion efficiency of 48% (La Bar and Simon 1997).

In the United States, only two commercial graphite moderated gas-cooled reactors have been licensed
— Fort Saint Vrain and Peach Bottom 1. Plans are underway to develop an HTGR to demonstrate the use
of a nuclear heat source for hydrogen production and other industrial applications through the Next
Generation Nuclear Plant project (INL 2010b). Still in the conceptualization phase, it is anticipated that
NGNP will draw on the experience of PBMR, GT-MHR, and MHTGR concepts.

Three HTGRs are included in the International Atomic Energy Agency’s (IAEA) Advanced Reactor
Information System (ARIS). These reactors are in various stages of design and conception and include the
PBMR, which has received significant investments from South Africa, the Gas Turbine High Temperature
Reactor (GTHTR300C), which is the follow-on to Japan’s high temperature test reactor (HTTR), and the
high temperature gas cooled reactor — pebble bed modular (HTR-PM), which is a follow-on to China’s
experimental HTR-10. Table 2.1 summarizes characteristics of several worldwide HTGR projects.

In order to discuss on-line monitoring techniques for HTGRSs, it is necessary to fully understand the
structural materials that HTGRs may be using, the operating environment in which the on-line monitoring
techniques may be deployed, and the types of degradation that could occur. Sections 2.1 to 2.4 address
each of these topics.

2.1 Proposed Structural Materials (Metallic)

A range of possible materials have been compiled for HTGRs based on previous design experience
(Ball and Fisher 2008; INL 2010b). These materials are classified in Table 2.2 , accompanied by several
attributes and concerns that are mentioned in Murty and Charit (2008). Likely applications of the
materials in Table 2.2 were determined based on several documents (Buckthorpe et al. 2001a; Ball and
Fisher 2008; INL 2010b) and are included in the final table column.

23



0L-9ISVS  OINI dD T 106 PON 80SVS 9)I0u0) 991§ 91aIou0y) [9918 [991S [BLIEIA
S S¢S €L <9 9¢ € ¥6'S YL'C LO'T w ‘I AdY
056
006 08 0s8 006 0SL (0$6) 08 S8L SIL g8 Do ‘PPNQ 210D
00¢ S6¢ 06t 9¢¢ 9¢ SLI 90t eve Gee Do “WIU] 310D
€ % 8 L 14 I 8Y 9'C (4 edIAl 91nssa4d SH
Paq9199°d 2019 oord Paq91q9ed  Paq9Iqqad  Poq 91qQqad oord 201g oo1d adAy 210D
01 0¢ 009 c9¢ 0SL % (42 SSSI 0¢ IMIA “1amog
wopog
01 4LH dLLH JHN-LD dNdd 00€ 4LHL AAV UleIA 1S Ho4 yoesad uogeI( wd)sAg
6861/S861  8861/9L61 6861/6L61 vYL61/L961  SL61/9961 umopinys/y.rel§
BOLIJY
BUIYD uedef [eUOTIRUINU] Inos Auewran Auewon VSN VSN N Anuno)

(LOOT 'T& 19 UISPUOLISA
‘Q100T ‘T8 10 2dioyyong (6661 AWO0T 4861 99 pue ziidny] woyy pardepy) sYOH emdosuo)) pue [euonerdd( saneussardoy 17 dqeL

2.4



Table 2.2. Summary of Proposed Metallic Materials for HTGR Components

Material Class Attributes Concerns
(INL 2010b) (Murty and Charit 2008) (Murty and Charit 2008) Applications
Ferritic (T <450°C) e Extensive experience w/ e Operation at T >370°C e Reactor pressure vessel
LWR applications e Cross vessels
SA 508
SA 533
Ferritic/Martensitic e Reduced activation e Low long-term creep e Reactor pressure vessel
(T <650°C) property rupture strength at high
e Void swelling temperatures
Modified 9Cr-1Mo resistance e [rradiation embrittlement

2.25Cr-1Mo

Austenitic stainless
steels (T < 800°C)

Type 316H stainless
steel (SS)

Type 304 SS

Type 347 SS

Ni-based Alloys
(T <1050°C)

Inconel 617

Incoloy 800H
Hastelloy X/XR
Haynes 230

Inconel 740

Oxide Dispersion
Strengthened (ODS)
steels (T < 1100°C)

Refractory metals
(T < 1400°C)

e Creep resistance

e Creep resistance at

higher temperatures

e Reasonable

corrosion/oxidation
resistance

e Creep properties
e High temperature

strength

¢ High-temperature
properties

e Resistance to radiation
swelling

e Resistance to radiation
embrittlement

e Creep resistance to high

burn-ups

o Swelling resistance to

high burn-ups

at or less than 400°C

e Phase stability under
neutron irradiation

e Radiation-induced
segregation

e Phase stability under
neutron irradiation

e Radiation-induced
segregation

e Radiation-assisted
intergranular stress
corrosion cracking
(IGSCC)

e Irradiation creep

e Void swelling

e Thermal creep

e Corrosion resistance at
high temperatures

e Radiation embrittlement

e [rradiation swelling

e Phase stability under
neutron irradiation

e High temperature He
embrittlement could be an
issue

e Oxidation resistance

e [ ow temperature radiation
embrittlement

e Joining

e Internal core structural
components

e Ducting

e Recuperators

e Internal core structural

components

e Intermediate Heat

Exchangers

e Control Rods
e Turbomachinery

e Internal core structural

components

e Internal core structural

components
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2.2 Proposed Structural Materials (Non-metallic)

Non-metallic materials have also been proposed for certain structural components of HTGRs—
particularly internal components exposed to high temperatures. Relevant non-metallic materials include
nuclear grade graphite, ceramics, and composite materials. Table 2.3 summarizes candidate non-metallic
materials and their possible HTGR applications based on information contained in NUREG/CR-6944
(Ball and Fisher 2008), INL/EXT-09-17187 (INL 2010b), and Buckthorpe et al. (2001a).

Table 2.3. Summary of Non-metallic Materials for HTGR Components

Non-metallic Materials Application
Graphite Internal core structural components
Ceramics Baked carbon Internal core structural components
Quartz
Alumina
Silica
Kaowool
C-C Control rods
SiC-SiC
Carbon fiber reinforced carbon (CFRC)

Composites

2.3 HTGR Environment

Typical HTGRs will have outlet coolant temperatures approaching 950°C with the pressure boundary
temperature maintained at less than 370°C for “cold” vessels and approaching 500°C for “warm” vessels
(Table 2.1). Coolant is most likely provided by helium flow at pressures approaching 10 MPa
(Table 2.1). A summary of He impurity levels observed during the operation of several HTGRs is
provided in Table 2.4 (Ball and Fisher 2008; INL 2010b).

End of life neutron fluences for HTGR reactor pressure vessels (RPVs) are at least an order of
magnitude less than for LWR RPVs (INL 2010b), which have end of life fluences of greater than 10"’
n/cm’ (BWRs) (IAEA-TECDOC-1470, IAEA 2005) and 10" n/cm® (PWRs) (IAEA-TECDOC-1556,
IAEA 2007). Neutron fluence levels for the core support structures and other metallic internals are
typically below 1x10" n/cm? Components in close proximity to the pebble fuel are subjected to the
highest fluence levels of slightly above 1.1x10** n/cm? (INL 2010b).

Table 2.4. Summary of He Impurity Levels (ubar) Observed During the Operating Experience of Several

HTGRs (INL 2010a)

HTGR H,0 H, CO CO, CH, 0, N,
Dragon 0.1 0.1 0.005 0.02 0.1 0.1 0.05
Peach Bottom 0.5 10 0.5 <0.05 1.0 - 0.5
Fort St. Vrain 1 7 3 1 0.1 - -
AVR 0.15 9 45 0.25 1 22
THTR <0.01 0.8 04 0.2 0.1 0.1

2.6



2.4 Degradation Mechanisms of Interest in HTGR Maintenance

HTGRs are susceptible to familiar forms of degradation including fatigue, stress-corrosion cracking,
and corrosion, as well as new forms of degradation introduced by the high temperatures and gas coolant.

RPV materials will be exposed to modest neutron fluences and temperatures relative to the reactor
internal components. The main degradation concerns associated with RPVs include fatigue, fracture, and
creep-fatigue (Buckthorpe et al. 2001a).

High-temperature components include RPV internal components, intermediate heat exchangers, and
turbomachinery. Austenitic stainless steels, nickel alloys, graphite, ceramics, and composites are all
materials considered for internal components. Austenitic stainless steels are susceptible to radiation
affects including void swelling, radiation-induced segregation, phase instability, radiation-assisted
IGSCC, and irradiation creep. Austenitic steels may also be vulnerable to thermal creep and corrosion
due to exposure to He impurities at high temperature. Nickel alloys may be vulnerable to radiation affects
including void swelling and radiation embrittlement. They may also be susceptible to He embrittlement
at high temperature.

For graphite exposed to He impurities at high temperature, oxidation is a significant concern
(Buckthorpe et al. 2001a) in addition to swelling or shrinkage caused by neutron irradiation (INL 2010b).
He impurities introduce other damage mechanisms including corrosion, erosion-corrosion, carburization,
and decarburization. For turbomachinery, creep-related dimensional changes in blades can lead to
catastrophic failure (Buckthorpe et al. 2001a). Table 2.5 is a summary of HTGR degradation
mechanisms.

Table 2.5. Summary of Degradation Mechanisms in HTGRs

Creep Effects e Creep-rupture

e Creep-fatigue

e Creep-buckling
Helium Impurity Effects e Corrosion

o Erosion-corrosion

e Oxidation

e Carburization

e Decarburization

Thermal Aging e Reduction in yield and ultimate tensile strength
e Cyclic softening

Thermal Fatigue e Cracking

Irradiation Effects e Irradiation embrittlement

e [rradiation swelling

e Radiation-induced phase transitions (Murty and Charit 2008)
e Radiation-induced segregation (RIS) (Murty and Charit 2008)
e Radiation-assisted IGSCC

e Irradiation creep
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Special concern is associated with weldments and other structural discontinuities that can lead to

stress concentration (O'Donnell et al. 2008) and with intermediate heat exchangers. Internal heat
exchangers (IHXs) consist of thin-walled tubes (possibly nickel alloy) exposed to high-temperature He
and large pressure differentials. The Phenomena Identification and Ranking Table (PIRT) technique was
used to identify safety-relevant/safety-significant phenomena and assess the importance and related
knowledge base of high-temperature structural materials issues for NGNP. Through this process, several
issues were identified as having special significance as the phenomena were considered high priority
issues for which limited knowledge exists (Corwin et al. 2008, NUREG/CR-6944, Vol. 4). These issues
can be summarized as follows:

Thermal aging and crack initiation and growth in 9Cr-1Mo steel are a concern particularly due to the
lack of practical knowledge/experience regarding the behavior of 9Cr-1Mo.

Compromise of emissivity for the RPV and RPV internals is of concern as maintaining high
emissivity is important for passive cooling. Only a few studies on stainless steel and SA508 steel
exist for which to base expectations regarding maintaining high emissivity.

IHX failure is a concern due to creep effects and the difficulties expected in inspecting compact heat
exchangers.

Radiation creep of RPV internals is a concern especially with respect to effects in Alloy 800H. Little
information is available to assess irradiation creep affects in Alloy 800H and dimensional changes as
a result of Alloy 800H are a concern.

Generic failure of non-metallic components in HTGR-relevant environments is a concern due to a
lack of experience. There is a need to assess microstructural stability and thermophysical properties
during irradiation and high-temperature exposure to He.

The capability of large valves to maintain He leak tightness is a concern due to limited knowledge
(despite past operating experience) and He tribology effects. In addition, studies are needed to assess
acceptable levels of He leakage in valves.
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3.0 Acoustic Emission Monitoring

3.1 Background

A detailed history and introduction to acoustic emission testing is provided in the American Society
of Nondestructive Testing (ASNT) Handbook (ASNT 2005). Fundamentally, acoustic emission is the
elastic energy released during deformation of materials (ASNT 2005). The released energy travels as a
transient elastic wave in the material and is typically recorded using a transducer that is located at some
distance from the AE source. In metals, several phenomena give rise to AE, including crack initiation and
growth, phase transformations, twinning, deformation, etc. Factors such as leaks also give rise to changes
in the local stress gradients, resulting in a transient elastic wave.

3.1.1  Sensitivity of AE to Mechanical Damage (Fatigue and Tensile Failure)

For metals experiencing mechanical degradation, several phenomena can be responsible for the
generation of AE. These phenomena include:

¢ Dislocation generation and motion (Mukhopadhyay et al. 1998; Mukhopadhyay et al. 2000; Pollock
2003; Shaira et al. 2008)

e Martensite formation (Dukes and Culpan 1984; Mukhopadhyay et al. 1998; Mukhopadhyay et al.
2000; Shaira et al. 2008)

e Twinning (Dukes and Culpan 1984; Pollock 2003; Shaira et al. 2008)

e Fracture and decohesion of inclusions and precipitates (Dukes and Culpan 1984; Pollock 2003; Shaira
et al. 2008)

¢ Plastic deformation (Sinclair et al. 1977; Moorthy et al. 1994; Pollock 2003; Rogers 2005)

e Crack propagation (Harris and Dunegan 1974; Berkovits and Fang 1995; Pollock 2003; Rogers 2005;
Shaira et al. 2008)

e Crack closure/rubbing (Harris and Dunegan 1974; Sinclair et al. 1977; Moorthy et al. 1994; Berkovits
and Fang 1995).

Several of the above phenomena exhibit distinct behaviors with respect to time. AE from crack
propagation and decohesion of inclusions and precipitates are discontinuous and occur as discrete
“bursts” of energy (Harris and Dunegan 1974), while dislocation motion and generation processes result
in the continuous release of energy (Mukhopadhyay et al. 1998; Mukhopadhyay et al. 2000). Commercial
grade 304 stainless steel is shown to generate more AE activity than nuclear grade 304 stainless steel, and
this is attributed to the increased concentration of precipitates and inclusions in the commercial grade
steel. In these studies, AE caused by fracture and decohesion of inclusions and precipitates served as the
dominant AE source mechanism in the commercial grade steel compared to the nuclear grade steel in
which dislocation motion and generation was the dominant source mechanism. Further, it is concluded
that the presence of strain localizations such as notches and cracks could cause martensite transformations
to act as the dominant AE source mechanism (Mukhopadhyay et al. 1998; Mukhopadhyay et al. 2000).
Table 3.1 is a summary of several studies related to monitoring mechanical damage phenomena in several
metals.
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Measurements of crack growth are most frequently obtained in the linear fracture mechanics regime.
In this crack growth regime, crack growth rate (da/dt) is related to the stress-intensity factor (AK = K —
Kuin) by Paris’s Law where K ,.(Kiin) 1s the maximum(minimum) stress intensity experienced at the
crack tip:

da/dcycles=C*(AK)". (3.1

C and n are empirically derived constants. AE activity may also be related to AK by a similar relation,
where N represents a cumulative AE metric and A and m are empirically derived constants:

dN/dcycles = A*(AK)". (3.2)

In Eq. (3.2), N could represent any of several AE activity metrics including the number of AE counts,
hits, events, and amount of energy release. In practice, the relationships (3.1) and (3.2) above are
combined so that crack growth rate may be inferred from AE activity,

da/dt=(C/(A"™))(dN/dt)"™ (3.3)

Section V, Article 13 of the ASME Code specifies n —m = 0.53 and (C/(A™™)) = 290 where N refers to
the number of events and da/dt has units of microinches/second.

The relationship in Eq. (3.2) has generally been validated for various materials under plane strain
fracture conditions (Sinclair et al. 1977; Chen and Choi 2004). However, several studies have shown that
AE behavior is significantly impacted as the fracture mode transitions from plane strain to plane stress
conditions. For austenitic stainless steels, crossing over from plane strain to plane stress conditions
results in a dramatic decrease in AE activity (Yuyama et al. 1984; Moorthy et al. 1994).

Crack propagation is physically characterized as a series of discrete jumps of length Al. The length of
the crack jump is determined by the size of the plastic zone at the crack tip that undergoes work hardening
until the local stress intensity factor exceeds a threshold value, AKy,. It’s reported that 100 pm represents
a typical value for Al (Rogers 2005). During fatigue testing of flat Incoloy 901 test specimens minimum
detectable crack lengths between 50—100 um were observed (Berkovits and Fang 1995). In addition,
Harris and Dunegan (1974) reported a threshold crack growth rate of 2.5x10™® m/cycle for AE monitoring
of fatigue crack growth in 7075-T6 aluminum and 4140 steel. Table 3.1 is a summary of studies
investigating the use of AE to study mechanical damage in several metals.

3.1.2 Sensitivity of AE to Corrosion and Stress Corrosion Cracking

Generally, the mechanisms responsible for AE during corrosion are not characterized as well as
mechanisms responsible for AE from mechanical damage (Lenain and Proust 2005). Some of the
corrosion processes that could result in AE are (Shaikh et al. 2007).

e Film cracking
e Gas evolution

e Hydrogen migration
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¢ Plastic zone formation
e Stress corrosion cracking (SCC)
e Hydrogen cracking
The evolution of gas by cathodic reactions and the breakdown of thick surface oxide films have also
been identified as suspected sources of AE during SCC and corrosion processes by Yuyama et al. (1984).

In addition, it is noted that several phenomena can contribute to total detectable AE during crack
extension, including the following (Yuyama et al. 1984):

e Martensitic transformation

Slip deformation

e Twinning

Fracture and decohesion of precipitates, second-phase particles, or non-metallic inclusions

Microcracking

Corrosion processes accompanying SCC can mask the AE signals produced by cracking (Yuyama et
al. 1984; Jones and Freisel 1992) unless signals produced by corrosion processes can be distinguished
from SCC. Discrimination between AE activity from corrosion processes and cracking is often based on
amplitude as cracking signals are more energetic than signals released by corrosion processes (Ramadan
et al. 2008). It has been observed in the laboratory that transgranular stress corrosion cracking (TGSCC)
and IGSCC processes can result in different levels of AE activity. AE monitoring of SCC in American
Iron and Steel Institute (AISI) 304 stainless steel has shown that TGSCC is an order of magnitude more
active than IGSCC in terms of AE (Alvarez et al. 2008). Table 3.2 is a summary of several studies related
to monitoring corrosion and SCC damage phenomena in several metals.

AE monitoring was used to investigate IGSCC growth in Inconel 600. The reported minimum
detectable crack size from AE monitoring is 200 to 400 pm in length and 100 pm in depth (Sung et al.
1997). This agrees well with the result of IGSCC crack initiation studies in 304 stainless steel. In these
studies, the minimum detectable crack dimensions are reported as 200-300 pm in length and 100-200 pm
in depth (Jones et al. 1991). Minimum detectable crack growth rates of 107 m/s for IGSCC in Inconel
600 steel (Sung et al. 1997) and 2.33x10™® m/s for TGSCC in 316 stainless steel have been reported
(Shaira et al. 2008). Further, it is indicated that IGSCC of 304 stainless steel has a specific AE activity of
approximately 20 events/mm” (Jones and Freisel 1992). Crack growth rate is related to AE activity
through relationship (3.3). However, for SCC, the empirical constants are dependent on environmental
parameters.

3.1.3  Sensitivity of AE to High Temperature Mechanisms

AE monitoring has been applied to study several high temperature damage related phenomena
including creep rupture (Clark et al. 1982), metal dusting (Ferrer et al. 2001), oxidation (Walter et al.
1993), and coke deposition (Ropital et al. 2004). Creep rupture on the heat-affected-zones (HAZs) of
CrMoV steel welds were monitored with AE to temperatures of 690°C. PZT 5A sensors with a Curie
temperature of 350°C were mounted on the end of waveguides to perform the high temperature
monitoring. A commercial coating referred to as “Berkatekt 29 was applied to the surface of the test
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specimen to prevent oxidation and subsequent noise caused by cracking and spalling of oxide film. The
microstructure was observed to have a significant impact on the generation of AE. Cracks propagate
rapidly through coarse microstructures with the majority of AE activity occurring just before failure.
Crack growth is repeatedly arrested in fine grain microstructures resulting in step-wise crack growth and
corresponding “bursts” of AE (Clark et al. 1982).

AE monitoring has also been employed at high temperatures to study metal dusting (catastrophic
carburization) of UNS N08810 (alloy 800H) at temperatures up to 650°C. Metal dusting is described as
an important damage phenomenon in thermal cracking and ammonia process plants. In particular, AE
testing was employed to assess the effectiveness of dimethyl disulfur (DMDS) for inhibiting the metal
dusting phenomenon. It is noted that metal dusting develops uniformly in carbon steels and low alloy
steels, but for stainless steels and nickel based alloys, it grows by pitting. Metal dusting is characterized
by an incubation period during which it remains acoustically inactive. After metal dusting is activated,
AE activity exhibited linear behavior. Tests were conducted on a pipe specimen with wide-band AE
transducers mounted on each end through waveguides. Coke deposition on the wall of the pipe caused
AE activity to cease. Its speculated that AE activity associated with coke deposition was below the
system threshold (Ferrer et al. 2001).

AE has been used in combination with thermogravimetric analysis to study the effectiveness of
hydrogen sulfide as an inhibitor of coke deposition on Ni, a-Fe, y-Fe, Co, V, Mo, and Cr metals. It is
noted that the formation of carbon filaments in the range of temperatures 450°C-700°C is a major
problem in many chemical and petrochemical processes where hydrocarbons or other carburizing
atmospheres are involved. In carburizing and reducing atmospheres, reactions induce fragmentation of
the oxide scale and the formation of graphite on the iron surface. AE results showed good correlation to
thermogravimetric analysis and injection of hydrogen sulfide, indicating that AE is sensitive to coke
deposition. In these studies, a 300-kHz resonant transducer is coupled to the test specimen through a
quartz filament, which acts as a waveguide (Ropital et al. 2004).

Oxide films serve as a protective layer of metals exposed to high temperature environments and AE
has been deployed in several studies aimed to observe the degradation of these protective oxide layers.
AE from oxide layers is caused by stress that can build-up due to 1) the effects of mismatched thermal
expansion coefficients between metal and film upon temperature cycling and 2) isothermal growth
stresses (Schmutzler and Grabke 1993). Cracking and spalling of oxide films were observed with AE
upon thermal cycling of alloy 800H from 900°C to 100°C and thermal cycling of HK 40 steel from 950°C
to 200°C (Walter et al. 1993). Generally, more stress accumulates from thermal cycling than isothermal
growth, resulting in much greater AE activity. Studies of the oxidation behavior of high Al and Cr alloys
were implemented using AE and thermo-gravimetric analysis. Specimens underwent thermal cycling
from 1000°C to room temperature. In these tests, detectable AE was observed during isothermal growth
conditions (Schmutzler and Grabke 1993). Further studies were conducted on 20Cr-25Ni-Nb stainless
steel to observe the oxide film integrity under thermal cycling and isothermal growth conditions at
temperatures up to 1000°C. In these studies, no AE was observed during isothermal growth conditions
and it was established that oxide cracking preceded spalling (Bennett et al. 1989). In all of these studies,
sensors are coupled to test specimens through waveguides. Table 3.3 is a summary of several studies
related to monitoring high temperature damage phenomena in several metals.

34



3.2 Review of State-of-the-Art in AE/OLM
3.21 AE Sensors

Sensors for AE monitoring are based on piezoelectric materials. The most relevant piezoelectric
parameters include the Curie temperature, T, which limits the highest operating temperature of the sensor,
and the coupling factor, ks;, which determines the sensitivity. An overview of piezoelectric materials is
provided by Griffin et al. (2009) including a table of piezoelectric materials and several of their
properties. This table is also provided here as Table 3.4 for convenience. It is important to note the trade-
off that exists between T and kz;. For PZT-5A, Thax = 365°C and ks; = 70% while, for lithium
niobate, T.x = 1000°C and k33 = 15%. A review of high temperature transducers available from one
vendor indicates that they are limited to applications for T < 540°C (PAC 2005). The literature indicates
that the life-limiting neutron fluence for lead zirconate titanate transducers is near 10" n/cm®. Data is
unavailable to assess the life limiting neutron fluence of lithium niobate (Griffin et al. 2009). Recent
testing of aluminum nitride has shown that this piezoelectric material is hardened to the following
radiation levels: fast neutron fluence of 1.85x10'® n/cm?, thermal neutron fluence of 5.8x10'® n/cm?, and
a gamma radiation dose of 26.8 MGy (Parks and Tittmann 2011).

Metallic waveguides can be used to isolate sensitive AE transducer components from harsh
temperature or radiation environments. Two field demonstrations of the use of AE to detect flaw growth
in nuclear reactor pressure vessel components were implemented using waveguides (see Figure 3.1)
(Hutton et al. 1984; Hutton et al. 1993). Attenuation in 3.2-mm (1/8-in.) diameter rod-shaped stainless
steel waveguides is reported to be 1.5 dB/m (Hutton 1993). Rules for using waveguides for harsh
environment monitoring are included in mandatory Appendix V of Article 13, Section V of the ASME
Boiler and Pressure Vessel Code (ASME 2010). The recommendation is provided to limit waveguide
length to 6 m. The interfaces between the waveguide and test component and the sensor and waveguide
result in additional signal attenuation. For pressure coupled waveguides, best acoustic coupling is
observed above 110 MPa of coupling pressure (ASME 2010).

3.2.2 Other Hardware

The output of an AE sensor is routed through a pre-amplifier on its way to the main signal processor.
At the preamplifier, a bandpass filter is applied to the signal along with gain (20 dB, 40 dB, and 60 dB are
typical gain options). Preamplifier noise and dynamic range are significant parameters with respect to
preamplifier functionality. A survey of specifications for preamplifiers available from one commercial
supplier indicates that noise levels less than 10 uV.,,s and dynamic ranges near 80 dB are typical (PAC
2005). The electronic noise level introduced by preamplifiers is limited to less than 7 uV, for nuclear
components per Appendix I of Articles 13, Section V of the ASME Code.

Other AE system components include signal cables, the signal processor, and the display monitor.

Functionally relevant parameters associated with signal cables include electromagnetic shielding and
attenuation specifications. Articles 13, Section V of the ASME Code specifies the use of coaxial cables.
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[ — J=— Stainless Steel Plate
Weld Nyltite Isolation
Bushing (Typ. 4 Places)
10-24 machine Screw
__!___ (Type 4 Places)
%

«—— Stainless Steel Type 304-L
Waveguide, 1/g in. (3 mm) diameter

LL——— Tip 0.050 in. (1.256 mm) diameter

Figure 3.1. Metal Waveguide AE Sensor Construction (ASME 2010). Reprinted from ASME 2010
BPVC, Section V, by permission of The American Society of Mechanical Engineers. All

rights reserved.

3.6



dn yoeId 9y} JO peaYR
AJareIpauul 9INJORIFOIOIW PUB WSIURYOAUW , SUISO[9/3uIuado,, JorId YIIM PJeIoosse S gy Jey) paisa3ans s|
(19918 €€GV 103) B1ep Vv Jo uonnqrusip spmrpduwe oy ur 93ueyod & Ul paynsal Jy Sulsearouy

[991S U0qIEd

suowroads
Qo) Ul pmoI3
JorId andney YPIm

IV UI 9SBAIOUT YIM AJIATIOR JV [HM ISBIIOUL PIAIISQD e MOJ ‘[e10W pajeIoosse gy Apms
(rerour plom 1H
prom [H ‘odid 19935 uoqred Mo[ ‘[991s ¢€GY) suauIrdads 991 Ul Y3MOI3 JorId an3NeY YIIM PIJRIOOSSE Y APMIS e ‘19918 €E6VY (LL6T e 12 Tre[ouIs)
K)IAT)OR Y POAIISQO UT UONINPAI Ay} 0} J[dues [991s J} JO 2INJeU J[IIINP IO SSIUIJOS ANQLINY o 19915 95
SOWISaI YIMOIF-)orID 0M] JO 90udsaId J} SUNBIIPUI SI[IAD JO JOqUINU UTLIIID LALSV pue
B I9)JE J0J0BJ AJISUQJUL SSOXIS XBW (M sea1our dieys yjim Sune[orod AJIAnoe gy Ul 9SEAIOUl ONSBIP PIAIISqD e ‘wmnurunge
10JoBJ AJISUQJUI SSAI)S TTIS9LL
XeW ‘SA (AS10U0 gV SAIIR[NWND ‘1Bl JIY ‘SN dAnR[NwND) s1jowered gy udamioq diysuone[ar 1eaul] poAIdsq) e -0S0L
gp S9 puokaq sreusdis awos st 00z 03 dn gp 05— — suowrdads ‘wnurunye
[993s 10§ ‘uonenp ur st ooz 01 dn pue gp GG pue G¢ UdIMIQ I2ISNJO S[EUSIS ‘Sudwrodds wnurun(e 10, e 91-+10T (00 107D pue UAYD)
KJIAT)OR UOISSTUID JI)SNOOE PIAIISQO ) JOJJJL JOU S0P )BI SUIIAD PROT e
O[aAdo/ (] xT St PAIEWNSS AJANOR HV J0J el ([)MOIT JorId PIOYSAIY], e
Kyanoeur Jo poriad & £q pamo[oJ
SuIpeo[ JO S9[9Ad MIJ © 10F YIIY ). JUNOD I} YIIM PAJOU ST IMOI3 JIIO WOIJ JIOIARYSQ JO 2dA) 3SIng,, oy, e o918
IMOI3 JorId WOoIJ O 11 pue
S[euSIS Y 01 9AB[AI IOMO[S SI 9SIOU AINJXIJ IO INSO[J JOBIO WOIJ S[RUSIS FV JO W) ISLI oY) I8t} PAJeoIpu] e wnurunye
SJUSUIOINSEAW (JMOIS JOrIO M QI9JINUI UBD Jey} JV JO 90INO0S B ST AINSO[O JOBIO Jey) PAJoU S| e 91-SLOL (0L61 'Te 3 ue3aun(q)
suowroads
Uonow pue UOHEBIAUIF UOBIO[SIP "SA UOIJBULIOJ PaYI0U-UN PUE POYDIOU
9JISUIMIBW 0} ANP Y 2I0W A[JUBOHTIUSIS 0] PLI] 0} pa3oadxa dn orIO JB UONEBZI[ROO] UTRHS ‘SUdWIOAAS PAYdIoU U] e 103 drysuonejor [y
A)IAIIOR OI[-}SING QJOW UI S}[NSAI 'sA AJIANOR Y JO Apmig
SUOISN[OUI JO UOISAYOIIP PUL AIMIeL} J[IYM AJAIIOR Y SNONUIUOD UI SJ[NSAI UONOW PUB UOHRIIUST UONBIO[SI(] e
SS (¢ peI3 Je3[oNnu SNSIAA S ()€ SPLIS [BIISWWIOD UT J)JeaI3 AJANOR JV JO OPMIIUSeu [[BIAQ e  §S ()¢ 9prid (0007 T8 19
SS 0§ 9peIS [BIOIOWIOD UI SOJRUILLIOP SUOISN[OUL JO UOISAYOIIP Ieo[onu pue KeAypedoypniy ‘8661
pUE QINJORIJ SBAIAYM SS ()€ 9PLIS 189[oNU Ul JV JO 92INOS JURUIWIOP JU} ST UONOW PUB UONBIIUSS UOLIBIO[SI(] e  [BIOIOWIWO)) ‘Te 32 KeAypedoyniA)
SINSIY/SANON [BLIDJBIAT asodang/aouda5oy

o3ewre(] [BOTUBYIIIA JO UONDAII(T A 10 V JO 95 oy Sure3nsoAu] sarpni§ Jo Arewung ‘I € d[qeL

3.7



uapuadap ouI-of1] PUE SSAXS IR YIMOI3 JORIO YIM PIJRIOOSSE SUOISSID Y

ploysany oy} Jeau 3dooxa 1030.] AJISUAIUL SSANS YPIM dIYSUOnL[aI JeAUl] SMOYS JBI JUNOD Y

qISu9) yorId AY) Jo Juspuadapur SI JoeId anSryey Suo[ € I0J SSAIS AINSO[D JorI)

JorId andney SUol B UBY) SSAXS JOMO] B J8 SINO00 JIBIO [[BUWS B JO 9INSO[d YorI)

PaYILaI ST PeOJ QAISSAIdWOD WINWIXBUI 91032 SISBII SUIqQNI YOI JBY) S9JBdIpUl WeIS0IsIy gV

‘S[OAQ] SSAIS 019Z

-UuoU Je SuIqqnr JJ.IO SISNED Jey) SSANS [BNPISAT dAISSAIdUIO UT SIMSAT J[OAD JO Jaed 9[I1sud) SuLmp MO[J dUse[d
wr 00]—0S U99M}2q JO SYIFUI] JORID [BHIUI PI[IAI " 39sU0 yead F Aq PouIlLIo)op Sem UOIBNIUL JIBID)
amsoro/3uruado yorIo 03 anp

uowroads

159) JB[J 106 AOJOOU]
Jo uonepeidap an3ney
Jo Sunojiuow gy

(s661

SSOIIS 019Z JeAU JNJJ0 SJUIAD SB O[OAD PUR SSAIS "SA SJUIAD JO SWRIS0ISIY Ul JUIPIAD UONRIIUL JOBIO Jey) PAjIoday] 106 Lojoou] Sue] pue s}1A0N19g)
"90IN0S JUBUIIOP ) PAIAPISUOD SI d1) JorID Y] JB UOIRULIOJOP

onsed - uonewojop onseld pue ‘Furso[o/Suruado JoeId YIMOIS NOrIO {PAISPISUOI SIIINOS VY Y JO [991S SSOUIBIS 9| §

QII 0} BJ] Woly uonisuexn oy} 1e yedd & Moys JV snsioa ATAN0R FV JO S10[d ISIV 10} ounSar y1mois

y1mo0i3 prder £q paz110)oeIeyd pue dININNSOIdIW yoe1o anSney ] o5e)s

0} 9AT)ISUASUL SI q[] S[IYM ‘YIMOIS MO[S SOIMIISUOD PUB SANISUIS QINIONISOIOIW SI B[ 958IS Jey) pajsedsng o) UT UOISSIW® Y PUe

Ky1Anoe gy ur osea1odp dieys Imo013 yorId Jo Apmg
pue oje1 uonededoid yoe1o ur aseaour dreys e £q porueduwioode udaq sey q] 03 B[] 23e)s WO UuonIsues L,

11 98e3s u1 paAIasqo are ([ pue e[ o5eIs) sowSa1-qns oM} ey} paIoN 91¢ ISIV (4661 T 12 AY1I00IN)

SI[NSIY/SAON [BLIdJBIA asodang/aoudaa)oy

(puod) ‘1°gdIqeL

3.8



S[eLIOJEIA PUE SUN)SO ], J0J A19100S UROLIOWY = N LSV«

‘uonededoid yoeIo 010BW PUR ‘OSIOU UONRIUSWNNSUL ‘UORULIOJP dnseld ym
PJRIO0SSE S[RUSIS VY JO SPUBQ 921U} PAISAOISIP — [99]S [RIMONNS D()S IPeIS 09¢ Sg JO Apmis an3nej pouLofIo
JUOWUOIIAUS uonyeorjdde

[993S TeInioNIns

[091s  DOS 9peIs 09¢y Sd JO
J) Uy} 919A3S 10w A[[eordA) st Arourgoewr anSney A10jeI0qe] WO 9OUSIIJIdIUI JBY) UMOYS SBY 90UudlIddX e [eimonns  Apnys onSney POULIONI]
wr goz—wr Q[ 9ZIS YOrId 9[qeIdIP WNWIUIA e 005 apeis
sdays A3100[9A-Y3I “9J0I0SIP UI SINOJ0 Jng snonunuod jou st uonesedord yoe1) e 09¢t S9 (S00T s1980y)
S9I310UD JO 93URI © JOA0 FV 2onpoid 03 pa3oadxd SYOBIOOIIN e
s1sinq v opmijdwe-ySiy ur ynsax pnoys Suiuuim] e
S1U2A9 3UO[ A[I1e} 0} puodsaLIOd P[NOYS YIUB[BAL UOBIO[SI(] e
amjerodwd) woor je Surpeo] 91949 1opun Jeadde ueo uoneULIOJSURT) JNISUILIBIN e
SoNLIB[IWIS
1S9SO[9 UO PIseq SIQ)SN[O OJUI PAJUSWSIS 9 ISNW SUONIPUOD [ENIOR Ul PauLIoIad §153) WOIJ Po3do[[09 S[eUSIS Y e Suissooord
uonegedord yoe1) ¢ [euSTs 105 poow
uoneapnU 3OEL) ¢ SuLIISN]O B1Rp SUBSW-Y
SImoedy uorsnouy - ¢ JO asn pue suawoads
UOLJEULIO UIM], 4 THOE UO $)s21 an3ney
S)susje JO uonewof ¢ 9918 Jo Sunoyiuow gy
uonow uonedO[SIi(] ¢ ssoqurels
[991s ssoquTels 0§ [SIV Ul POULIIFUOD Ud9q 9ABY JV JO SWSIUBYOdW SUIMO[[O] oY, e TH0€ (800 'Te 10 eIreys)
SI[NSIY/SAON [BLIdJBIA asodang/aoudaa)oy

(puod) ‘1°gdIqeL

3.9



ydop ur wn (01 Mo[oq pue Y3ud] ur wim ()4 03 00T ST AV UM 9[qeI0IP JZIS JOBIO WNWITUIA

QINJORIJ PUE SYORIO JURUIWIOP JO YIMOI3 (€ ‘S)OLID JUBUILIOP JO UOIBULIO} PUE

SYORIO [[BWUS JO [3MOIS (7 ‘90BJINS o) J& SYOBID [[BWS JO UONBIAUAS (] PIPIIUSPI ypmoi3 JoeId DS Jo saseyd ¢
suonnqrusip apmijduwe jo Ypim pue Aiqrdassns HHS udam3aq diysuorie[ar Jeaul] & 9AISqQ

SUUDTYEDSID

opmijdwe moireu AJ9ARR[AI SIAIS UOISUXI JorId 0) Jorid ouoz Jnseld ay JO Y3MO0I3 Sy} JIYM [BIoUL
y3uans-ysIy 9LIq ur ss9001d Y3moI3 YOI SNONUIIUOISIP YIIM PIBIDOSSE suonnqLisip spmijduwe gV 1SOpIAy
"aImoely A[onp pue HHSO] ueyy sapmijduwre 19m0] Jo s[eusis paonpoid uoreurIoyop Jnse|d

‘sLrepunoq ureid Suofe SuroeId paonpur UdS0IPAY 0} SPed] A[[BNJUSAS pUB SIB[NUINIOE

AJrenpeis 11 a1oym dij 3orIO oY) JO pBAYER [93)S JY) OJUI SUOIOBAI UONONPAI UF0IPAY AQ pojeIsussd swoje
ud30IpAY Jo Anjud oy sazA[eyes di yoe1d oy punote ooejIns oy} uo uondiospe Inyns ‘Usy ], ‘soLEpPUNOq Ureid
pajodop wnIwoIyd Je UoRN[OSSIP dIpoue mo[s sapnjoul uonesedord pue uoneniur DO I0J WsIUBYOIW pasodoid
‘uonjeur1ojop onse[d Jourw Jo 9[ess [[ews Aq paruedwodse sjuaAd H)S Aq SAIISUISUI JNq UOHBULIOJOP

onserd Jo seare o3re] ur JunNSAI SWSIUBYIW ))S 03 ANISUIS SI FV jey) paremysod s131 “uonededord

o3e)s AJ1ea pue uoneniul HOS jou nq uonesedord Furoero prder 0 9ANISUIS A[UO ST Y JeU) AJBIIPUI SHNSIY

Koje
009 [ou0du]

[991S SSouTR)S
Hy0¢

SOjel UIeN)S
JUEB)SUOO PUE SJUSUI}EoI)
180 JUSIQJJIP [BIOASS
1oy Ao[[e (09 [euodu] ur

D0S Jo Surioyuowr gy

(L661 'Te 10 3ung)
sjudtaInseawn

[EOTaYO0I}09]d
(1AM PIJB[II0D
SHNsaI—BdIN 06

10 ()8 JO SPEO] JUBISUOD
1€ [99)S SSAUTE)S

Hp0€ [e1oIawmod

Jo Suuoyuow gy

(8007 "Te 10 Sueyy)

S)[NSIY/SAION

[eLId)EIN

3sod.ing/90ua.a9)oy

BUOWOUAYJ SUoRI) UOISOLIO)) SSAIS PUB UOISOLIO)) JO U0NIR( Y} 10J FV JO 3s() 3 Sune3nsdAu] saIpni§ Jo Arewrwung “g*¢ d[qe L

3.10



opow Je[nueidsuen ur ojededord pue ojeniur 03 punoy SuroeI)

dn yoeIo e uonewrojop onserd Aq pasned gy Jo Auolew jey) pajesrpuy

Ay31s osea109p 03 papuo) uoIssiud 13d A310u9

oy} pue paseaIdul s,y uoamjaq awrn ‘sage)s uonededord jsej pue oFe)s uoneedoid mofs ‘uoneniur oy) uf
uonenut 0} Jord sopmyrjdwe paAIdsqo 3soySIY Yrm S[euSIS oY) PIPN[OUI PUE SNONUNUOD ISYILI SeM VY

9)el [IMOIT NorIO SUISBAIOUL )M PISBIIIOP sidjoweted FV JO Jel oy} Jey) PAAIdSqo SI]

uorewIo}ap onserd 0} anp A[o)I] 216 ST ()7 UL} SSO SAWIN OSLI PUB P S 94—6 0 JO sopmrdwe yum sjeudis gy
uonnjoAd

uo3o1pAy 03 anp A[oyI[ a1k st ()7 uey) 193813 Sawn ISLI pue P S 9460 JO sopmudwe ym sjeusdis gy

st 0zl

uey} SSI[ JO Sow} 9SLI pue gp f¢—1 € :woyy sopmijdure pey eare dn yoero-oxd ur uoneuojop osnserd woiy s[eudig
suoneulIo}ap onse[d SULINP SUONOW UOIIBIO[SIP O} aNP dI. gp §'6€—9° /7 UdOM)9q S[eu3Is gV 18y} pisasddng
uorgax neaje|d oy Ul POAIISqO /W ([XEE'T JO el YIMOIT jor1)

d[qeysm3unsip

[eus1s yoed axew prnoys jey serousnbayy pue sopmijdure Jo a8uer 9juyap e sey ss2001d yoea jey) pojess s|
Sunyoelo uo30IpAH ¢

DDS Sulmp SurorId SNONUNUOISI(]

UOI)BULIOJ QUOZ O1ISB[J

uoneidiu uo3oIpAH

* & & o

UuonN[0Ad SBD)
Sunjoeo Wil ¢
(oo1e] UTRNS A1) ISNBIDQ) UONBIAUSS TV 0} P PINOJ $3559901d UOISOLI0D SUIMO[[0] AU} JBYf} PAJOU S|

PeOJ JUL)ISUOd
18 uonn[os ZIDSN
%St e Ul pue eIy

18 DDS JO wsIueyoouw
o} QUILLIAIAP

01 [99)S SSI[UIE)S

NTI9T¢€ ISIV Ul
901)JB[ 9} UO UIRXS B UI S)NSAI ISYIISU 9sNedaq Y 9onpoid 10U p[noys Wil I0 [e}oW JO UOTIN[OSSI(] D)S Jo Sunonuow gy
IMOI3 pue ‘UOISOLIOD ‘UOT)BULIOJIP S yons
$0559901d 91d0ds0I0BW 0} SNP JO UOOW UOHBIO[SIP S YOnS oFewiep o1sIuoje £q pasned 9q Ued JV 1.yl POION NTI9I€ ISIV (L00T Te 12 Preys)
SINSIY/SANON [BLINBIA 3sod.an J/90ud.19§oy

(pJuoo) “T'¢ dqe,

3.11



)MOIT [eO11IOqNS UTBLID B 10)e (WSIUByodW 9YI]

-03eABI[0) [ OpPOW 0) SUONISURI) PUL (WSIUBYOIW YI[-SuIoeId Ieays) [ opow ur sajededoid A[feniur yoe1d oy,
opow sejnueidsuen Aq uonegedord yor1o pajeasas sisAfeue (NFS) Adoosororu uonoo[e Juruuedg

S[eudIs AJISSe[o 03 pasn a1e JuLdsno uesw-y pue (VDd) SisA[euy jusuodwo)) ajdourrg

UOISOLI0D PIZI[BI0]

SuLmp SJUIAQ ISBI[AI A3I0UD URY) JOSIR] YONUI PAIIPISUOD I8 ))S JO ISNBIAQ SIUIAD Uonexe[al A31oug
$9559001d UOISOII0D IS0 PUE HDS USOMIdQ YSINTUNSIP 0} Iojowered se pasn SJUAAL P9[0 Jo apmrjdwe oy,
JuowLIddX? JO SIY ()06 IS SuLIMp PIAIISQO ANATIOR Y ON - Ueds 1y | SuLmp parmooo ANAnoe gV [[V

1591 9y} SuLINp PIAIISQO UOIS0LI00 Fuipid pue 30141

s/, [ Jo oyer uonegedord yoe1)

ainyrey pue ‘vonededoid yoe1o ‘voreniur :sdnoid ¢ ojur pa1osn[od S[euSIS Y POAIdSqQ)

JUQUWIUOIIAUD dULIBW

® ul A[Je[noned ‘uorso1100 Jo swof jusnbaiy jsow oY) o1e JUINOBIO UOISOLIOD SSOIIS PUE UOISOLI00 PIZI[BI0]
yoexo Sunesedoxd ayy Aq puryaq o[ sjuaweSI|

o1[[eIoW A} JO FULIEI) [BOIUBYIIW Y} ST DDHSD] pue DDSOH L 10J S[eusIs gV JO 92In0s 3y} Jey) PAe[MISO
WSIUBYIOW

90INOS SWES oY) WO 9JeuISLIO S[euSIs DDHSO] pue DDSD I, UBY) S[BIAJI SWISIURYOIUW 9INOS JO UOHEBOIJISSRD)
sown os1I J93U0] 9ARY PUB UOIRULIOJOp d1jsed WoIf 9SOy} Uey) JO[[BS

ore sapmydue 9say} — Je[IWIS 9q 0} punoj sfeusis DDHSO] Pue DDSO L JO SAw ISLI Ueaw pue apmijdure ueojy
Ire ur Surso) SuLmp ueyy OYSIY S[I] B 99 03 punoy HHSO] SuLINp 2Jel JUIAD UBIJA]

Ire ur Sunse) Surmp uey) IoYSIY SpmIugew Jo I9pI0 Uk 9q 0} punojy HOHSH [, SULINP 9)BI JUSAD UBIN

QIn[Ie} [eulj [UN JO}JBIIAY) SISBIIIOP

PUB 9AIND PEOJ Ay} JO Jurod P[AIA 9y} Jeau INd20 03 S[RUSIS Y ISOW PI[BIAI I Ul SIIPN)S UONBULIOFIP ONSB[J

saInjonns

93010U09 passansaid

Jo (soxm puens £

— [99)S UMBIp P[OD

P10109INQ) SA[qED Ul

[991s  DDS Jo Sunoyuow gy
umelIp pjoo

projoaing (800 ¢ 1 uepewRy)

[DHI [

+ [DBN Al [ Jo uonnjos
Ur Sojel UTeI)s Juejsuod
1€ [99)S SSAUTEIS ()¢
ISTV 2d4) paznisuas
pUe PosIJIqn|os JO

DOS Jo Suoyuouwr gy

SS ¥0€ ISIV (800T '[& 12 ZoIeAlY)

S)INSIY/SANON]

[BLIDJRIA 3sod.an J/35udaa)ay

(pJuoo) “T'¢ dqe,

3.12



AV JO 92In0s jueUIOP SUI2q JO pa3dadsns s)1d SuLIOA0D swY IPIXO 1Y Jo armdny

SUOI}IPUOD OAISOILIOD PUB SSAIS

[eorueyosw 0} pasodxa sajdwes 10J PIAIISQO W} SNSIOA UOISSIWD JUIAD VY Ul sa3e)s ojdiynu Jo aouapiag
UOISSIWD 91)sn0de SuIsn pajodldp 29 pinod dosp wr (| pue Y3ud[ wr ()0 JO IopIo A} U0 SILId DDSD]
yoeIo Surmoisd oy Jo peaye suoz duserd urens suerd oy ur

suoneredas 10 ‘SuryoeIo JenueidIojur ‘SunjorId oNI[-93eABI[O apn[oul AJIANRde V YSIy opraoid ued jey) sooImos
urensuod onserd ayy Jo 3 nsa1 e se IOYSIY Yonu I SUoNIpuod urens-oueld opun

SSOIS P[AIA JAOIJJS A} ASNBI2q SUONIPUOd ssams aueld ueyy urens duejd ropun pajoadxa st Ananoe v IoyIIy
suawIoads pazpIsuas Jo SurjoeId SULINP Y JO 99IN0S Urew SI uoreredas Jo uoneajonN

(DDSDH 1) suswrodads pajean-uorn[os 10§ suorsnjoul dljjejowuou je padden usSoIpAy

PUE SSons [eIxern Aq pasneo suoneredos 0] pAngrIIe SI SJUSWUOIIAUD JAISOLI0D Ul A)IAdR Y 1YSIy ay ],
“JUQAd Y QU0 Ul snsax saue[d 9o1y) Jnoqge Jo 95eARI[O

oyp, ‘soueld (111) Jo 93eAB9O oy} AQ pasned SI SUWINAdS Pajear) uonnjos I0J JUSUIUOIAUS JAISOLIOI-UOU Ul Y
9ye1 yymois yoerd ordoosoroew [enba 10y [enusjod parjdde

9AnIsod 10 Jre-ul uet) I9YSIY SpMIIUSLW JO I9PIO AUO SI JUSUIUOIIAUD JAISOLIOD A} JOpUN 9Jel ASIoud v YL
SuIyoRIOOIOIN

suorsnjour od1f[ejow-uou 1o s[onIed aseyd puosas ‘saje)idroard Jo uoIsayodap 10 aInorIj

Suruurm,

uoneunoyap dijg

UONJBULIOJSURI) O ISUIMIBIA

‘woly gV ul synsa1 ouoz dnseld dn yoe1)

SWIIJ 9PIXO YOIy} JO UMOPYRAIF

SUOI}OBAI OIPOYIEd BIA SBT UOS0IPAY JO UOIIN[OAT ¢

* & & o o

[991S sso[ure)s
#0€ 2dA ] ur uoneniul
yoe1d Ie[nueidsuer)
pue Sumid

Jo Sunoyiuowr gy

0918 (z661
sso[urelsS +0¢ [9S191,{ puE Souof)

syuerd ymg ut
Annqeordde suruejop
0} SuLIojIUOW

AV Sulsn Jopun [93)s
SSI[UIR)S §,()¢ Ul anFney
UOISO1I09 JO ApmIS

[)MO0I3 pue uonenIul Joer) ¢ 0918
:9pnjoul gy JO S90IN0S SSo[uIels $0¢ (861 ‘Te 10 ewRAN &)
S)MSIY/SANON [ELId)RA] asod.an g/a0uaaa5y

(pJu0od) “T'¢dqeL

3.13



Apms s1y} 10§ SSuUnBOd

[eopI 3sOW oY) PAISPISU0D SNy} — JoInb a19m pue uoreprxo ay) pAuasald 1 N doisyiog pue gz p[orexog
JI9SI AV JO 201n0S Jofew € Sem Ing uoneprxo pajudadid Sureod axyedoug

A[19301dwos uoneprxo judAaxd 03 9qe Jou a1am Jured UoIS[NUId pue /1 9ze[3e)[dd PUB 701 OVA

Apmys sy 10J pasn ZHY (0S. Pue ZHY S/ [ I8 s1oonpsueny Aouanbaiy jueuosay

s[eudis gy snounds

JO 92IN0S SNOLIAS B SB PIZIUS09I ST YOIYM UOIePIx0 JuaAdld 0} 110pge ue ur suouroads 1593 03 parjdde s3uneo)
0001 01 00T WOIJ 9FULI SJUIAD INJOBIJ UM PIIBIDOSSE SIUNOD UMOPSUTY

A)N[IBLIBA }591-0)-1S9} 0} 9INQLIIUOD SP[OM JUSWIYOE)E dpIngosem pue Surjdnod 1oonpsuel) Jey) pajou s|
"A[9A13091J0 210w dIn[rey pue uorededoid JorId AB[OP SAINONISOIIU

POUIJI ‘SISSOMS JOMO[ Iy "SYOBIO SUNSILIE T8 QANIJJJO SB JOU QI8 SOIMINIISOION dULj ‘sassans Y3y 1y
K)1Anoe JV 0) Paje[dl SI BAIE 99BJINS MOBID oY) Aq PAINsedw dewep JO JuIXd oy [,

suor3ox paure1d 9s1eod ul pider st ymois yoer)

-2amydnr doaio a1050q 1snl [un gy 91qI33ou

PoIRIoUAs AINIONISOIOIW 3SIB0d A[uo Surureyuod sojdwesg -oxmdnr dooxo 03 Joud v Jo 1sInq Joyjoue Aq
pamor[oj porrad JuewLIOp B Aq POMO[[0J VY JO ISIng [eniul ue Ul Jun[nsal Sup[oLId ISR 0} PU) AIMJONI)SOITUW
ouly Jo suor3ay -armdni [pun pojeIdudd SI FY MOY UO J0UIN[JUI JUBIIUSIS Sty so[dwes JO aInonnsoIdIA
Do0SS MO[oq V JO 90In0s e sI Jur[jeds oprxo juardid 03 Juesw Sureod ¢z pelesIog ay) Jo Surmn))

speusis Suryoerd o umoip Aew Jurfjeds opIxo 03 anp ISION

Apr3s SIy} Ul pasn Je SopI3oAe g

V¢S LZd

SE [ONS SIJNPSULI) JUBUOSII 9ANISUS ATY3IY Jo osn ayy axmbar copmyrpdure mof axe arnjrey doord woiy sjeusis
S[991S AOJAIID Ul PAIOJIUOW 919M SP[aM JO SAdA] JuaIagIp ¢

S[091S AOINID

S[091S AOINID

UOISSTWD 91snode 3uisn
sso;s 1opun H,069

Jo sdwoy 03 s[o93s
AOINID JO SuryorIo
je3YaI Jo Apmys Surmp
uoneprxo yuaraxd

0} Suneod oyerid

-oxdde ue pury 03 1103

(6L61 Se[D)

D069

01 dn s[993s MO[[e MO]
Jo szvH a2y ur axmdni
dood yo Sunioyiuowr y

(2861 T8 10 1))

S)[NSIY/SAION

[eLId)EIN

3sod.ing/90ua.a9)oy

sarmerodwo | YSIH 18 euowioudyd uonepei3dq 01 gV JO 9s() Y} SUIAJOAUT SAIpmS JO Alewung “¢°€ d[qeL

3.14



armyerodwa) Y3y woy

oAOwRI 0} Juswre[y zyrenb uorsuadsns 0) PAYILYE JOUBUOSAI ZHN-()0€ YA JOONPSURT Y 9ZIS [[BWUS WOISN))
Ansnput oy} uI pasn AJUOWIWIOD I8 SIAIIPPE INJ[Ng

"SOADIPPE JO suonoafur pue ‘s3uneod Jo

uonedrdde £q saoepms Jo uonoojoid ‘ASmirerow jerrdordde Jo uonod[as Aq paliqryur 9q ued 9309 Jo uonisodo
*90eyINS uoar oy} uo ydeid

JO uoIRULIOY AU} PUB J[BIS OPIXO Y] JO UOHEBIUSWSLI] 90NPUI SUONOLBII ‘sa1dydsoune Furonpal pue SUIZLINGIed U]
“ID PUB ‘O ‘A ‘0D ‘O-A 9-0 ‘IN — S[eou Surmo[[oy oY) uo pauriojrad syuswrrodxyg

(VDL) sisAeue
OLIJOWIABISOULIdY)

pue gV Sulsn 1031qryur
uonisodop 9309
S[eloWl & Se 9pIJns UdS0IpAY JO

[e3oU 9y} UM UOISNIJIP UOGIEd pue J0BJIOUI [B)aUl/SES 9U) J8 SUONILBI SOA[OAUT UONJBULIOY 90)) IDPUB O]  SSOUSANDAIJR Yl ApmIS
PaA[oAUl 21k sa1oydsoune SuIzimngred 19Y)o IO SU0GIBI0IPAY 1yM SIssa001d [edrayoonad pue ‘A ‘0D ‘og-A

[eoruayd Auew ur wajqoad 1olew & ST ),00,L—D0SH JO Sa5uel a1neraduud) oy Ul S)USWE[L] UOGIED JO UONBULIO] Q-0 “IN 007 T8 30 1endoy)
euowouayd uorso110o anjerdduwd)
Y31y y)1M PIIBIOOSSE UOIIRIOUST 9ABM OIUOSEI[N 10J 9[qISU0dsal poauunsse udjo SI s9[eds IPIxo jo Sunyealg
PasBAIOIP SI POYSIY} UOT}OAP AU} JT YV YIM P1093ap 9q p[nood ssadoid Juroo ey pajernysod sy
95890 0} AJIAT)OR Y Pasned aqn) oy ur Suryo))
uorssardoid oFewep 03 diysuone[ar resul| sAe[dsip AJIA130e

AV ‘UONBAIOR IOy "P23993ap SI Y Ou Yd1ym Sunmp porrad uoneqnour ue Aq pazLiojoereyd si Jursnp [N SIoNqIyuI

(9L6 A INLSV) €P 01 MOqe 2q 0} POUILLId}OP UONENUDYIE IPINTOALA\ mynsIp (Ayoup

Sunsnp [ejowr 03 9ANRISUIS AI9A 9q 03 umowy| (HOOK A0[18) 0T8SON SN St ojdwes [e1o SCING JO SSOUSATIRYD

SIOSUQS PUBQaPIM 1M 2qn) d[dwres [ejowr oy} JO J2[INO PUE JA[UI Y} 0} PAYIRL SIPINSIABM T oy Surssosse pue soqn)

‘Sumid £q smois i1 ‘skojfe H008 Ao[e Jo Sunsnp

Paseq-[930IU pue S[99)S SSI[UIR)S 10J ING S[IJ)S MO[[8 MO[ PUB S[99)s U0qIed 10J AJwIojiun sdojosop Sunsnp [eI9N [eI0u JO SuLIOjIUIOW Y
SIUQWUOJIAUD Jue[d BIUOWWE 1O SUIORIO [RULIOY) UI $S3001d Jue0lIUSIS B SB PAqLIOSIP Jurisnp [eIR0N

0,059 01 dn SuLIo)IUOIN H008 £o[1V (100T 'Te 12 JOLId])

S)[NSIY/SAION [BLIDJBIA] asodang/aoudaa)oy

(pJu0o) “¢°¢ dqeL,

3.15



‘uone[reds 1oAe[

OPIXO0 WOJJ PAJNSAI YOIYM S[BUSIS UOISSIUIR-O1}SNOJL JO Joquinu Y31y & pasned [V [-ID8]-24 padopun 03 9[040
[euor) ouo jo uoneorddy -9[oAo [euIdY) PIIY) A} JB PAAIISQO SeM 9PIXO0 ) Jo uoneeds 0} anp SSO[ ssewr
pue ‘9[040 [euLIoy) 3SI1J oY) Ul s[eusIs v Jo Joqunu Y31y € 03 P9 [V S-ID0Z-24 padopun Jo SurjoAd jewiay,
skof[e [V-1D-94

padop- X pue -3)) 10J Pa3o2)ap d1oM S[eUSIS HY ON TV ZI-ID81-94 U0 PIuLIO} J9Ae] BultUn[e Ureis-osieod ay)
JO uoneroyxs pue Junporio pajeadar 0 pue [y §-1D()Z-9 SY} U0 PAULIO] JOAR] BUIUN[E UIRIS Sulf 9y} JO SuIpong
01 paynque s[eusis gy TV ZI-1D81-24 pedopun 10J PaAISSqo Sem JUIl} UOHEPIXO YPIM SUISeasoul AJTAIOR

AV poounouoid nqg A1AROR gV 9[NI] A19A paonpord ¢z 18 [VS-ID0Z-24 pedopun JO UOIIEPIXO [RULISYJOS]
“IoAe[ £OY V-0 oy Jo Surfeds 1o/pue SurjorId

pajeadar Aq paure[dxe SI [VZ[-ID8[-9 padopun Jo uoneprxo [ewiayjost Suump s[eudis gy Jo souereadde oy,
"9[e9s 9y} Jo uone[reds pue SyoeIO [BIS-YINOIY) JO UOHRULIOJ AY) JNq 9[eds J}) JO JUI[oNnq Ul J|NSAI JOU S0P
UONEBPIXO SUI[OAD-[RULIOY} PUB [BULIOYIOSI SULIND JOAR] SPIXO I UI S9SSaMS dAISSAIdwos Jo juawdo[oAap oy,
‘SISA[BUR JLIQWIABISOULIDY) URY) SQIN[IR) OPIX0 SUIJO]IP Ul JANISUIS JIOW SI SISA[RUR UOISSIUII-O)SNOIY
UONEPIXO [BUWLIAYIOSI FULINp SIOU PUNOIZNOBq S} JA0GE PI3o)ap S[euTIS y dWoS

‘(I9joWRIp Ul WW G71°() SOIM Ny 0M) AQ JOSUDS

J11399[20Z31d © 0] PJOIUUOI SI AIIM 1J Y[ Surp[om jods Aq (1919WeRIp UI WW [) 91IM 1J B 0} paxy st o[dwreg
9[BJS 9PIXO A1} UL

Appsowr pa10js ST A313U9 J1)SB[d Y} ‘densqns JI[eIdW Y} JO SSAUNIIY) Ay} 03 pareduwiod uryy SI I19Ae[ IPIXO ) I
UONBPIXO [BULIOYIOSI SULIND YIMOI3 IPIXO0 0) NP SISSANS YIMOIS (7 ‘[ejotl pue IpIX0 Jo yojewsiur uorsuedxa
[ewIay) (] JO NS B Sk SuIjoAod [euLoy) SULIN SISSAI)S [BOIUBYIAW 03 PAsodxa st 931soduiod [ejow-apIrxQ
saroydsoune sesd aAIssa133e woiy [ejow oY) Suneredas Suneod

9AN93301d € WLIOY 0} 1)) IO [V JUSIoIgns Sururejuod sKofe axmjerddwa) Y31y Jo 90BLINS 9y} UO ULIOJ SIOAR] 9pIX()
3u1[00o woij

surens paonpul-A[[ewIdy} oy} ym pareduwiod spmyudew 9[qi31[3ou JO 91 SUIRNS JIMO0I3 PIonpur AJ[eILIWOID)
HO008 AO[[V uey) gy 210w s9je1ouds Oy SH

Suneoyor uo Jussard v JuedIUSIS YNM D00E MO[9q POAIISO UOISSIW OIISNOOE WNWIXEW ‘O H 10
"D,006 01 dn 3oeq 2qM o Suneay uodn

PareIouad sI gV 9[qeIopISU0) "Do0]1 PUe Do00 Uoam1aq ur sreadde A1IAIIOR UOISSIWI J13SNOJE I} JO JSOIN
-oreurwiop apmrpduwe 9318 JO SjuaAd SunorIo 9[eds ‘sdoip arjerodwo) a8 1oye ‘ojdwres Hog Lo[[e a3 10
"SJUSUIIOIAUR [BIDAS Ul D007 PUB D056

uooM1eq SUIoAo TeuLIay) Ym SUofe D,066 18 PIIONPU0D Sem (f JH JO Sunsd) [BWIOYIOS] "SJUSWUOIIAUD [BIOADS
ut D001 PUB D006 U9am10q SUI[oAD JetIdy) pue D006 I8 powofad axom H(O(] AO[[8 9} UO SISO} [BULIOYIOS]
UOISSIWD O1JSNOOE BIA PAIPMYS SI 9Fewep pue Uonouny 9Anod30Id e wroji1od so[eos opIxo oy Jey) PaIoN

sKo[e ameradwo) Y3y

10} SuonIpuod SuIoAd

[eULISY) PUB [BULIY}OS]

Jopun o3ewep

JI9A®] UOIIBPIXO JO ApMIS

IVS

-ID0C-94 pue
IVCI-ID81-°4

(€661 24qe1D
pue I9[ZInwyos)

soLisnpur
[eorwoyoonad

PUE [BOTWIAYD I} UL
Pasn U)o S[eLIdeW ‘0t

S)[NSIY/SAON]

SH pue H008 £o[[V Jo
SurjoAd [ewwoy) uLmp
S[o918 uoneprxo jo Apmg
0¥ >H pue
H008 Aoy (€661 'Te 19 IoIEA)
[BLIJBIA 3sodang/a0udajoy

(puod) “g'gdrqe],

3.16



uone[[eds popoodxd Surorrd o[eds jey) Apmis Iy} UI PAYSI[qRISD Sem I]

‘uoneIouosd

ssoxs Jo 00nos Arewrid oy Suroq [BIOW PUEB 9[BIS UIIMII] SOIUIIYJIP UOISURdXd [BUWLIOY) YIIM JU)SISUOD ST SIY ],
“JYS1om 9edS SUISBAIOUI YIM PIsSeaIodp uope[jeds aeniur 0} paimbar armjerodwa) oy) ‘proysaay} sIyl 9A0qQy
armyeroduwiad) JusIquuie Je POJeNIIul 9q J0U PInod uore[[eds Yorym Mmo[aq PIAIISqO sem JYSIom 9[edS WNWIUIW
‘3ur[009 uodn paAIdsqo

sem gy °9[eos op1xo Jo Jurffeds 1o urorio ou Sunedrpur 2Insodxa [BULISYIOSI SULIND PAAIISQO SEm Y ON "SI
00€ 1940 03 ¢ WOY D50001 10 “Ds0S6 “Do0SS I8 IPIXOIP UOGILD UL PIZIPIXO SBM 933 SSIUIRIS QN-INST-1D0T
31y pareygur wr 9('[ Jo ospnd fwzy ‘su ] © paonpoxd

yorym Jose| pasind Dy A-PN B — PUNOSBL[N JO 93IN0S PIEPUE)S UMOUY B JUISN PAJRIQI[RI SBM WRISAS VY
JIooNpsueI) AY) 03 PAJOSUUOD SeM YIIYM (I9)SUWIBIP UI W ¢1°()) oIIM p[oS © 0} pautol

sem pue s[eu3Is o1jsnode A JO uonenude dziwruiw o) padeys yoou-uems sem d1m Ko[[e [Y-1d oY} JO pus dy ],
‘opIngoAem U} os[e

Sem oIy (I9JQWRIP Ul WU {,9°() 1M AO[[B [[Y-1d © 0} pap[om jods sem uawiroads oy ], "W)SAS 20ULR[BQOIDIW
aroydsoune pa[jonuod e ym pajdnos arom wolsAs gy pue ojdures e Juowaguelte [ejuowiLIodxd puodas € ug
[9SS9A UOILAI BOI[IS B UI POpUddsns pue opImIosem e se

Sunoe anm wnuneld I90WeRIP WU 76°() Ue Y3NoIy) Jodnpsuel) dnsnode padwep zHIA ¢z © 03 paydene uswidadg
Surj009

uodn pIp Inq 21sodxa [BULIAYI0ST SULNP INod0 jou pIp Jur[eds opIxo jey) pa[eardl (VL) uoneanoe Ioke[-ury],
200001 PUB Du05 . U22M1q SIUSWUOIIAUD

Paseq-9PIXOIP U0gIed 03 PAsodxd uoym [29)s SSa[uIeIs qN-INGZ-ID(T UO SWLIOF [8OS IPIXO WLIOJIU)

9918

SSauIels N-INSC-ID0C

10} SuUOnIpuOod SuIoAd

[eULIOY) PUB [BULIDY}OS]

Jopun a3ewep

[991s  IoA®[ UOTJBPIXO JO APMIS
ssa[urels qN

-INSZ-1D0T (6861 T8 19 NouUdg)

S)[NSIY/SAON]

[BLIDJRIA] 3sod.an J/35udaa)ay

(pJu0o) “¢°¢ dqeL,

3.17



133 100 014 0S¢ IS 99 08 SI¢ 81'C g€ BAON

mjH-7Z

0081 8’1 'L | EXICITEON

djeuR)L ], YInuwsig

6C> 001 009 0T 81 0¢I 0¢C SI-A

ojeuR)I ], InuwIsig

¢8¢ LO0 00¢ 028 4! S'6 4! 94! SCe (4

9JeqOIN peo]

0¢ o Sl 00¥ 114 [43 ¢8 00¢€ So'1 1831

djeur)L], 9JBUOIIIZ PBI]

6¢C 90 SL S9¢ 0L S¢ SLE 00LT 881 VS-1Zd

0¢ 8¢°0 008 8C¢ 0L 9¢ ¢Sl 00¢€T 0¢ v-LZd

moH-A

(43 - = 000T Sl 154 9 0¢ 89°¢ ‘918qOIN W]

Sl - 000°01 0SS 11 05 4 4 L8T zyrenQ)

S W/Ws  JUIILFI0) 0 D sau3aq @)™ () N/WA  (TI) A/ syuepsuo)  ZHJA/ W [BLIdJEA]

Qouepadwy  Surpdno)  ‘[edrueyIR  ‘Qumesadwd ],  ‘d0joe YUY  ‘JUIDLYJI0)  ILIPPIJ  ‘syur)suo)
dNSNOdY aeue[g WNWIXBIA Sunidno) £€0) £€p Kduanbaag

(6007 ‘Te 10 uLn) sontodold IOy [, pue S[ELIDJRIA JLOJ[O0ZAI] [BIOADS JO ATeWIUNS “§°€ QL

3.18



3.2.3 Localization Algorithms

AE generated by the formation of flaws and other defects consists of pulses that are clearly separated
in time. Therefore, time-of-flight analysis can be applied to determine the location of a flaw generating
AE. The time at which the AE event occurred is unknown, therefore, time-of-flight analysis is based on
the relative arrival times of AE signals to individual sensors in an array. Multiple regression algorithms
incorporated in commercial systems can locate the source of AE signals relative to the sensor array
configuration (see Figure 3.2). Multiple regression algorithms determine the source location through a
comparison of observed arrival times and calculated arrival times based on assumed source locations.
This technique is an iterative process involving updates to the assumed source location in an effort to
minimize the difference between calculated and observed arrival data (PAC 2005). Source locating
algorithms assume signals have a well-defined velocity and that signals travel in straight lines. This
limits the accuracy of locating AE sources since mode and material variation is unaccounted for. In
addition, AE can originate from anywhere within a 3D structure or component whereas source locating
algorithms only determine the coordinates in the 2D plane of the sensor array. Article 13, Section V of
the ASME Code specifies that the source location accuracy of an AE array must be within one wall-
thickness at the AE source location or 5% of the minimum sensor array spacing, whichever is greater.

Y Fostion s X Postion <All Channels> Loc[1]

i | | | | 1 | i | | U i i
4 5 1 15 L =] 0 3 4u a5 50 5 €0

3D Screen | Event Loacatene ‘Jlmi Feak Freq.ve Tme  Tranduoer Loo. | Counte | fwuoncyljnnm 30 fitered | 30 - Y }:&wl 30+ee tme |
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Figure 3.2. Screen Shot Obtained from a Commercial AE System Displaying the Location of AE Events
Calculated Using a Multiple Regression Algorithm. The red dots indicate the location of AE
events relative to the sensor array. The eight sensors are light green in color.
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3.24 Signal Processing and Analysis

Modern AE systems include digital processors to extract signal features and software to visualize
patterns among collected data. This facilitates the distinction between several groups of AE signals. An
example of the data visualization capabilities is included in Figure 3.3. Specific signal features of interest
with respect to signal interpretation and discrimination include (Pollock 2003):

e Amplitude (A)

e Measured area under rectified signal envelope (MARSE)
Counts (N)

Rise time (R)

Duration (D)

Energy (E)

B Hits va Ampltude(dE) <All Channels>

.

&
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e
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Figure 3.3. Example of Data Visualization Capabilities Provided Modern AE Systems Software

It should be noted that “Counts” refers to the total number of threshold crossings observed for a single
AE waveform and that signal “Rise Time” and signal “Duration” are defined with respect to the initial
and final threshold crossings. In addition to these time domain metrics, signal discrimination can be
carried out on the basis of frequency spectrum characteristics.

Perhaps the simplest and most common means of signal discrimination is based on amplitude
thresholding. AE signal processors normally include selectable input amplitude threshold settings to
reject all signals below a certain amplitude associated with noise. This ensures resources are not wasted
processing irrelevant signals.

Discrimination of AE signals based on amplitude distributions represents a common signal analysis
strategy. The amplitude distributions of individual sources of AE are assumed to exhibit a power law
shape described by (Sung et al. 1997):

F(V)=(V/ Vi) - (3.4)
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F(V) is a cumulative distribution function representing the probability that a signal amplitude exceeds V.
Vinresh 18 selected such that F(Viyesn) = 1. This method is based on the assumption that different sources of
AE will exhibit unique b-coefficient values.

The post-analysis of amplitude distributions along with patterns of other signal features is limited in
effectiveness and/or subjective by nature. This has motivated attempts to develop improved algorithms
for signal clustering and classification to automate the process in order to facilitate real-time analysis of
signals and minimize measurement ambiguity. Techniques currently under investigation for clustering
and classifying AE signals include K-means (Ramadan et al. 2008; Shaira et al. 2008), principle
component analysis (Ramadan et al. 2008), and neural networks (Barga et al. 1990).

3.25 Calibration

The Hsu pencil source generates consistent signals via the breaking of pencil lead and can be used to
test the reproducibility of an AE sensor response or the uniformity of many AE sensor responses. It is
recommended to use 0.3 mm or 0.5 mm pencil lead with 2H level hardness. A “Nielson shoe” is a Teflon
guide ring to aid in consistent breaking of pencil lead. Gas jets can be used to test AE sensor sensitivity
and frequency response. Recommended test gases include helium or dry air with pressures between
150 kPa and 200 kPa (20 psi and 30 psi). Specific guidance for testing sensor sensitivity and response is
included in Section V, Article 13 of the ASME Code. Instructions are provided regarding test gas,
pressure, delivery and spacing between gas jet, AE sensor, and test block. Customized test signals can be
introduced into a suitable test by use of a waveform generator and ultrasonic transducer. Specific
guidance related to the selection of an ultrasonic transducer and the generation of acceptable signals is
provided in ASTM E 976-98, “Standard Guide for Determining the Reproducibility of Acoustic Emission
Sensor Response” (ASTM E 976 1998).

Automatic sensor testing (AST) functionality is incorporated in some commercial AE systems. These
systems contain internal pulse generators to simulate AE waveforms. The simulated AE signal is
introduced to the test component through one of the attached AE sensors. For an array of AE sensors, the
response of nearby sensors to the AST provides a measure of sensitivity. The measured sensitivity can be
impacted by any link in the AE instrumentation chain including: coupling layer at the interface of the AE
sensor and component under test, AE sensor, pre-amplifier, and cable. AST also provides time-of-flight
information among individual sensors in an AE sensor array which can be used to verify the functionality
of location algorithms.

Laser energy sources can be used to calibrate AE sensors although laser techniques are not specified
in the ASME Code. In the study by Bennett et al. (1989), the AE system was calibrated using a known
standard source of ultrasound — a Nd-Y AG pulsed laser, which produced a 10 ns, 12 mJ pulse of 1.06 pm
infrared light.

ASTM E 976-98, “Standard Guide For Determining the Reproducibility of Acoustic Emission Sensor
Response” (ASTM E 976 1998) describes specific test block designs to use in conjunction with
performance testing of AE sensors. However, it is mentioned that design specificity is not so important as
long as the test block is “non-resonant.”
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3.2.6  Nuclear Power Applications

AE has been investigated as a means to detect leakage from primary pressure boundaries in LWRs.
Leaks from cracks in primary reactor coolant boundaries result in the continuous generation of AE. For
constant flow rates, it has been observed that the AE signals experience a decrease with decreasing
temperature (Claytor and Kupperman 1985). A U.S. Nuclear Regulatory Commission (NRC)-sponsored
laboratory study of AE for leak detection found that the estimated sensitivity of an AE leak monitoring
system is strongly influenced by background noise, varying from 0.003 to 1.0 gpm depending on the
noise level. Typically, leaks are detectable if the total AE signal is 3 dB above the background noise
level. Sensors are usually attached through waveguides for leak monitoring in the vicinity of the reactor
vessel (IAEA 2008). A significant conclusion of this study is that comprehensive leak monitoring of
LWRs is feasible using AE requiring 135 sensors for a typical BWR and 105 sensors for a typical PWR.
Further, maximum sensors spacings of 10 m, 2 m, and 1 m are calculated based on background noise
levels of 4 WV s, 20 WV s, and 40 Vs (Kupperman et al. 2004).

AE has been used to detect loose parts within the primary coolant loop of nuclear steam system
supplies. Loose part monitoring systems (LPMS) are used to detect and localize moving loose parts and
estimate damage potential. Most PWRs have LPMSs and it is noted that these systems are most effective
during reactor startup as most loose parts disintegrate or become lodged in the loop within the first
30 seconds after startup. Loose parts disintegrate by impact with other components, especially pump
blades. Loose parts monitoring is usually implemented at audible and ultrasonic frequencies. Loose parts
are usually identified as bursts in the time signal on top of the background noise level. Signal-to-noise
ratio significantly impacts the effectiveness of loose parts monitoring and the false-alarm rate. In early
systems, event recognition was mostly based on the analysis of signal amplitudes and the resulting false-
alarm rates were high. More advanced systems incorporate sophisticated algorithms for loose parts
recognition such as autoregressive modeling and Sequential Probability Ratio Test (SPRT), reducing false
alarm rates below 1%. Work continues to compile a signature database of common events. Loose parts
normally do not represent an immediate threat to the integrity of structural components; however, they
can accelerate reactor aging. For instance, particulates from disintegrated loose parts can be carried into
the reactor core and corrode the surface of fuel cladding (IAEA 2008).

AE has been deployed in the field to monitor the growth of cracks in two RPV nozzles at Limerick
Generating Station Unit 1 (BWR) reactor and the Watts Bar Unit 1 (PWR) reactor. The flaws were
known to exist and had first been characterized using conventional ultrasonic inspections. These tests
demonstrated the ability of acoustic emission testing (AET) to discriminate AE signals due to crack
growth from background noise caused by an active coolant loop and the ability to perform monitoring on
components at temperatures near 300°C. AE was deployed for the duration of two fuel cycles at
Limerick Unit 1 and operated well for the first fuel cycle. The equipment experienced degradation during
the second fuel cycle as a result of thermal exposure (Hutton et al. 1993). A photograph of the Limerick
Unit 1 nozzle and AE waveguide attachments is provided in Figure 3.4. These tests stemmed from more
than two decades of work supported by the NRC and the U.S. Atomic Energy Commission.
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Figure 3.4. Photograph of AE Waveguide Attachment and RPV Nozzle at Limerick Unit 1 Reactor

An assessment of AE for application in Canada Deuterium-Uranium (CANDU) reactors was
performed by Benz (1998). As part of this assessment, Benz considered the use of AE in several non-
nuclear industries including the fossil power, chemical processing, compressed gas, and railroad
industries. AE is commonly applied in hydrostatic and pressurization tests of vessel integrity. Additional
applications of AE monitoring include leak monitoring, crack monitoring, and foreign/loose parts
monitoring. Potential applications of AE monitoring in CANDU reactors identified from the assessment
include valve leak monitoring, steam-line leak monitoring, and monitoring suspect areas for degradation.
With regards to the state of acoustic emission monitoring in LWRs, Benz notes that AE is used
extensively in the nuclear industry to detect leaks in valves and less extensively to detect leaks in piping
(Benz 1998).

AE has been studied with respect to applications to liquid sodium cooled fast breeder reactors
(LMFBRs). In particular, AE has been studied as a tool to detect the leaking of water into sodium in
steam generators (Yugai et al. 1983; Pridoehl et al. 1984; Yugai and Sorokina 1986). Simulated leak
studies were performed on a mock-up of a steam generator for the Superphenix reactor to assess AE
sensitivity to these leaks. As part of this effort, sources of noise were characterized. Sodium flow noise
was dominant below 2 kHz while the frequency range from 2 kHz—20 kHz was dominated by water/steam
noise (Castelnau et al. 1980). Finally, it’s noted that other LMFBR monitoring applications for AE
include monitoring the cavitation of liquid sodium pumps, monitoring sodium boiling, and monitoring of
structural vibrations (Burton 1976).

3.3 Acoustic Emission Codes and Standards

Use of acoustic emission for inservice inspection (ISI) of NPP SSCs is governed by Section XI of the
ASME Code “Rules For Inservice Inspection of Nuclear Power Plant Components,” Division [. The use
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of acoustic emission for volumetric examinations is discussed in paragraph IWA-2234. Here, it is
specified that AE may be used to monitor the growth of an existing flaw that has been characterized using
another NDE technique. Evaluation of the growth rate based on AE measurements must be performed
every two months and extrapolated to the next outage to determine if mitigating or repair activities are
necessary or if operation can continue uninterrupted. Flaw growth is estimated from a relationship in
Section V of the ASME Code, Article 13, Appendix I. This relationship is presented as Eq. 3.3 with
n-m=0.53 and (C/(A™™)) =290 and units of microinches/second for crack growth rate.

Generic requirements for continuous AE monitoring of pressure boundary components during
operation are provided in Section V of the ASME Code, Article 13. Supplemental requirements for
application of continuous AE monitoring of AE in NPPs is provided in Appendix I. Other supplemental
requirements that are relevant to AE monitoring in NPPs are included in the following appendices:

e Appendix IV — “Limited Zone Monitoring”
e Appendix V — “Hostile Environment Applications”

e Appendix VI - “Leak Detection Applications”

Section V, Article 13 provides guidelines for sensor installation and calibration as well as
requirements associated with other components of the AE monitoring system including cables,
waveguides, preamplifiers, signal processor and data monitors. Generally, the current status of the code
may not accurately reflect the state of modern AE technology since Article 13 was placed in the Code in
the mid 1990s.
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4.0 Guided Wave Monitoring

4.1 Background

Guided ultrasonic wave (GUW) monitoring is an active mode of monitoring as opposed to acoustic
emission. GUW monitoring involves the introduction of energy into a component and observing
reflections of that energy from flaws or other material discontinuities. GUW involves the introduction of
ultrasonic waves with wavelengths on the same order of magnitude as the dimension of the component
under inspection. As a consequence, boundary conditions significantly influence the propagation of
GUW energy. In this scenario, the component under inspection supports the propagation of several GUW
modes. Each of these modes experience dispersion that can result in significant variation of phase and
group velocity (Vp and Vg, respectively) with respect to frequency. Brief descriptions of GUW
propagation in plates and tubes will follow. More complete and rigorous discussions regarding GUW can
be found in multiple texts (Rose 1999; Cheeke 2002).

411 Guided Waves in Plates

GUW propagation in plates is usually described using a Cartesian coordinate system. A plate of
infinite extent in the x and y directions has a thickness b with surface normal vectors aligned with the
z-axis. The sagittal plane is defined as the plane containing the surface normal vectors of the plate and
the direction of wave propagation, defined in Figure 4.1 as the positive x-direction. GUWs polarized
such that wave displacement is perpendicular to the sagittal plane are referred to as shear-horizontal (SH)
waves (see Figure 4.1). Plates can support the propagation of many SH modes and the dispersion curves
of the phase velocity for the first six SH modes are shown in Figure 4.2 for an aluminum plate. From
Figure 4.2, it’s clear that only the fundamental SH mode, SHO, is supported at very low frequencies.
Also, the figure indicates that the phase velocity for SHO remains fairly constant over the entire frequency
range. Higher-order modes experience a frequency cutoff, below which their propagation in the plate is
no longer supported. As the cutoff frequency of higher-order modes is approached from higher
frequencies, a sharp increase in phase velocity is observed.
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Figure 4.1. Vector Representation of SH Wave Propagation Along the x-direction of a Plate in the
Sagittal Plane
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Figure 4.2. Dispersion Curves Calculated for the Phase Velocity of the First Three SH Modes in an
Aluminum Plate

Lamb waves are polarized within the sagittal plane as shown in Figure 4.3. The propagation of
several Lamb modes can be supported by a plate, and these modes are referred to as symmetric or
antisymmetric modes referring to the variation in the displacement through the thickness of the plate.
Dispersion curves for the phase velocity (solid lines) and group velocity (dashed lines) of the first six
symmetric and antisymmetric modes are shown in Figure 4.4 for a brass plate. As with SH waves, it is
clear that only the fundamental Lamb modes, A0 and S0, are supported at very low frequencies. Higher-
order modes experience a frequency cutoff, below which, they cannot propagate.

Figure 4.3. Vector Representation of Lamb Wave Propagation Along the x-direction of a Plate in the
Sagittal Plane
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Figure 4.4. Dispersion Curves Calculated for the Phase and Group Velocities of the First Two
Antisymmetric and Symmetric Modes in an Aluminum Plate

4.1.2 Guided Waves in Tubes

GUW propagation in tubes is best described in the cylindrical coordinate system with the axis of the
cylinder aligned with the z-axis of the coordinate system, which also coincides with the direction of wave
propagation. Waves can be polarized with displacements in the 1, 8, and z directions referred to as
flexural, torsional, and longitudinal waves. Illustration of longitudinal, flexural, and torsional mode
excitation is provided in Figure 4.5 a)—c), respectively. The fundamental torsional mode experiences
minimal attenuation in fluid-filled tubes making it an attractive mode for many pipe inspection
applications such as the piping in LWRs or HTGRs. Pipe inspections are rarely performed based on
flexural mode excitation.
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Figure 4.5. Illustration of a) Longitudinal Mode Excitation, b) Flexural Mode Excitation, and
¢) Torsional Mode Excitation in Tube-Shaped Structures (Rose 1999). Reprinted with the
permission of Cambridge University Press.

4.2 GUW Sensors

Piezoelectric sensors for guided wave inspections may incorporate the same materials discussed in
Section 3.2.1. Compared to the thickness vibration of a conventional bulk wave transducer, the
piezoelectric transducer for guided wave application expands or contracts lengthwise. When placed in
physical contact with the surface of a material under inspection, the lengthwise motion of the transducer
transfers force to the material through friction and generates the guided wave. Detection of the guided
wave is achieved by the reverse process (Naus 2007). Two common types of piezoelectric GUW
transducers include the angle beam transducer and the comb transducer. The angle beam transducer
shown in Figure 4.6 consists of a single piezoelectric element coupled to the test component through an
acrylic shoe and ultrasonic coupling gel. Mode excitation is achieved through adjustment of the angle.
The comb transducer shown in Figure 4.7 is a type of transducer used for pipe inspection. It includes an
array of sensors distributed around the circumference of a pipe. Mode excitation in the comb transducer
is achieved through sensor spacing. Excitation limited to a portion of the comb sensors results in the
generation of nonaxisymmetric waves while excitation around the full circumference generates symmetric
waves.
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Figure 4.6. Photograph of an Angle Beam Transducer (Rose 2002). Reprinted by permission of ASME
International.

Guided Wave Comb Probe
for Inspaction of Pipe Walls
under Insulation

Figure 4.7. Drawing of a Comb Transducer

Magnetostrictive sensors (MsS) can transmit and receive guided waves in ferromagnetic materials to
perform a flaw inspection. The MsS sensing mechanism is based on the force in ferromagnetic materials
generated by strains associated with the motion of magnetic domains (Kittel 1949). The concept of MsS
guided wave injection and detection is illustrated in Figure 4.8. The magnetic domains of the part under
inspection are set into vibration by applying an alternating magnetic field to the part. Guided waves are
then established as a result of the magnetic domain motion. The detection of guided waves with MsS
follows from the reverse process where guided waves cause the magnetic domains in a material to vibrate.
The motion of the magnetic domains caused the magnetic induction of the material to change. This
change in magnetic induction induces a voltage in the MsS coil. The technique is contactless for
ferromagnetic materials and is insensitive to surface conditions (Naus 2007). For other materials, MsS
can induce guided waves with the aid of an intermediate strip of ferromagnetic material in direct contact
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with the test component to convert magnetic domain motion to elastic wave motion. The range of guided
wave inspections using MsSs can be on the order of 100 meters (Vinogradov and Kidd 2006).
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Figure 4.8. Illustration of MsS Guided Wave Injection and Detection Applied to a Steel Pipe (Kwun
1999). Reprinted with permission courtesy of Oak Ridge National Laboratory and the U.S.
Nuclear Regulatory Commission.

Guided wave detection and generation is facilitated by the Lorentz force mechanism for
electromagnetic acoustic transducers (EMATSs). The Lorentz force is the force experienced by a moving
charge in a static magnetic field (Krautkramer and Krautkramer 1990, Ch. 8). The EMAT contains a
transmitter and a receiver (see Figure 4.9). Both components consist of a permanent magnet or
electromagnet and a coil. The transmitter induces eddy currents in the test component through radio-
frequency excitation. The induced eddy currents interact with the magnetic field from the coil to produce
a Lorentz force and generate guided waves. Detection is achieved through the reverse process. EMATSs
are contactless transducers, are therefore insensitive to surface conditions, and can be applied through thin
coatings of insulating material. Disadvantages of EMATSs are that they are relatively inefficient and they
are sensitive to the lift-off between the sensor and the surface of the test component (Naus 2007).
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Figure 4.9. Illustration of EMAT Sensor for the Generation of Guided Ultrasonic Waves in a Metal
Sample (Kwun 1999). Reprinted with permission courtesy of Oak Ridge National
Laboratory and the U.S. Nuclear Regulatory Commission.

4.3 Nuclear Power Applications

The application of GUWs to structural monitoring is a relatively recent development. As a result,
GUW technology is not widely deployed within the nuclear industry but recognition of its potential has
been increasing. GUW signals are most easily interpreted when deployed on simple geometries such as
tubes, rods, and plates and this is reflected by choice of components for which GUW has so far been
applied. ASME Code Section V recently formed a task group to bring the GUW methodology into the
code.

4.3.1 Containment Liners

GUW has been investigated for its ability to inspect difficult-to-access portions of metallic PWR
containment structures or metallic plates lining the surface of BWR containment structures. Corrosion is
a significant concern for containment structure metal that is embedded in concrete as moisture permeating
the concrete can reach the embedded metal, which is difficult to access for inspection. EMATS have been
used to launch SHy mode waves into a 25-mm steel plate representing a containment liner plate to
investigate its ability to detect fabricated flaws. Flaws that were two wavelengths long and half through-
thickness in depth were detectable from distances of several meters. It was observed that flaws with sharp
features (such as a crack) produced stronger reflections than flaws with rounded features (such as
corrosion) (Maxfield and Kuramoto 1988).

High frequency acoustic imaging of plate thinning caused by corrosion has been investigated
numerically (Bondaryk et al. 1998) and experimentally (Rudzinsky et al. 1999) for free plates and plates
embedded in concrete. Experimental studies were performed using angle-beam piezoelectric transducers
tuned to 500 kHz to inject shear waves at multiple angles with respect to the surface of the plate.
Degradation was simulated by fabricating several different notches into the surface of the plate. These
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studies concluded that a rounded 4-mm-deep (25-mm plate thickness) flaw located 30 cm below the
air/concrete interface should be detectable in the absence of competing signals. In addition, shallow
angles of wave injection result in less attenuation for plates embedded in concrete (Rudzinsky et al.
1999).

Lamb waves have also been considered for the inspection of metallic liner plates that are free and
backed by concrete on one or both sides. DISPERSE was used to calculate dispersion curves for the most
fundamental modes, A0, SO, and S1. DISPERSE is a commercial software tool for solving the wave
equations and identifying the dispersion relations for a variety of waveguide structures and was developed
at Imperial College beginning in 1990 (Imperial College). These simulations revealed little change in the
group velocities for A0 and SO modes between free plates and plates embedded in concrete. Further,
minimal attenuation was observed for the A0 modes below a frequency-thickness product of
0.55 MHz-mm. Experimentally, MsS probes were used to inject 20-kHz A0 and 40-kHz SO modes into
6.35-mm-thick carbon steel plate. Fabricated notches and pits with lengths from 10 cm to 30 cm and
depths of 50% through-thickness were studied. Under free-plate conditions, the A0 mode experienced
attenuation of 0.086 dB/m and the SO mode experienced attenuation of 0.33 dB/m (Kwun 1999).
Covering the plate with concrete on one or both sides dramatically increased attenuation of S0, A0, and
SH modes. It is concluded that SO, SH, and high-frequency A0 waves have limited inspection capability
in concrete-covered areas (Kwun and Kim 2000).

4.3.2 Fuel Rod Cladding and Heat Exchanger Tubing

Torsional wave modes have been applied to detect simulated flaws in a fuel rod cladding mock-up.
Torsional waves with a frequency of 250 kHz were selected to minimize the impact of grid spacers.
Simulated corrosion pits, circumferential, axial, and 45° flaws were introduced to the zirconium alloy
tube with the following dimensions: length — 3.91 m, diameter — 10.9 mm, wall thickness — 0.71 mm.
The probe was capable of sampling the full length of the rod with the exception of a dead zone near the
rod tip in the upper 30—40 cm of the fuel rod. The presence of grid spacers can interfere with small flaws
located in regions near the spacers (Kwun et al. 2009). A diagram of the MsS probe configuration for
inspection of fuel rod cladding is shown in Figure 4.10. MsS probes have also been applied to the
inspection of U-bend areas in heat exchanger tubing. In this case, torsional guided wave modes at a
frequency of 128 kHz were capable of detecting defects in the U-bend areas (Vinogradov and Kidd 2006).
A photograph of the experimental setup for MsS inspection of heat exchanger tubing is including in
Figure 4.11.

4.8



Clamp Actuator

Waveguide

MsS—

Clamp /

Waveguide

N—— Fuel Rod /

Figure 4.10. Illustration of MsS Applied to Guided Wave Inspection of Fuel Rod Cladding (Kwun et al.
2009). Image courtesy of Southwest Research Institute.

Figure 4.11. Application of MsS to Guided Wave Inspection of Heat Exchanger Tubing (Vinogradov
and Kidd 2006). Reproduced with permission from Electric Power Research Institute,
Palo Alto, California.

4.3.3 Underground Piping

GUWSs have been investigated with respect to their ability to inspect underground or buried piping.
Several different types of transducers have been investigated including angle beam, comb, EMATsS, and
MsSs (EPRI 2000). GUWSs can detect wall thinning as a result of corrosion and other large defects.
However, GUW is currently unable to inspect piping beyond joints or flanges and is unable to
differentiate outer-diameter versus inner-diameter wall thinning. Flaw detection in underground and
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buried piping must be followed up with more detailed assessments of flaw significance (EPRI 2008). A
photograph of a comb transducer applied to the inspection of a pipe is included in Figure 4.12.

Figure 4.12. Application of a Comb Transducer to the Inspection of a Pipe (EPRI 2008). Reproduced
with permission from Electric Power Research Institute, Palo Alto, California.
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5.0 AE and HTGR - Discussion

5.1 Applications

Characterization of background noise in HTGR environments is important for assessing the efficacy
of AE monitoring for several applications. Applications including leak detection, loose parts monitoring,
and crack growth monitoring are all impacted negatively by high background noise levels. In addition,
the efficacy of waveguide sensors is impacted by background noise levels. Coolant noise in LWRs has
been attributed to cavitation, reactor coolant pumps, debris, and turbulent flows. Cavitation is not a factor
in the operation of HTGRs; however, oxidation of high-temperature components may be a significant
source of noise in HTGRs.

Limited zone monitoring is a potential application of AE in HTGR environments. Limited zone
monitoring has been applied in LWR environments to monitor the growth of known flaws. AE could
potentially be deployed in HTGRs to monitor suspect zones including welds, joints, and/or material
discontinuities. Additionally, AE could potentially be deployed to monitor the growth of existing flaws.
Background noise levels in HTGR environments could significantly influence the effectiveness of limited
zone monitoring.

5.2 Sensitivity to Relevant Degradation Mechanisms

Aging and degradation mechanisms 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 metal loss (e.g., corrosion, wear) or by cracking or deformation (e.g., stress-
corrosion, deformation, cracking). AE is typically more sensitive to the latter and confirmation of the
sensitivity of AE to mechanical damage, corrosion, and SCC processes is extensively documented. The
capability of AE monitoring for detecting fatigue cracking and SCC in ferritic steels, austenitic stainless
steels and Ni-based alloys has been confirmed through extensive studies. Many of these studies are
focused on detecting SCC crack growth in LWR environments. Little or no work has been done to
evaluate the capability of AE to monitor SCC growth processes (radiation-assisted IGSCC) in austenitic
stainless steels and Ni-based alloys in HTGR environments.

The sensitivity of AE to corrosion processes in LWR environments is documented in many AE
studies of SCC for both austenitic stainless steels and Ni-based alloys. AE monitoring of corrosion
processes at high temperature in carburizing atmospheres has been studied for applications in the fossil
and chemical/petrochemical process industries. AE has been shown to be sensitive to carburization and
coke deposition processes of stainless steels and Ni-based alloys at temperatures below 700°C. However,
investigations of the application of AE to monitor similar processes in stainless steels and Ni-based alloys
in HTGR environments are lacking. Few, if any studies address the application of AE to monitor
decarburization in high temperature or HTGR environments.

AE monitoring is sensitive to oxidation processes. AE is sensitive to thick oxide layers that spall and
crack. Most significant AE from oxide layers have been observed during thermal cycling in laboratory
studies. However, significant AE may occur as a result of isothermal growth processes. Oxide scales
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may be a significant source of noise in high-temperature components during normal operations and
especially during shutdown of HTGRs.

Few studies address the application of AE to monitor creep effects. AE has been used to monitor
creep rupture in the heat affected zone in a weld of CrMoV metal up to 690°C. Studies addressing the use
of AE to monitor creep effects in austenitic stainless steels and Ni-based alloys are limited.

AE is sensitive to certain phase transformations, especially martensitic formation in austenitic
stainless steels at low temperatures. Phase stability and radiation-induced segregation could be an issue
for ferritic/martensitic steels, austenitic stainless steels, and Ni-based alloys. The sensitivity of AE to
these phenomena has not been investigated.

Thermal fatigue could be a significant aging phenomenon in HTGRs and can lead to cracking. Few
studies, if any, address the efficacy of AE for monitoring thermal fatigue effects.

Finally, several materials are under consideration for internal RPV structural components in addition
to austenitic stainless steels and Ni-based alloys. These materials include graphite, ceramics, and
composite materials. Literature related to the application of AE to monitor damage processes in these
materials is limited.

5.3 Environmental Considerations and Waveguides

Life-time neutron fluences at RPV boundaries of HTGR RPVs will be near life-limiting neutron
fluence levels for lead zirconate titanate (PZT) materials. AE has been deployed to monitor flaws in RPV
nozzles of both PWR and BWR reactors. AE was deployed for two fuel cycles at the Limerick Unit 1
reactor and performed well for the first fuel cycle. System performance degraded in the second fuel cycle
as a result of thermal exposure. Sensitive sensor components (piezoelectric transducers) were isolated
from harsh temperature and neutrons in the immediate vicinity of the nozzle by attachment to a
waveguide (2.75-m length). RPV temperatures of HTGRs (up to 370°C for cold barrels; up to 500°C for
warm barrels) will be significantly higher than for LWRs (near 300°C). This implies a larger standoff
distance is required for piezoelectric elements, increasing the necessary length of waveguides, which may
reduce sensitivity. On the other hand, a new approach could be to use a cooling jacket for piezoelectric
elements to limit the waveguides to a reasonable length. Alternatively, the development and use of AE
sensors employing high-temperature piezoelectric elements could also mitigate excessive waveguide
length. However, as highlighted in Table 3.4, there is normally a trade-off between the thermal tolerance
of piezoelectric materials and their sensitivity.

AE waveguide sensors have been successfully deployed in laboratory testing above 900°C.
Therefore, monitoring HTGR RPV internal components using waveguide sensors is conceivable.
However, experience is lacking in using AE waveguide sensors as they have not been deployed to
monitor LWR RPV internals. Some issues with monitoring RPV internals include signal attenuation in
long waveguides and RPV penetration. Long-term reliability of the AE components at the elevated
temperatures experienced in HTGRs will also need to be established.
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5.4 Code Requirements

Section V and Section XI ASME Code requirements for AE testing are applicable to LWR
monitoring. An equivalent set of requirements has not been developed for HTGRs. AE monitoring of
LWRs is limited by Code requirements to crack growth monitoring and leak detection. Alternative NDE
methods are relied upon for initial crack detection and accurate sizing of flaws. In practice, these
functions are usually accomplished by periodic NDE during plant shutdown employing Appendix VIII
qualified personnel, equipment, and procedures. In LWRs, AE monitoring supplements periodic NDE
while in HTGRs, AE will replace periodic NDE implying that either AE or other online NDE methods
will be relied upon for initial crack detection and accurate flaw size assessments. Current ASME Code
rules also specify methods of sensor calibration and functional verification that must be performed
offline. Finally, ASME Code requirements for AE monitoring may not be adequate to ensure inspections
via AE monitoring are equivalent to inspections via periodic NDE.

5.5 GUW Monitoring

GUW monitoring is a promising technology for application to HTGRs and is currently seeing
increased application in LWR structures and components. Liquid-filled pipes can attenuate GUW signals
limiting the use of GUW monitoring for online applications in LWRs. The potential for online
monitoring in HTGRs may be greater than LWRs because HTGRs are gas-cooled. The temperature of
HTGR environments will be a limiting factor in the use of GUW sensors. However, the long-range
inspection capability of GUWs may allow the inspection of components at high temperatures from a more
tolerable environment.
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6.0 Summary and Recommendations

AE can potentially be applied to many online monitoring (OLM) functions in HTGR environments.
These functions include leak monitoring, loose parts monitoring, degradation monitoring, localized zone
monitoring, and monitoring during pressurized testing of RPVs. The background noise in HTGRs is a
source of uncertainty in predicting the efficacy of AE for the above OLM applications. While cavitation
is described as a significant source of noise associated with LWR coolant loops, it will not be a factor in
HTGRs. However, oxidation of components at high temperatures may introduce a significant source of
noise in HTGRs that is not of consequence to the operation of LWRs. The high temperature of HTGR
environments can also negatively impact the effectiveness and reliability of AE monitoring indirectly.
Generally, the higher temperature environments in HTGRs relative to LWRs imply a larger standoff
requirement for sensitive piezoelectric elements for many reactor components. Attenuation in
waveguides is linearly related to waveguide length; thus, it is generally expected that AE sensors for
HTGR applications will be less sensitive than waveguide sensors for LWR applications.

AE is most sensitive to gross physical damage in materials such as metal loss (corrosion, wear),
cracking, and deformation. AE can potentially be deployed for local zone monitoring of degradation
processes including corrosion, fatigue cracking, and SCC. In these cases, the monitoring zone may
surround an existing flaw or may encompass a region of unusual stress concentration including welds and
notches. The above degradation phenomena are common to both LWRs and HTGRs. Many degradation
phenomena unique to HTGRs may be monitored with AE as well. Processes including oxidation,
carburization, and creep rupture have all resulted in detectable AE in laboratory experiments employing
waveguide sensors. More work is required to understand the capability of AE to monitor these processes
in HTGR environments and in HTGR relevant environments

GUW monitoring is a promising technology with respect to HTGR monitoring. GUWs introduced to
high-temperature structures will not be subject to attenuation by adjacent layers of liquids, potentially
allowing for monitoring during HTGR operation. Additionally, the ability of GUW to monitor structures
over a long range may allow for GUW monitoring of structures in harsh conditions from a more tolerable
environment.

Recommendations for future R&D activities are based on the review of HTGR-relevant materials,
degradation mechanisms, operating conditions, and the current state of AE and GUW monitoring
technologies. Topics for future recommended activities include AE Code development for HTGR
applications, AE sensor reliability, efficacy of AE leak detection and monitoring in HTGRs, AE
sensitivity studies relevant to HTGRs, and GUW monitoring. The order in which the following
recommendations are presented is not an indication of relative importance or priority.

The following are recommendations for future activities:

AE Code development for HTGRs

e Address what standards AE will have to meet in order to replace Section XI, Appendix VIII qualified
personnel, equipment, and procedures.

¢ Devise standard methodologies for applying AE to monitoring of HTGRs.

¢ Qualify AE for detection of cracks and other forms of degradation in HTGR structural components.
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¢ Qualify online methods of sensor calibration and functional verification.
e Develop criteria to quantitatively assess the size of leaks or extent of degradation using AE.

e Develop criteria to classify AE signals as signals from leaks versus signals from active degradation
processes and other potential noise sources.

AE sensor reliability

e Evaluate alternative means of thermally shielding sensitive AE transducer components and electronics
and active cooling methods in an effort to limit waveguide length and assess long-term reliability.

e Evaluate high-temperature AE transducers with respect to long-term reliability of monitoring
applicable HTGR components.

Efficacy of AE leak detection and monitoring in HTGRs
¢ Obtain measurements of the AE noise level at relevant locations in an operating HTGR.

e Evaluate the ability of AE to detect He leakage in HTGR valves and piping. Determine minimally
detectable leakage rates and effectiveness under operating conditions.

AE sensitivity studies relevant to HTGRs

e Assess the sensitivity of AE to fatigue and SCC cracking in ferritic steels at temperatures up to 370°C
in a He environment.

e Assess the sensitivity of AE to fatigue, SCC cracking, creep, oxidation, and carburization in 9Cr-1Mo
at temperatures up to 500°C in a He environment.

o Assess the sensitivity of AE to fatigue, SCC cracking, creep, oxidation, and carburization in austenitic
stainless steels and Ni-based alloys at temperatures up to 950°C in a He environment.

GUW monitoring

e Demonstrate GUW inspection technologies on an active He loop and assess the impact of He on the
ability of GUW to detect defects.
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