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EXECUTIVE SUMMARY

Several programs funded by the Department of Energy Office of Nuclear Energy (DOE-NE), such as the
Fuel Cycle Research and Development, Advanced Reactor Concepts, Light Water Reactor Sustainability,
and Next Generation Nuclear Plant programs, are investigating new fuels and materials for advanced and
existing reactors. A key objective of such programs is to understand the performance of these fuels and
materials during irradiation. The Nuclear Energy Enabling Technology (NEET) Advanced Sensors and
Instrumentation (ASI) in-pile instrumentation development activities are focused upon addressing
cross-cutting needs for DOE-NE irradiation testing by providing higher fidelity, real-time data, with
increased accuracy and resolution from smaller, compact sensors that are less intrusive.

Ultrasonic technologies offer the potential to measure a range of parameters during irradiation of fuels and
materials, including geometry changes, temperature, crack initiation and growth, gas pressure and compo-
sition, and microstructural changes under harsh irradiation test conditions. There are two primary issues
that currently limit in-pile deployment of ultrasonic sensors. The first is transducer survivability. The abil-
ity of ultrasonic transducer materials to maintain their useful properties during an irradiation must be dem-
onstrated. The second issue is signal processing. Ultrasonic testing is typically performed in a lab or field
environment, where the sensor and sample are accessible. The harsh nature of in-pile testing and the vari-
ety of desired measurements demand that an enhanced signal processing capability be developed to make
in-pile ultrasonic sensors viable. To address these issues, the NEET ASI program funded a three year
Ultrasonic Transducer Irradiation and Signal Processing Enhancements project, which was completed as a
collaborative effort between the Idaho National Laboratory, the Pacific Northwest National Laboratory, the
Argonne National Laboratory, and the Pennsylvania State University. The objective of this report is to doc-
ument the objectives and accomplishments from this three year project. As summarized within this docu-
ment, significant work has been accomplished during this three year project:

e Transducer Irradiation Test - The first task of this project supports efforts to develop a test capsule
design and define irradiation conditions for evaluating the most promising candidate piezoelectric and
magnetostrictive transducer materials and designs. In July FY-12, the ATR NSUF announced that a
PSU-led proposal for irradiating ultrasonic transducers was selected, and the irradiation would occur in
the Massachusetts Institute of Technology Nuclear Research Reactor (MITR). Therefore, this NEET
project leveraged ATR NSUF funding, allowing all of the planned accomplishments to be completed.

FY-12 project efforts focused on developing a capsule design and on identifying appropriate test con-
ditions, identifying transducers for inclusion in the capsule, appropriate post-irradiation examinations,
and identifying out-of-pile laboratory tests needed to support the irradiation. As documented in this
report, the irradiation test builds on prior research; and conditions were designed to exceed previous
tests in terms of the number of materials tested and accumulated fluence. The purpose of this test is to
irradiate the most promising transducer materials to a total fast fluence of at least 1 x 102! n/cm?. This
project selected suitable piezoelectric and magnetostrictive candidates identified based on material
properties and previous research. Piezoelectric materials included in this irradiation are aluminum
nitride (AIN), bismuth titanate niobate (BizTiNbOg), and zinc oxide (ZnO). Magnetostrictive materials
included are Remendur and Galfenol.

During FY-13, transducer design issues, such as electrical connections and transducer to sample cou-
pling, were addressed. An updated test capsule design was developed that is capable of accommodat-
ing all test specimens as well as real time instrumentation for monitoring temperature and neutron and
gamma flux. Transducers were fabricated and transported to MIT for installation in the irradiation test
capsule and to PSU for out-of-pile furnace testing. Initial furnace testing was performed to evaluate the
performance of transducers at expected test temperatures. Results confirmed that the transducer
designs were sufficiently robust with respect to temperature. Further out-of-pile testing will be per-
formed by PSU in FY-14 using ATR-NSUF funding.
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During FY-14 representatives from INL (responsible for construction of magnetostrictive transducers)
and PSU (responsible for construction of piezoelectric transducers) visited MIT and applied cable ter-
minations to test transducers prior to installation in the irradiation test capsule. The test was installed
in the MITR, and the irradiation began in February 2014. To date, the capsule has reached an inte-
grated fast fluence (Energy>1.0MeV) of 4.1%10%° n/cm?. As discussed within this report, two piezo-
electric transducers and both magnetostrictive transducers are still operational. Two piezoelectric
transducers failed during reactor start-up. Of the surviving piezoelectric transducers, the aluminum
nitride transducer has performed well during periods of steady reactor operation and appears to be a
good candidate for in-core applications. The bismuth titanate transducer showed steady deterioration
of signal strength during start-up and the first full reactor cycle, but has recovered during subsequent
cycles (with increased reactor power). Both magnetostrictive transducers exhibited stable performance
over the first reactor cycle, with gradual degradation observed for subsequent cycles. The Galfenol
transducer has shown less degradation than the Remendur transducer, but degradation in both cases is
small enough that both should be considered good candidates for in-core applications.

» Signal Processing Enhancement - The second task of this project addresses the need for an enhanced
signal processing capability for future in-pile ultrasonic measurements. Initial project efforts were
focused on a background survey of existing methodologies and development of the signal processing
requirements associated with ultrasonic signals applied to in-core applications. Then, representative
ultrasonic thermometry data was produced by INL and transmitted to PNNL and ANL for use in
developing signal processing algorithms. As discussed within this report, PNNL focused on statistical
analysis of the signals and comparison of methods to improve signal to noise ratio. ANL focused on
application of signal processing methods using a software package developed for this task.

Results indicate that time-domain processing produces the best estimate of temperature resolution,
though only slightly better than frequency or time-frequency based analysis methods. Time resolution
was generally found to be within a range of 1-2%, producing a sound velocity resolution of approxi-
mately 100 m/s. Due to the limited data set, temperature resolution was estimated to be 46°C based on
one standard deviation from mean. This resolution estimate can be improved with increased by using
larger data sets for analysis. Demonstration of an automated data processing package was successful,
but differences in velocities calculated from data collected for this effort and data collected during
prior testing for the same material, with a different process history, indicate that ultrasonic thermome-
ters must be calibrated individually. This will ensure that differences due to variations in materials and
fabrication processes have minimal effect on measurement accuracy.
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1. INTRODUCTION

Ultrasonic technologies offer the potential to measure a range of parameters, including geometry changes,
temperature, crack initiation and growth, gas pressure and composition, and microstructural changes, under
harsh irradiation test conditions. Many Department of Energy-Office of Nuclear Energy (DOE-NE) pro-
grams would benefit from the use of ultrasonic technologies to provide enhanced sensors for in-pile instru-
mentation during irradiation testing. For example, the ability of single, small diameter ultrasonic
thermometers (UTSs) to provide a temperature profile in candidate metallic and oxide fuel. Other ultrasonic
methods, such as sensors to measure released fission gas pressure and composition, could clearly benefit
future irradiations.?

It is recognized that if reliable ultrasonic transducers can be deployed in-pile, measurement accuracies may
be considerably enhanced. In addition, ultrasound-based sensors offer the potential for significant reduc-
tions in irradiation capsule size. It is currently anticipated that some ultrasound-based sensor applications
under investigation require high frequency piezoelectric transducers, which have previously been observed
to suffer rapid degradation when exposed to neutron radiation. Another technology deployment issue com-
mon to many ultrasonic measurement techniques is the need for enhanced signal processing techniques, as
the in-core environment is known to cause significant signal noise. This report documents results from a
three year project established to address these two technology deployment issues.

1.1. Project Overview

Several DOE-NE programs, such as the Fuel Cycle Research and Development (FCRD),! Advanced Reac-
tor Concepts (ARC),%3 Light Water Reactor Sustainability (LWRS),* and Next Generation Nuclear Plant
(NGNP) ° -1 programs, are investigating new fuels and materials for advanced and existing reactors. A
key objective of such programs is to understand the performance of these fuels and materials during irradi-
ation. Nuclear Energy Enabling Technology (NEET) Advanced Sensors and Instrumentation (ASI) in-pile
instrumentation development activities are focused upon addressing cross-cutting needs for DOE-NE irra-
diation testing by providing higher fidelity, real-time data, with increased accuracy and resolution from
smaller, compact sensors that are less intrusive.?

The NEET ASI established the three-year Ultrasonics Transducer Irradiation and Signal Processing
Enhancements project to enable in-core use of ultrasound-based sensors that are uniquely capable of meet-
ing DOE program enhanced instrumentation needs. This project consists of two tasks, one to evaluate
ultrasound transducer survivability and one to evaluate methods to enhance signal processing.

The objective for Task 1 of this project is to evaluate the performance of ultrasonic transducer materials in
high flux/high temperature irradiation environments. This project leverages results from an ATR
NSUF-funded PSU-led MITR irradiation and supports an irradiation evaluation of the most promising can-
didate piezoelectric and magnetostrictive transducer materials. Building upon recent results from ultrasonic
sensor investigations, an in-depth review of prior piezoelectric and magnetostrictive transducer irradiations
was used to develop a list of candidate materials for irradiation evaluation. In addition, a design for an
instrumented-lead irradiation test capsule and a test plan for evaluating ultrasonic transducer materials
were developed. This irradiation is classified as an instrumented lead test, such that real time signals are
received from the transducers. Such a test enables an accurate measure of the performance and possible
degradation of candidate transducer materials under irradiation. This test also provides fundamental data
on piezoelectric and magnetostrictive material performance in irradiation environments. Prior tests either
tested too few samples, or samples that were too dissimilar, for such a comparison. This additional infor-
mation may enable further application of ultrasonic technologies in the future.

The objective for Task 2 is to enhance signal processing methods used to support various types of ultra-
sonic sensors. Ultrasonic instrumentation is a well-developed technology widely used in non-nuclear appli-
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cations; however, several improvements are required for successful implementation in irradiation tests.
The harsh testing conditions that ultrasonic sensors must survive are likely to reduce signal to noise ratios,
complicating identification of signal features. Therefore, a primary goal of Task 2 work is the development
of methods to improve signal to noise ratio. Ultrasonic sensors utilize several different signal characteris-
tics (i.e. delay time, resonant frequency, attenuation, etc.) for monitoring the many parameters previously
identified. Enhanced methods of processing these signal characteristics, specific for in-pile ultrasonic
applications, were evaluated and demonstrated in Task 2 for use with an ultrasonic thermometry system, a
representative ultrasonic sensor system of interest to DOE-NE programs.

1.2. Report Content and Organization

The objective of this report is to document final results of the Ultrasonic Transducer Irradiation and Signal
Processing Enhancements project. Section 2 provides background information related to irradiation test
conditions, typical ultrasound-based sensors, and the types of irradiation parameters and conditions of
interest to DOE programs. Section 3 summarizes project efforts to support the PSU-led ultrasonic trans-
ducer material irradiation test, including a description of the irradiation test conditions, a discussion of the
transducer materials and sensors included in the test, a description of the test capsule, and test results to
date. Section 4 lists requirements for enhanced signal processing capabilities needed for future develop-
ment of in-pile ultrasound based sensor systems, and documents the evaluation of a signal processing algo-
rithm for use with ultrasonic thermometry data. Section 5 summarizes key accomplishments for this
project. Section 6 lists references cited in this document.

Additional information on the motivation for this work, the process used in selecting candidate transducer
materials, and preliminary designs of the test capsule and transducers, is available in the FY-12 status
report.1® The FY-13 status report contains detailed information on the final test capsule design.t* The
FY-13 status report also provides detailed information related to the design and fabrication processes of
the test transducers and the test plan.
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2. BACKGROUND

To ensure that NEET in-pile instrumentation research is relevant, sensor enhancements must be able to sur-
vive the irradiation conditions of interest to DOE-NE programs. It is also important that the enhanced sen-
sors be able to measure thermal and structural properties and irradiation test parameters with the desired
accuracy and resolution required by these DOE-NE programs. Ultrasound sensors offer unique capabilities
to meet these in-pile measurement needs. This section summarizes information obtained from the various
DOE-NE programs that guided NEET ultrasonic sensor investigations. This section describes representa-
tive fuel and materials and irradiation test conditions that are currently of interest to DOE-NE programs. In
addition, selected ultrasound sensors are described to illustrate the unique capabilities of these sensors to
meet DOE-NE program needs. Key phenomena of interest in fuel and materials performance evaluations
are identified for which additional data are needed. Physical parameters that must be detected during irradi-
ation tests are also listed with desired accuracies (specified by various DOE-NE programs).

2.1. Typical MTR Conditions for DOE-NE Irradiations

Most DOE-NE irradiations are performed in the Advanced Test Reactor (ATR) located at the Idaho
National Laboratory (INL) and the High Flux Irradiation Reactor (HFIR) located at Oak Ridge National
Laboratory (ORNL). This section provides a brief description of each of these reactors and typical irradia-
tion options in each facility.

The ATR is a unique facility for scientific investigation of nuclear fuel and materials.>*® Designed to
allow simulation of long neutron radiation exposures in a short time period, the ATR has a maximum
power rating of 250 MW, with a maximum unperturbed thermal neutron flux of 1 x 10*> n/cm?-s and a
maximum fast neutron flux of 5 x 101* n/cm?-s. The ATR is cooled by pressurized (2.5 MPa/360 psig)
water that enters the reactor vessel bottom at an average temperature of 52 °C (126 °F), flows up outside
cylindrical tanks that support and contain the core, passes through concentric thermal shields into the open
part of the vessel, then flows down through the core to a flow distribution tank below the core. When the
reactor is operating at full power, the primary coolant exits the vessel at 71 °C (160 °F).

The HFIR is a beryllium-reflected, pressurized, light-water-cooled and moderated flux-trap-type reactor.
The core, which consists of aluminum-clad fuel plates, currently utilizes highly enriched 235 fuel, with a
design power level of 100 MW, a maximum thermal flux of 2 x 10%° n/cm? and a maximum fast flux of 1
x 10%° n/ecm?. The HFIR was originally designed (in the 1960s) to primarily support the overall program to
produce transuranic isotopes for use in the U.S. heavy-element research program. Today, the reactor is a
highly versatile machine, producing medical and transuranic isotopes and performing materials test experi-
mental irradiations and neutron-scattering experiments, including the capability to conduct cold-source
low-temperature neutron experiments.

The ATR and HFIR offer higher flux levels than most other MTRs. Although the high flux levels present
in these MTRs are advantageous for accumulation of high fluence, there are questions related the applica-
bility of their energy spectra for assessing sample performance in fast reactors and the effect of localized
heating associated with the higher gamma fields present in such MTRs. The effects of some of these differ-
ences can be quantified using enhanced real-time in-pile instrumentation to obtain precise measurements of
the flux as a function of energy level and of temperature increases associated with gamma heating. Several
DOE-NE efforts, such as the ATR NSUF and the FCRD programs, are sponsoring sensor development
efforts to make ATR and HFIR competitive with international MTRs using real-time instrumentation
options by adding additional in-pile measurement capabilities required for US research programs. This
NEET ultrasonics cross-cutting effort offers US MTRs additional in-pile instrumentation capabilities by
enabling ultrasonics sensors that offer unprecedented measurement accuracy and resolution.
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2.2. Potential Ultrasound Based Sensors for In-Core Use

To illustrate the benefits of ultrasound-based sensors, this section describes selected instrumentation that
could be deployed in US MTRs using results from the current irradiation test and signal processing
enhancement results.

2.2.1. Ultrasonic Thermometer

Ultrasonic thermometry has the potential to improve upon temperature sensors currently used for
in-core temperature measurements.'® Ultrasonic Thermometers (UTs) can be made with very small diam-
eters while maintaining a high level of durability because the sensor consists of a small diameter rod (typi-
cal diameters range from 0.25 mm to 1 mm, although a sheath may be required for some environments).t’
In fact, a small diameter rod is desirable; ultrasonic wave dispersion is avoided when the rod diameter is
sufficiently small compared to the acoustic wavelength.1® Temperature sensors based on electrical mea-
surements (i.e., thermocouples, thermistors, resistance thermometers, noise thermometers) are limited by
the electrical shunting errors caused by degradation of the resistivity of electrical insulators when sub-
jected to high temperatures (> 1800 °C). UT temperature measurements may potentially be made near the
melting point of the sensor material, allowing temperatures in excess of 3000 °C to be monitored for cer-
tain sensor materials. A clear line of sight is not required with UTs, as is the case for most optical pyrome-
try applications. With proper selection of materials, UTs may be used in very harsh environments, such as
high temperature steam or liquid metals. By introducing multiple acoustic discontinuities into the sensor,
UTs are able to perform temperature measurements at several points along the sensor length, whereas ther-
mocouples typically only allow measurement at a single location.

UTs work on the principle that the speed at which sound travels through a material (acoustic velocity)
is dependant on the temperature of the material. Temperatures may be derived by introducing an acoustic
pulse to the sensor and measuring the time delay of echoes. A conceptual design of a multi-segment UT,
with key components identified, is shown in Figure 2-1. The magnetostrictive transducer generates a nar-
row ultrasonic pulse in the probe. The ultrasonic pulse propagates to the sensor wire, where a fraction of
the pulse energy is reflected at each acoustic discontinuity. Each reflected pulse is received by the excita-
tion coil, transformed into an electrical signal, amplified and evaluated through signal processing. The
time interval between two adjacent echoes is evaluated and compared to a calibration curve to give the
average temperature in the corresponding sensor segment. When a number of notches are available on the
wire sensor, the various measurements give access to a temperature profile along the probe.

Lead-in cable Transducer housing Waveguide sheath
/* i /~Col / / Waveguide

e 1 l / Y

t(ZH ]:

Sensor section, 1-5 segments—/
Spacing 1 cm or greater

6.5 @ 1 or greater

Up to 6000 ———»<+——50-150 >

100 - 10,000 -

Dimensions in mm 1LWHTO! 51
Figure 2-1. Schematic showing typical components of a UT and signal processing equipment.

A

Prior US UT applications demonstrated the viability of this technology for Light Water Reactor
(LWR), High Temperature Gas Reactor (HTGR), and Sodium Fast Reactor (SFR) test conditions (see Fig-
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ure 2-2).19 However, prior in-pile applications were primarily limited to fuel damage tests that ceased sev-
eral decades ago.19 Although these tests clearly demonstrated the ability of UTs to withstand high
temperatures (up to nearly 2900 °C), test durations were typically limited to less than 100 hours; and data
acquisition was cumbersome due to the limitations of signal processing systems available at the time. The
availability of new materials and signal processing techniques suggests that this technology could be ide-
ally suited for irradiations that require robust, high accuracy, compact sensors.

DC-1, 2, & 3 (ACRR — LWR) p
W CDC SPERT IV 1969-1970 W WDC (ETR) - SFR 1972 1984

HRB (HFIR)— GCR p> & et " PCM (PBF)-LWR p
1972 ' 1976

Figure 2-2. Prior UT in-pile applications in the US.

2.2.2. Acoustic Gas Monitor

A dedicated acoustic sensor containing a piezoelectric PZT (Lead Zirconate Titanate) transducer has
been developed by the Commissariat & I'Energie Atomique et aux Energies Alternatives (CEA) to measure
fission gas release pressure and composition online in a fuel rod during irradiation experiments. Figure
2-3(a) illustrates some of the details related to the design of this acoustic fission gas release sensor.?9-28
This assembly is composed of a small cylindrical cavity containing the gas to be analyzed. The upper part
of the cavity is closed by a thin stainless steel plate. The piezoelectric transducer is fixed on this plate, in
order to generate and measure acoustic waves, through the plate, in the gas cavity. Wires are directly
welded on the piezo-ceramics electrodes. Acoustic waves propagate in the gas inside the cavity (diameter
10 mm and length 12.5 mm) which is connected to the fuel rod plenum. The measurement of the reflected
waves allows assessment of the acoustic impedance of this system [see Figure 2-3(b)]. The signal and its
echoes are recorded, and the time-of-flight of the signal and its attenuation are measured. From these mea-
surements, it is possible to deduce simultaneously the molar mass of the gas (from the acoustic wave veloc-
ity) and the pressure of the gas (from the attenuation of the echoes). The online assessment of these two
parameters is then used to obtain information regarding the fraction of fission gases released in the fuel
rod.

After laboratory testing of acoustic sensor prototypes was completed, its performance was evaluated at
OSIRIS on a pre-irradiated high burnup mixed oxide PWR fuel rod in the 2010 REMORA-3 irradiation
experiment. Instrumentation installed on this fuel rod included the acoustic gas sensor, a type C thermo-
couple, and an acoustic gas sensor. Results indicate that the PZT experienced degradation due to high flu-
ences to which it was exposed (total gamma dose of 0.25 MGy, and thermal fluences of 3.5 x10*"n/cm?).
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Figure 2-3. CEA fission gas pressure and composition detection (a) sensor and (b) system operation.

2.3. Fuels and Material Irradiations

Several DOE-NE programs, such as the FCRD,* ARC,%32 LWRS,* and NGNP® programs, are investi-
gating new fuels and materials for advanced and existing reactors. A key objective of such programs is to
understand the performance of these fuels and materials when irradiated. The NEET ASI in-pile instru-
mentation development activities are focused upon addressing cross-cutting needs for DOE-NE irradiation
testing by providing smaller, compact sensors that can provide higher fidelity, real-time data, with
increased accuracy and resolution.’ The NEET ASI funded the Ultrasonic Transducer Irradiation and Sig-
nal Processing Enhancements project to help enable the use of enhanced ultrasound-based sensors for irra-
diation testing. To ensure that NEET in-pile instrumentation research is relevant, these enhanced sensors
must be able to survive the irradiation conditions of interest to DOE-NE programs. It is also important that
the enhanced sensors be able to measure thermal and structural properties and irradiation test parameters
with the desired accuracy and resolution required by these DOE-NE programs. This section summarizes
information obtained from the various DOE-NE programs used to guide the NEET ultrasonic sensor inves-
tigations.

2.3.1. Fuels

DOE-NE efforts to develop and evaluate the performance of new fuels and cladding materials are con-
ducted in the FCRD, LWRS, and NGNP programs. Hence, NEET research must produce sensors able to
withstand the operating conditions of interest to these programs. It is also important that the enhanced sen-
sors be able to measure test parameters with the desired accuracy and resolution required by these
DOE-NE programs and that the sensors be compact to minimize their impact on irradiation test data. As
discussed in Reference 13, fuel rods may be fabricated from ceramic or metallic materials. Particle fuel
consists of ceramic materials encased in carbide coatings. Reference 13 also describes typical irradiation
conditions and test configurations that are used by these DOE-NE programs.

In-situ instrumentation is desired to provide real-time data on fuel performance phenomena. Without wire-
less transmission capabilities, drop-in or static capsule experiments only allow data to be obtained at the

a. The ARC program is limiting current research to evaluating advanced structural materials and relies on
other DOE-NE programs for fuel development.
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endpoint of an experiment. In-situ instrumentation in irradiation tests can provide data showing the evolu-
tion of particular phenomena over time. Selected parameters of interest for fuel modeling, with accuracies
currently requested by DOE-NE programs, are listed in Table 2-1.11:12:29

Table 2-1. Summary of desired parameters for detection during fuel irradiation tests.?

. Desired
Parameter Representative Peak Value _ _
Accuracy | Spatial Resolution
fuel temperature Ceramic LWR - 1400 °C 2% 1-2 cm (axially);
Ceramic SFR- 2600 °C 0.5 cm (radially)

Metallic SFR - 1100 °C
TRISO HTGR -1250 °C
cladding temperature Ceramic LWR - <400 °C 2% 1-2 cm (axially)
Ceramic SFR - 650 °C
Metallic SFR - 650 °C

TRISO GCFR NA NA
pressure in fuel rod plenum Ceramic LWR - 5.5 MPa 5% NAP
Ceramic SFR-8.6 MPa
Metallic SFR - 8.6 MPa

HTGR-NA
LWR, SFR, and HTGR fission gas 0-100% of inventory 10% NA
release (amount and composition)
LWR and SFR fuel and cladding Initial Length, 1 cm 1% NA
dlmer-]smn;gl-n(;cém;; fuel / cladding Outer diameter/Strain, 0.5 cm/5-10% 0.1% NA
gap size); i Fuel-Cladding Gap (0-0.1 mm) 0.1% NA
LWR, SFR, and HTGR fuel Grain size,10 um 5% 1-10 um
morphology/microstructure/ Swelling/Porosity, 5-20% 2%
cracking/ constituent redistribution Crack formation and growih 5% 10-100 um
fuel thermal properties Thermal conductivity 4% <1 cm (radially)

Ceramic: < 8 W/mK; Metallic: < 50 W/mK;
TRISO pebble/compact: 4-12 W/mK
Density (inferred from changes in length, diameter, 2% NA
porosity, etc.)
Ceramic: < 11 g/cm®; Metallic: < 50 g/cm®;
TRISO pebble/compact; 2.25 glem®®
maximum neutron flux for Thermal neutron flux - ~1-5 x 10 n/cm?-s 1-10% 5 cm (axially)

estimating fluence and fuel bumup  ["Fast neutron flux (E> 1 MeV) - ~1-5x10™% nfcmZs 15% 5 cm (axially)
for fuel irradiations

a. Representative peak values, accuracy, and resolution are based on engineering judgement by cognizant program
experts.

b. NA-Not Applicable.

c. Value dependent upon particle packing fraction and matrix.

2.3.2. Materials

DOE-NE programs are also focused on degradation that may occur in high temperature alloys, vessel and
internal materials, weldments, and graphite. The LWRS and NGNP programs are the only programs cur-
rently conducting materials irradiations. Other programs, such as the ARC program that relies on SFR
technologies, have identified the need for and/or are planning materials irradiation tests. It should also be
noted that many irradiation effects investigations are currently conducted out-of-pile using post irradiation
examination (PIE) techniques. However, it is anticipated that the need to validate new computational tools
for simulating material performance during irradiation will require higher fidelity data with increased accu-
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racy and resolution. Such requirements demand that irradiations be performed in instrumented tests where
data can be obtained real-time in the environment that exists during the irradiation (e.g., at representative
temperatures, pressures, and fluxes).

Currently, most material irradiations rely on PIE to characterize material properties after an irradiation is
completed. Enhanced in-pile instrumentation offers the potential for increased accuracy higher fidelity
data since measurements are obtained at the conditions of interest. Selected parameters of interest for
materials performance modeling, with currently-requested accuracies, are listed in Table 2-2.

Table 2-2. Summary of desired parameters for detection during materials irradiation tests. 2P

Parameter

Representative Peak Values

Desired

Accuracy

Spatial
Resolution

Material temperature distribution

LWRS Fuel Cladding- >1200 °C

LWRS Vessel and Internal Materials- 500 °C

HTGR and LWRS high temperature alloys- 950 °C

2%

1-2 cm (axially);
0.5 cm (radially)

HTGR Graphite - 600 to 1200 °C + 50 °C (axially) NAC
+ 40 °C (radially)
Material dimensional changes due to Initial Specimen Length, 1% NA
swelling; HTGR Graphite - 2.54 cm
Outer diameter/Strain, 0.1% NA
LWR vessel and internal materials - 0.5 cm/5-10%
Material morphology/ Grain size,
microstructure/cracking/ constituent LWR vessel and internal materials > 10 pm 5% 1-10 pm
redistribution Swelling/Porosity, 2% 10-100 pm
LWR vessel and internal materials 5-20%
Crack formation and growth 2% 10-100 um
LWR vessel and internal materials > 10 um
Material thermal properties Thermal conductivity 4% <1 cm (radially)
HTGR Graphite -
Thermal conductivity 5-20% <lcm
LWR vessel and internal materials ~50 W/m-K
Thermal coefficient of expansion; 2% NA
HTGR Graphite - 5%
Density (estimated from changes in length, diameter, 0.2% NA
porosity, etc.)
HTGR Graphite - 0.5%
Material mechanical/electrical Irradiation creep NA NA
properties HTGR Graphite - 3-4%
Young’s modulus NA NA
HTGR Graphite - 3-4%
Electrical resistivity NA NA
HTGR Graphite - 3-4%
Poisson’s ratio NA NA
HTGR Graphite - 3-4%
Fracture toughness, shear strength NA NA
HTGR Graphite - 3-4%
Material irradiation neutron flux for Thermal neutron flux - ~1-5 x 10** n/cm?-s 1-10% 5 cm (axially)
estimating fluence Fast neutron flux (E> 1 MeV) - ~1-5x10™ n/cm?Z-s 15% 5 cm (axially)

a. Representative peak values, accuracy, and resolution are based on engineering judgement and are preliminary.
b. Only LWRS and NGNP irradiation information available for a limited number of parameters at this time.

c. NA-Not Available.
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At this time, the NGNP and LWRS project irradiation test requirements are more detailed than other
DOE-NE programs. However, both projects rely heavily on PIE rather than real-time data obtained during
irradiation testing. Efforts underway by the NEET, ATR NSUF, and FCRD programs are designed to
develop and deploy in-pile sensors that can provide the required data during irradiation testing and assess
the accuracy of data obtained with PIE to reflect conditions that occur during the irradiation.

2.4. Instrumentation Desired for DOE-NE Irradiations

As indicated in Section 2.3, it is anticipated that irradiation testing of fuels or materials will be performed
by many DOE-NE programs. As discussed in Reference 30, sensors that are currently available at other
MTRs (see Table 2-3) can be used to obtain many of the desired parameters with the accuracies specified
in Tables 2-1 and 2-2. However, many of the sensors used at other MTRs need enhancements before they
can be successfully deployed in the higher flux, harsher test conditions typical of ATR and HFIR tests.
Many DOE-NE programs are funding efforts to enhance these sensors such that they can withstand antici-
pated ATR and HFIR test conditions required by DOE-NE research. As each enhancement activity is com-
pleted, new sensors are available to measure parameters, such as temperature, thermal conductivity, and
creep elongation. However, in general, the resolution available with such sensors is limited due to the lim-
ited size of the irradiation test and the desire to minimize the impact of the sensor on test results. It should
also be noted that existing and near-term sensor technology development efforts will not provide any capa-
bility for detecting changes in fuel microstructure or constituent migration.

Within the FCRD program, a workshop was held in November 2010 to identify candidate advanced tech-
nologies that could provide additional parameters with enhanced resolution and accuracy that are not cur-
rently measured during fuel irradiations.> During the workshop, international experts from industry,
academia, and research organizations discussed possible criteria and agreed to rank candidate technologies
using the following five items:

» Potential to detect parameters with desired accuracy. A noted objective of the FCRD effort is to
develop instrumentation capable of unprecedented accuracy and resolution for obtaining the data
needed to characterize three-dimensional changes in fuel microstructure during irradiation testing.
Many of the candidate technologies offer the potential for improved detection of the ‘higher prior-
ity’ parameters (e.g., thermal properties, cracking, porosity, etc.) identified by fuel modeling
experts. However, experts agreed that there were limited sensor technologies offering the potential
to directly detect changes in fuel microstructure during irradiation testing, which is one of the
highest priorities in the FCRD program.

» Potential to detect desired parameters in prototypic conditions (environment, temperature, etc.).
Although experts recognized that some tests could be performed in non-prototypic conditions (e.g.,
metallic fuel surrounded by inert gas), it was agreed that such tests must be carefully planned to
demonstrate their applicability. Hence, sensors that have the potential to provide data in prototypic
conditions were ranked more highly.

» Versatility. Reference 1 identifies several parameters desired by fuel modeling experts. However,
the size of irradiation tests limits the number of sensors that can be installed in a single test. Hence,
experts viewed a single probe that can be used to detect a parameter at multiple locations more
favorably. Likewise, from a funding perspective, a single technology that can provide data for
detecting multiple parameters was ranked more highly because it offers the FCRD effort more
opportunities.

» Ease of Installation. Instrumented test rigs are complicated. The ease with which a sensor can be
installed is another important consideration. Clearly, sensors are more desirable (and ranked more
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Table 2-3. Summary of sensors deployed at MTRs.

Parameter Sensor Operating Conditions Accuracy
Temperature Melt Wires 100-1200 °C 2-3 °C, but limited by number of
wires with different melting
points included in test.
SiC monitors 100-800 °C 2%
Thermocouples (N, K) 100-1000 °C 2%
Thermocouples 100-1800 °C 2%
(High Temperature Irradiation
Resistant Thermocouples
(HTIR-TCs)
Thermocouples - Type C, D, R, 100-2000 °C 2% or worse, decalibrate due to
and S transmutation
Ultrasonic Thermometers? 1300 - 3000 °C 2%
Thermal Conductivity Multiple Thermocouple 100-2000 °C, depending on 2-8%
thermocouple type
Hot Wire Needle Probe 100-2000 °C, depending on 2%
materials selected
Density / Geometry Length - Linear Variable up to 500 °CP 1-10 um
Changes Differential Transformers
(LVDTs)
Diameter - Diameter Gauge up to 500 °C° 1-10 um
Crack Initiation /Growth| Crack Length - Direct Current 350 °C/2250 psia ~20%
Potential Drop (DCPD) Method
Young’s Modulus Loaded Creep Specimen up to 500 °CP ~10%
Fission Gas/Pressure Sampling Numerous isotopes Unknown
Pressure gauge 15 bar (220 psi) to 70 bar (1020 |+0.2 bar (2.9 psi) to £0.5 bar (7.3
psi) psi)
Flux - Thermal Flux wires / Foils Material dependent ~10%
SPNDs Dependent on emitter ~1-10%°
Fission Chambers Dependent on fissile deposit ~1-10%°
Flux - Fast Flux wires / Foils Material dependent ~1-10%
Fission Chambers Dependent on fissile deposit ~1-10%

a. Prior in-pile use typically limited to short duration, fuel damage tests.
b. Some loss of accuracy at 350 °C due to Curie temperature effects, unless developmental LVDTs are deployed.
c. Accuracy decreases with use.

highly) if they can be installed without concerns about bends, breakage, special connectors, or a

line of sight.

» Technology Readiness (demonstrated in-pile experience to obtained desired accuracy under
desired conditions). Funding resources for the FCRD instrumentation development effort are lim-
ited. Technologies are less desirable if they require large investments to overcome large technol-
ogy hurdles prior to deployment. Although experts deemed that all of the technologies described
would require some investment to assess their viability for in-pile testing, experts favored technol-
ogies that could be deployed with less investment.

Results indicate that experts favored more mature technologies. Specifically, experts emphasized that
existing research demonstrates that ultrasonic technologies offered the potential for some quick successes.
For example, prior use of ultrasonic thermometers suggest that a single probe could be used to obtain a
temperature profile with accuracies and resolutions not possible with existing technologies.
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Experts also favored technologies that could obtain the desired data under prototypic conditions and if they
offered the potential to detect most, if not all, of the parameters requested by fuel modeling experts. For
example, ultrasonic sensors were ranked higher because of their potential to detect desired parameters in
metallic fuel surrounded by sodium and in oxide fuel surrounded by helium for the range of temperatures
of interest.

Experts also ranked technologies more highly if they offered the potential for ‘diverse’ parameter detec-
tion. For example, initial research investments in ultrasonic technologies could lead to methods that could
ultimately be used to detect a wide range of parameters (e.g., physical and environmental parameters).
Based on results from this workshop, efforts to develop one ultrasonic sensor, an ultrasonic thermometer,
was initiated by the FCRD program.

Nevertheless, several key obstacles were identified by the experts at this workshop that must be overcome
prior to wide-range deployment of ultrasonics-based instrumentation for irradiation testing. Specifically, it
was observed that additional irradiation testing was needed to assess the survivability of ultrasonics trans-
ducers and that enhancements were needed with respect to signal processing software to improve the accu-
racy and ease of use for in-pile applications of ultrasonics technologies. The NEET tasks described in this
report document initial results to address these needs. Section 3 summarizes the ultrasonic transducer
material irradiation test; including a description of the irradiation test conditions, a discussion of the trans-
ducer materials and sensors included in the test, a description of the test capsule, and test results to date.
Section 4 summarizes work toward the enhanced signal processing capabilities needed for future develop-
ment of in-pile ultrasound based sensor systems and documents the evaluation of a signal processing algo-
rithm used with prototypic ultrasonic thermometry data.
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3. TASK 1: ULTRASONIC TRANSDUCER IRRADIATION TEST

There is a need to characterize and track the degradation during irradiation of candidate new fuels and
structural materials. Such improvements will focus on refined temperature, displacement, and microstruc-
ture evolution measurements using advanced techniques and materials. As discussed in Section 2.2,
real-time, high accuracy, data obtained from ultrasound-based sensors offer unique capabilities to better
address this need.

Ultrasonic measurements have a long and successful history of use for out-of-core materials characteriza-
tion applications, including detection and characterization of degradation and damage.31 PIEs have suc-
cessfully shown that fuel microstructural parameters, such as porosity and grain size, can be correlated to
acoustic velocity.32 According to Villard,33 frequency requirements for such measurements are restricted
to greater than 10 MHz. However, lower frequencies can be used for some applications, such as ultrasonic
thermometry, where frequency requirements may be 100 — 150 kHz or lower.34

The development of ultrasonic tools to perform a variety of in-pile measurements requires a fundamental
understanding of the behavior of ultrasonic transducer materials in high-radiation environments. While a
number of irradiation studies of ultrasonic transducers have been described in the literature, a one-to-one
comparison of these studies is difficult, as the materials and irradiation test conditions often differ. In addi-
tion, the tests to date are generally at lower flux/fluences than what might be seen in US MTRs. As a result,
a series of experiments to baseline the performance of ultrasonic transducer materials (in terms of change
in sensitivity as a function of temperature and irradiation) are necessary to support the irradiation test.

Task 1 of this project leverages ATR-NSUF funded efforts to develop a test capsule design and define irra-
diation conditions for evaluating the most promising candidate piezoelectric and magnetostrictive trans-
ducer materials and designs. From the onset of this effort, an instrumented lead test was proposed, such
that real time signals are received from the transducers being tested. Collecting real time signals enables an
accurate measure of the performance and possible degradation of candidate transducer and sensor materials
under irradiation. The objective for Task 1 of this project is to evaluate the performance of ultrasonic trans-
ducer materials in high flux/high temperature irradiation environments.

Results of this irradiation test provide important data on irradiation performance to assist in the develop-
ment and deployment of ultrasonic sensors for in-pile measurements, including fuel and material morphol-
ogy changes, fission gas composition and pressure measurements, fuel and material geometry changes, and
temperature. In addition, radiation test results provide a technical basis for selecting optimum (with respect
to in-core survivability) ultrasonic transducer materials for different in-pile measurements and guide the
development of signal processing tools to enhance the measurement to demonstrate the intended in-pile
measurements.

The PSU-led proposal for an ultrasonic transducer irradiation was selected by the ATR NSUF for irradia-
tion in the MITR. A flowchart describing the responsibilities of each collaborating organization and the
scheduling for completing the activities associated with Task 1 is shown in Figure 3-1. It should be noted
that MIT was funded by the ATR NSUF and that the industry partner and CEA participated at their own
expense. This section documents results from this effort. Additional details of work completed in this proj-
ect are documented in the FY-12 and FY-13 status reports.'3 14 Data (up to the time that this report was
prepared) from transducers and instrumentation included in this test are presented. It should be noted that
this ATR NSUF irradiation will extend beyond the duration of this NEET project. Remaining data from
instrumentation in this irradiation and results from planned PIEs will be documented using ATR NSUF
funding.
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3.1. Test Capsule Design
3.1.1. MITR Design

As noted above, the ultrasonics transducer irradiation is being performed in the MITR. Relevant MITR
design information is summarized here to provide perspective about the design of the ultrasonics trans-
ducer capsule and test conditions developed by this project.
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The MITR is a tank-type research reactor.>® It is currently licensed for 6 MW operation. The identified
irradiation position and associated flux conditions at this location in the MITR are summarized in Table
3-1.

Table 3-1. Representative dimensions and flux levels in MITR.

MITR In-Core Experimental Facility

Irradiation tube for sample capsule irradiation or isotope production (instrumented or
uninstrumented.)

Coolant loops that replicate conditions in either pressurized and boiling water reactors.

Facilities for testing mechanical properties of samples in a light water reactor environment.

High temperature irradiation facility for materials irradiations in inert gas (He/Ne mix) at
temperatures up to 1400 °C.

Size:
Space for 3 capsules
Max in-core volume ~ 46 mm ID x 610 mm long

Neutron Flux (n/cmz-s):
Thermal: ~3.6 x10*3
Fast: up to 1.2x10* (Energy>0.1 MeV)

The ATR-NSUF/PSU test capsule is limited to a 46 mm diameter and a 610 mm length. Temperature con-
trol is afforded by a helium/neon gas gap with adjustable gas composition. The test temperature at full
reactor power has been approximately 400-450 °C. In order to observe rapid changes at relatively low flu-
ences, the test was started with the reactor slowly coming to power over approximately 150 hours. The
steady state fast flux (Energy>1 MeV) is 3.5x10%2 with reactor running at 5.8 MW power. This level of fast
flux requires approximately 390 full power days, or 23 calender months, to reach the desired fluence level
of at least 1x102! n/cm? (Energy>1.0 MeV).

Figure 3-2 shows the position of the test capsule within the MITR core. Based on thermal analysis per-
formed at MIT, the expected operating temperature for the test at steady state was estimated to range
between 350 and 450 °C. This initial analysis has proven accurate. After startup, the target temperature has
been controlled by variation of the composition of a gas gap between the test capsule and the in-pile exper-
iment tube. The gas is a mixture of helium and neon.

As discussed in this section, this irradiation is the first to evaluate and characterize such a wide range of
transducer materials to such high fluences, with diverse instrumentation to fully characterize the irradiation
conditions. The capsule was inserted into the MITR on February 18, 2014; and a gradual power ramp was
started on February 19, 2014.

3.1.2. Capsule Design

Details of the preliminary capsule design are available in the FY-12 and FY-13 status reports.13' 14 The
final design accommodates four piezoelectric transducers and two magnetostrictive transducers. All of the
originally selected transducer materials were included, but only the AIN transducer has a redundant trans-
ducer. A key feature of the redesigned capsule is the staggering of the vertical position of each piezoelec-
tric transducer. This feature spreads the mass of the transducers across a greater volume and reduces the
concentrated gamma heating. All of the originally proposed instrumentation has also been included, as
have stand-alone samples of each candidate transducer material. The final design is shown in Figure 3-3.
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In-pile
experiment
tube

Experiment
location

Figure 3-2. Position of irradiation capsule within MITR core.

3.1.3. Sensors

In order to characterize ultrasonic transducer degradation during irradiation, real-time data are needed on
the irradiation test conditions. As discussed within this section, the test includes diverse and redundant
instrumentation for monitoring irradiation test conditions.

Irradiation test temperatures is monitored online by two Type-K thermocouples with junctions located at
different axial positions. Thermal neutron flux is monitored online by a vanadium emitter Self Powered
Neutron Detector (SPND). Gamma flux is monitored online by a platinum emitter Self Powered Gamma
Detector (SPGD). A schematic diagram of the SPND and SPGD is shown in Figure 3-4 [Sensors have
identical configuration and dimensions, selected sheath materials (Inconel 600), and insulation material
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Figure 3-3. Final test capsule graphite sample holder design with sample and instrumentation positions
detailed.

(Al,O3). Differences are limited to the selected emitter (e.g., vanadium for the SPND and platinum for the
SPGD)].
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Figure 3-4. Schematic diagram of SPND and SPGD (dimensions are the same for each).

In addition to the thermocouples, the maximum temperature reached at selected locations during the irradi-
ation will be verified during post irradiation examination using melt wires encapsulated in a quartz tube.
Five wire compositions have been included, with melting temperature ranging between approximately
327 °C and 514 °C. Melting temperatures of the wires were verified by High Temperature Test Laboratory
(HTTL) staff using a Differential Scanning Calorimeter (DSC). Melt wire compositions and melting tem-
peratures are listed in Table 3-2, and a photo of a quartz-encapsulated melt wire capsule is shown in Figure
3-5. Integrated thermal and fast neutron fluences at selected locations will be evaluated through post irradi-
ation analysis of Fe-Ni-Cr flux wires.

Table 3-2. Compositions and melting temperatures of melt wires.

Material Composition, % Melting Temperature, °C
100 Pb 327.5
94 Zn-6 Al 381.0
85 Te-15Sn 401.0
100 Zn 419.6
80 Sb-20 Zn 507.8-514.3

- - . .
B
- o - N

Figure 3-5. Example melt wire capsule with four wire types.

3.2. Transducers

To generate and receive ultrasonic pulses and signals, the two most commonly used methods rely on
piezoelectric or magnetostrictive materials. Ultrasonic measurements using piezoelectric transducers have
been demonstrated over a wide frequency range from kHz and up to GHz; however, most non-destructive
examination (NDE), materials characterization, and process monitoring are performed in the range from
1-20 MHz, making piezoelectric transduction ideal. The current capabilities of magnetostrictive transduc-
ers are typically limited to operation at frequencies up to the order of 100 kHz, though recent research sug-
gests that higher frequencies may be possible for small transducers. However, mechanical coupling, as
well as enhanced guided wave mode generation, makes magnetostrictive transduction ideal for low fre-
guency measurements, such as ultrasonic thermometry.36 Therefore, radiation tolerant sensors which uti-
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lize piezoelectric or magnetostrictive materials are being considered as candidates for instrumentation and
US MTR testing.

Prior studies have shown that typical piezoelectric and magnetostrictive materials used in transducers
degrade when subjected to high temperature and radiation.3’**? Candidate magnetostrictive and piezoelec-
tric materials must, therefore, be carefully selected; and transducer assemblies must be carefully designed.
As discussed below, only limited radiation effects data are available to guide this process.

The MITR irradiation test and associated laboratory evaluations (to be performed by PSU in FY-15) sup-
ported by this project will provide important information for selecting appropriate transducers for ultra-
Sonic sensors.

INL and PSU developed and fabricated transducer designs for the MITR irradiation. As reported in this
subsection, both piezoelectric and magnetostrictive transducer designs were developed, successfully fabri-
cated, and shipped to MIT.

3.2.1. Piezoelectric Materials

A literature review was completed at the beginning of this effort to identify candidate piezoelectric trans-
ducer materials. The piezoelectric materials selected for inclusion in the irradiation test are summarized in
Table 3-3. Additional details related to candidate piezoelectric transducer materials may be found in Refer-
ence 13.

Table 3-3. Candidate piezoelectric materials.

. . Transition L.
Material mposition Transition T mmen
aterial Compositio Temperature, °C ansition Type Comments

Bismuth Titanate Bi3TiOg 909 Curie Temperature Thought to be radiation tolerant. Most
promising previously tested candidate.

Good baseline comparator.
Aluminum Nitride AIN 2200 Melt Thought to be highly radiation tolerant.

Very high temperature capability.

Zinc Oxide Zn0O >1500 Melt Thought to be highly radiation tolerant.

High temperature capability.

Aluminum Nitride (AIN)

Aluminum nitride is a relatively new material, as far as bulk single crystals are concerned. In fact, the work
of Parks & Tittmann®3 assessing this material is the first. In the past, thin film AIN was shown to be unaf-
fected by gamma irradiation up to 18.7 MGy** and temperatures of 1000 °C.*>® Moreover, this material
has been explicitly cited in numerous independent studies as a highly radiation tolerant ceramic.*’

Further, tests of bulk single crystal AIN in a TRIGA nuclear reactor core showed this material to be com-
pletely unaffected by fast and thermal neutron fluences of 1.85x108 n/cm? and 5.8x108 n/cm?, respec-
tively, and a gamma dose of 26.8 MGy.*3 This work, along with that of Yano®® and Ito,*® have indicated
that the 2*N(n,p)4C reaction is not of much concern with respect to degradation.

Bismuth Titanate Niobate (BizTiOg)

The literature review has revealed bismuth titanate niobate to be the most promising previously tested

material.>® However, this material lost roughly 60% of its one way piezoelectric response at a fast neutron
fluence of 10%° n/cm?, which may preclude it from being used for longer duration in-pile irradiations. The
decrease in the signal response is in agreement with the statements made by Trachenko,*” namely that dis-
ordered Ti-O-Ti bridges of highly covalent character form in titanates when subjected to ballistic radiation
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effects. Regardless, given that this material has shown the greatest promise to date of previously tested
materials, it was selected as a baseline in this research effort.

Zinc Oxide (ZnO)

Zinc oxide is found in the Wurzite structure, as is AIN, and has been cited as a highly radiation tolerant
material.*’ The evaluated nuclear data files (ENDF)°! do not show any detrimental nuclear cross sections,
and this material possesses a high transition temperature and moderate piezoelectric coupling.

3.2.2. Piezoelectric Transducer Design

The design of the piezoelectric transducers developed for this irradiation is based on the design used in a
prior Training, Research, Isotopes, General Atomics (TRIGA) test of AIN.*3 The piezoelectric transducers
use pressure for coupling the piezoelectric element to the stainless steel waveguide. Electrical contact with
the piezoelectric element is also achieved through application of pressure. A backing layer behind the
piezoelectric sensor provides damping (preventing excessive “ringing” of the transducer) and acts as an
electrode. The electrical connection from the lead-in cable to the graphite backing is made through a stain-
less steel plunger, which is isolated from the housing by alumina insulation. The connection to ground is
made through the housing, with the waveguide acting as the second electrode. Transducer performance is
measured using pulse-echo measurements through the stainless steel waveguide. A schematic of the design
is shown in Figure 3-6.

FE-E- housing

— Alumina insulation

— S5 plunger/electrical contact

— Carbon/carbon backing

Piezoelectric wafer

S5 waveguide

Figure 3-6. Piezoelectric transducer design.

Figure 3-7 shows a piezoelectric transducer prior to assembly. Figure 3-8 shows a close up view of a ZnO
crystal in the as-received state.
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Figure 3-7. Two piezoelectric transducers laid out prior to assembly.

Figure 3-8. ZnO piezoelectric crystal prior to incorporation into transducer.

Originally, a slip joint was made from an alumina insulation bead to mechanically hold the lead cable to
the plunger. However, upon delivery of the samples to MIT, it was discovered that this method did not pro-
vide sufficient support. A picture of the original alumina sleeve design is shown in Figure 3-9(a). The
sleeve is bonded to the wire sheath using a castable mineral cement while the lead wire is left exposed in
the center of the sleeve. The plunger is fit into the sleeve making mechanical contact with the lead wire. To
compensate for this, a strain relief fixture was designed to stabilize the connection. The transducer with the
strain relief sleeve installed is show in Figure 3-9(b).

(a) (b)

Figure 3-9. Piezoelectric transducers: (a) with alumina bead connection to extension cable, (b) with
strain relief sleeve designed to support connection to cable.
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3.2.3. Magnetostrictive Materials

A literature review was also completed at the beginning of this effort to identify candidate magnetostric-
tive transducer materials. Additional details related to candidate magnetostrictive transducer materials may
be found in Reference 13. The magnetostrictive materials included in the irradiation test are summarized in
Table 3-4.

Table 3-4. Candidate magnetostrictive materials.

Material Composition Key Properties Comments
Remendur 49Fe-49Co-2Va 70-100 p-strain max. magnetostriction, No longer manufactured, identical/similar
curie temperature 950 °C alloys available, possible activation of cobalt
Galfenol Fe-14Ga-NbC 100-400 p-strain max. magnetostriction, Relatively new, small amounts of data,
curie temperature 700 °C difficult to acquire
Arnokrome 4 95Fe-5Cr 10-40 p-strain max. magnetostriction, Low magnetostriction, included as loose
curie temperature 770 °C sample
Arnokrome 5 92Fe-8Mn 10-40 p-strain max. magnetostriction, Low magnetostriction, included as loose
curie temperature 770 °C sample
Remendur

Remendur has the most history of use in nuclear applications of all the magnetostrictive alloys, having
been used previously for short duration thermometry applications.>2>® Remendur has relatively high
Curie temperature and magnetostriction. Although Remendur is no longer commercially available, several
identical alloys are available under different names. INL has a supply of Remendur which was used for
this test.

Galfenol®®

Galfenol is a relatively new alloy of iron and gallium. Galfenol is a member of the “giant” magnetostric-
tive alloys and has a very large saturation magnetostriction. It also has an appropriately high Curie temper-
ature. Neither constituent element reacts strongly with neutron radiation.

Arnokrome™ (Arnold Magnetics®’->%)

Arnold Magnetics produces several magnetostrictive alloys, Arnokrome 3, Arnokrome 4, and

Arnokrome 5. Arnokrome 3 contains cobalt and has much lower magnetostriction than Remendur. Hence,
it was omitted from in the current study. Arnokrome 4 and 5 have similar magnetostriction to

Arnokrome 3, but without the presence of cobalt. The Arnokrome alloys appear less promising than the
other selected materials and due to test capsule limitations were not included in the irradiation as a trans-
ducer material. However, samples of Arnokrome 4 and 5, along with all the other magnetostrictive and
piezoelectric materials, were included in the irradiation test as stand alone samples (not incorporated into a
transducer).

3.2.4. Magnetostrictive Transducer Design

The magnetostrictive design developed for this effort was influenced by prior research to develop an
appropriate transducer for use in ultrasonic thermometry applications.Sz'55 In particular, magnetostrictive
transducer fabrication efforts were leveraged from FCRD-funded efforts to develop an ultrasonic ther-
mometer. A schematic of the magnetostrictive transducer design is shown in Figure 3-10. Dimensions of
the transducer housing pieces are shown in Figure 3-11. The original design planned for inclusion in this
irradiation included a biasing magnet, a spring, and a damper. The biasing magnets were eliminated based
on results from laboratory evaluations. It was determined that the spring (used to tension the waveguide
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Figure 3-10. Magnetostrictive transducer design.
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Figure 3-11. Transducer housing dimensions.
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and reduce contact with the housing) and the damper (used to eliminate reverberations) were unnecessary
and complicated the construction process. Incidental contact between the waveguide and housing can have
an effect on the shape of the recorded signal. However, the transducer performance is judged based on
changes in the signal over time, and its initial shape is not critical. The damper eliminates multiple pass
through signals, which will be used to determine attenuation characteristics of the waveguide material.

Construction of high temperature magnetostrictive transducers is a multi-step process that involves several
heat treatment steps. First, the coil is formed by wrapping several layers of silver-palladium wire around an
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alumina bobbin [see Figure 3-12(a)]. The wire is coated in a standoff insulation (a particulate alumina sil-
ica mix with a burnable binder). The insulation requires a heat treatment step prior to high temperature use,
and the wire becomes brittle after heating [see Figure 3-12(b)]. After heat treatment, the coil is coated with
alumina cement and heat treated a second time (to cure the cement) [see Figure 3-12(c)]. The coil is next

securely placed in a fixture, and the wire leads are laser welded to a high temperature capable coaxial cable
(one lead to the center conductor and one to the sheath) [see Figure 3-12(d)]. As the welds are fragile, the
end of the cable and the coil are coated in another layer of alumina cement and cured. The magnetostrictive
wire (previously welded to the waveguide) is then threaded through the coil. Last, the assembly is placed

into a pre-fabricated transducer housing and seal welded [see Figure 3-12(e)].

Ground lead weld
to cable sheath

Power lead weld
to cable center
conductor

Figure 3-12. Steps involved in making high temperature capable magnetostrictive transducer.

3.3. Cables and Connectors

During FY13, efforts were made to finalize the requirements and procure cabling and connectors for this
irradiation test. For each transducer or sensor in the MITR irradiation, there are three cables. The first
cable connects the transducer (or sensor) to the MIT terminal box within the reactor vessel. This cable is
denoted as Cable 1 (see Figure 3-13, note that only one of each cable is shown; there are actually 10
cables: six for the transducers, and four for the sensors). This cable is integral and was supplied, installed,
with each transducer or sensor. The second cable extends from the terminal box to another terminal box
just outside the reactor. This cable is denoted Cable 2 in the figure. The third cable extends from the
junction box outside the reactor to the electronics cabinet.

Because there is a fairly large number of cables and because the cables must be flexible enough to be
routed through relatively tight and tortuous quarters, the cables must be of small diameter as shown in Fig-
ure 3-14 and Table 3-5.
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Table 3-5. Characteristics of transducer extension cables.

Cable 1 Cable 2 Cable 3
Length 6m <3m <16 m
Type Co-axial, 50-ohm Commercially Commercially available
impedance, mineral available mini co-ax, mini co-ax, 50 ohm
insulated, metallic 50 ohm impedance, impedance, RG-174.
sheath, 1.0 mm OD. RG-174.

Connectors Connection to the Both connectors are Both connectors are

transducers are BNC. BNC.

mechanical connections.
Connector at far end is

BNC
Temperature At transducer <70°C for first few feet <40°C
connection up to 450°C, | inside reactor, <40°C
elsewhere <70°C outside reactor
Radiation Field Up to 1E9 R/hr at 2E4 R/hr for first few Negligible
connection to feet inside reactor,
transducers diminishing negligible outside
to 2E4 R/hr at top of reactor wall
vessel
6m
| PIG-TAIL _—~HERMETIC SEAL _.-U .
= 15 A1
BNC thL X ~ TRANSDUCER
INSTALLED 16} =
overs ot

MINERAL INSULATED CABLE
1 mm OD. SST OR 1800 SHEATH.

Figure 3-14. Detailed view of transducer cable 1-from transducer to junction box.

3.4. Irradiation Test Results to Date

The irradiation test started in late February 2014 and will run until either the target fast fluence (at least
1.0%10%1 n/cmz, >1 MeV) is reached or all test transducers have failed. As of September, 2014, a total flu-
ence of approximately 4.1*10%° n/cm? has been reached. Signal changes, which are due to both radiation
and temperature effects, are difficult to separate analytically. As such, only changes occurring while the
reactor is operated at steady state (i.e. constant temperature) can be considered. Figure 3-15 shows the
power and temperature history of the test to date. Differences in temperatures are due to different axial
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position of the thermocouples within the test capsule. As noted previously, it is anticipated that the irradia-
tion will extend beyond the duration of this NEET project. The remaining data from this irradiation and
results from PIEs will be documented using ATR NSUF funding.
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Figure 3-15. Reactor power and temperature history for ULTRA test.

3.4.1. Piezoelectric Transducer Performance

Two of the piezoelectric test transducers (the zinc oxide transducer and one of the aluminum nitride trans-
ducers) failed due to electrical connection issues during or just after reactor startup (see Figure 3-16).
Hence, real time data for these transducers was not available for analysis. The materials will be evaluated
during PIE, but this may not reveal useful information if the transducer materials have degraded signifi-
cantly during irradiation.

The bismuth titanate performance was characterized by measuring the change, with respect to accumulated
fluence, of the normalized magnitude of the first resonant frequency of the Fourier transform of the
recorded A-scan (signal amplitude as a function of time) signal. The signal was observed to decease
steadily during the early reactor cycles, up to a fast fluence of approximately 5.0%101° n/cm2. After this
point, the transducer has shown a slow recovery, with sharp increases in amplitude during shutdowns, as
seen in Figure 3-17. The cause of this behavior is unclear, but may be a result of changes to the coupling
between the piezoelectric element and the metallic waveguide. PIE may reveal more about whether this is
a function of mechanical changes to the transducer or changes in the crystal itself.

The performance of the aluminum nitride transducer was characterized by measuring the change, with
respect to accumulated fluence, of the normalized magnitude of the resonant frequency of the Fast Fourier
Transform (FFT) of the first waveguide reflection observed in the recorded A-scan signal. The aluminum
nitride response has been stable, with the exception of rapid drops in signal strength accompanying rapid
changes in the reactor condition (i.e., rapid flux and temperature changes), as shown in Figure 3-18. As
with the bismuth titanate transducer, these rapid changes are likely due to sharp changes in coupling effi-
ciency caused by the temperature changes. To this point in the irradiation, aluminum nitride appears to be a
viable candidate for in-core use.
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Figure 3-16. Early failure time of two piezoelectric transducers.
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Figure 3-17. Bismuth titanate performance as a function of accumulated fast fluence.
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Figure 3-18. Aluminum nitride performance as a function of accumulated fast fluence.
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3.4.2. Magnetostrictive Transducer Performance

Performance of the transducers is characterized using the same method as was used for the aluminum
nitride transducer. The normalized magnitude of the FFT of the first waveguide reflection signal was used
to track the change in signal strength (normalized to the sighal when the reactor reached full power). The
frequency transformed signal is used because it is less sensitive to the interference effects of noise and sig-
nal transients. The same method was used for the Galfenol transducer.

Figure 3-19 shows the normalized amplitude for the Remendur transducer as a function of accumulated
fluence. The green trace corresponds to the reactor power history. Increased noise after the reactor was
restarted after refueling may indicate an intermittent short in the drive coil. There is a general decreasing
trend, but signal recovery after temperature transients indicate that some of the signal attenuation is due to
temperature effects, in this case binding of the wire against the coil bobbin (see Figure 3-10 for transducer

component diagram).
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Figure 3-19. Remendur performance as a function of accumulated fast fluence.
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The Galfenol transducer has shown very stable operation over the course of the irradiation, though the total
peak to peak signal amplitude is typically on the order of one third of that observed for Remendur. Figure
3-20 shows the normalized peak to peak amplitude for the Galfenol transducer as a function of accumu-
lated fluence. The green trace shows the reactor power history. The Galfenol transducer shows steady
operation during periods when the reactor power level was stable. There is little decrease in the signal
strength over these periods. The decreases in signal strength observed when reactor power is increased
appear to be due to increases in operating temperature, as the signal strength stabilizes shortly after each
power increase. As with the Remendur transducer, increased noise after the first reactor restart after refuel-
ing may indicate an intermittent short in the drive coil.
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Figure 3-20. Galfenol performance as a function of accumulated fast fluence.

3.4.3. Self Powered Detector Performance

Figure 3-21 shows data obtained from the SPND and SPGD sensors included in this irradiation. Although
trends in the SPND and SPGD signals have generally been in agreement with trends in the reactor power,
some discrepancies have been observed. First, during the slow, stepwise initial reactor startup, the SPGD
signal was observed to overshoot (relative to the reactor power signal) and then slowly recover; this is
shown in Figure 3-22, which shows the last stepwise power increase during startup. Although a satisfac-
tory explanation is not available, conversations with CEA collaborators (who have observed similar
behavior) indicate that this behavior occurs only during the initial start up and will have no further impact
on the reported data. Possible explanations include thermal annealing and electronic rearrangement under
irradiation.

A separate effect, which appears to be temperature dependant, has also been observed. Figure 3-23 com-
pares signals from the SPND and SPGD with the Type K thermocouple located in the lower section of the
test capsule. This thermocouple is used for test temperature control. At several points during the irradia-
tion, the temperature was varied slightly while reactor power was held constant. This was accomplished by
varying the gas composition (thereby varying the thermal conductivity) in the experiment tube. The effect
appears as a change in detector sensitivity that is inversely proportional to a sudden change in temperature,
followed by a slow recovery.
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Figure 3-21. Self powered detector signals and reactor power as a function of fluence.
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Figure 3-22. SPD signals and reactor power during initial reactor start-up.
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Figure 3-23. Response of SPDs to temperature changes at constant reactor power.

Possible explanations are:

» Changes to neutron spectrum due to injection of neon into the gas gap,60

» Increases to the neutron energies as neutrons pass from low temperature coolant to hot graphite due to
thermal scattering interactions with graphite,61 and

» Temperature dependant neutron cross-sections of emitter materials.®!

Discussions about this phenomena are continuing, and additional evaluations will continue during the
remainder of this irradiation.

3.5. Summary

As described in this section, this project completed this task by leveraging its funding with an ATR
NSUF-funded ultrasonic transducer irradiation test that is being performed in the MITR. During FY-12
and FY-13, appropriate piezoelectric and magnetostrictive candidate materials were selected. In addition,
several other important activities were completed during these initial two years. The irradiation conditions
were defined, a well instrumented test capsule was designed, test equipment was acquired, and the test
transducers were fabricated and transported to MIT. During FY-14, the test capsule was assembled and
installed into the MITR; and the irradiation was started. Results to date of this ongoing irradiation test indi-
cate that transducers fabricated using magnetostrictive alloys (Galfenol, in particular) are very tolerant to
neutron and gamma radiation effects and would be good candidates for in-core use. Piezoelectric trans-
ducer performance has been less steady, but this may be due to inconsistencies in coupling between the
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piezoelectric element and the waveguide (as the coupling is effected by mechanical pressure and can vary
greatly during rapid temperature changes). Nonetheless, aluminum nitride has performed well and should
be considered a good choice for in-core use. As the irradiation is ongoing, final conclusions cannot be
made until the irradiation has finished and PIE of the test transducers and material samples is completed.
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4. TASK 2: ULTRASONIC SIGNAL PROCESSING METHODS

Analysis of signals from ultrasonic instruments located within a reactor core is complicated by the extreme
environment and a lack of direct access to the system. The ultrasonic transducers may be subjected to
extremes in temperature, corrosive environments, flow vibrations, and both neutron and gamma radiation.
Even if constructed from materials tolerant to the long term degradation associated with the radiation envi-
ronment, these conditions can cause increases in signal noise, spurious signal artifacts, and changes to the
coupling between the transducer and the system it is interrogating. An improved methodology is needed to
mitigate these factors. The objective for Task 2 was to enable enhancement of signal processing methods
used to support various types of ultrasonic sensors.

Task 2 was initiated by first completing an extensive background review of the various desired measure-
ment parameters, how those parameters could be measured using ultrasonics, and what signal characteris-
tics could be used to infer the desired information.t3 A strategy for incorporating the different required
signal processing methodologies was also developed.

Subsequent work focused on development and demonstration of signal processing method enhancements
for ultrasonic thermometry applications. This work relied upon measurements completed using single and
multiple segment waveguide type ultrasonic thermometers with magnetostrictive transducers similar in
design to those being evaluated in the transducer irradiation test of Task 1. As a first step, INL provided
data for development and demonstration of candidate signal processing method enhancements to PNNL
and ANL. During FY-15, PSU will use data from the PSU-led MITR irradiation test and PSU-performed
elevated temperature tests of magnetostrictive and piezoelectric transducers assess the effects of irradiation
and temperature on transducers and waveguides. Identification of gaps in the developed methodology and
proposed follow-on work to address these gaps were documented. A flow chart describing this work pro-
cess is shown in Figure 4-1. Additional details about each activity are reported in this section.

Data Synthesis

INL PSU

Urtrasonic thermometry irrzdiztion and aboratory test
data Tor varsty of conditions data from Task 1

v
Data Analysis

IML - PNML - ANL
Signal processing algorithm
developmeant and dsmonstration

v
Recommendations

INL - PNNL - ANL

Zap analysis and recommandstions
for furturs work

Figure 4-1. Signal processing enhancement project flow chart.
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4.1. Ultrasonic Thermometry Data Generation (INL)

As previously noted, INL provided data for development and demonstration of candidate signal processing
method enhancements to PNNL and ANL This section provides additional details about the data and how
it was obtained.

4.1.1. Ultrasonic Thermometer Test Description

A Matec brand tone-burst signal generation card was used for pulsing and receiving signals to the UT.
Input parameters were set to optimize signal strength at room temperature. Received signals were
band-pass filtered (low pass frequency of 100 kHz, high pass frequency of 5 MHz) via the Matec control
software in order to reduce signal noise. Signals were output to a Tektronix oscilloscope for averaging and
data recording. The thermometers were located inside a tube furnace purged with inert gas, as shown in
Figure 4-2. A Type-S thermocouple was co-located with the thermometers and used to measure the fur-
nace temperature. All thermometer segments were located in the central isothermal zone of the furnace and
are assumed to have been at a uniform temperature. Thermometers were housed in alumina protection
tubes for acoustic isolation. Raw waveforms were recorded at increments of 200 °C for temperatures
between room temperature (30 °C) and 800 °C.

Tube Furnace

Transducer
Inert Gas \ .
I )/::\ Oscilloscope
Pulser/Reciever
Sensor Segment - o e

E

Figure 4-2. Schematic of ultrasonic thermometer test setup.

4.1.2. High Frequency Multi-Segment Thermometer

The high frequency magnetostrictive transducer consists of a coil operating in pulse-echo mode at

1.9 MHz, a Sm-Co biasing magnet, and a segment of 0.254 mm diameter Remendur wire butt-welded to
the thermometer waveguide using a laser welder. Damping was achieved by clamping the free end of the
Remendur in a vise with fine stainless steel wool. The thermometer consisted of a 0.254 mm stainless steel
wire waveguide with reflectors fabricated by laser welding small segments of the same wire to the wave-
guide, creating small bumps. The UT has three sensor segments formed by the three welded reflectors and
the end of the wire. The segments were nominally 15 mm in length. Reflectors were intended to provide a
10% reflection coefficient at room temperature. Features of the thermometer are shown in Figure 4-3.

4.1.3. Low Frequency Single-Segment Thermometer

The low frequency transducer consists of a coil operating in pulse-echo mode at 0.7 MHz, a Sm-Co bias-
ing magnet, and a segment of 0.254 mm diameter Remendur wire butt-welded to the thermometer wave-
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guide using a laser welder. Damping was achieved by clamping the free end of the Remendur in a vise with
fine stainless steel wool. The thermometer consists of a 0.254 mm stainless steel wire waveguide with a
reflector fabricated by laser welding small segments of the same wire to the waveguide, creating a small
bump. The UT has one sensor segment formed by the welded reflector and the end of the wire. The seg-
ment is nominally 45 mm in length. The reflector was intended to provide a reflection similar in magnitude
to the wire end reflection at room temperature. Features of the low frequency thermometer are shown in
Figure 4-4.

Transducer  Reflector Reflector Reflector Sensor
to 1 2 3 Section
Sensor Weld

Figure 4-3. High frequency, multi-segment thermometer features.

Transducer Reflector
to
Sensor Weld

Figure 4-4. Low frequency, single segment thermometer features.
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4.1.4. Recorded Signals

Raw waveforms were recorded for each thermometer in both damped and un-damped conditions. The
damping reduces unwanted signal artifacts that can interfere with the signals to be processed. However,
damping also eliminates higher order reflections that can be used to increase the accuracy of measure-
ments. Figures 4-5 through 4-8 show recorded waveforms captured for each thermometer (damped and
un-damped) at room temperature. The primary features of the waveforms are labeled.
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Figure 4-5. Recorded signal for high frequency/multi segment thermometer with damping.
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Figure 4-6. Recorded signal for high frequency/multi segment thermometer without damping.
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Figure 4-7. Recorded signal for low frequency/multi segment thermometer with damping.
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Figure 4-8. Recorded signal for low frequency/multi segment thermometer without damping.

4.2. Signal Processing Method Evaluations (PNNL)

4.2.1. Signal Processing Requirements for Ultrasonic Thermometry

Requirements for ultrasonic thermometry in an in-pile environment are documented in Tables 2-1 and 2-2.
They include an accuracy of 2% or better with a spatial resolution of 1-2 cm axially and 0.5 cm radially.
These requirements cover both fuel and cladding temperature and encompass ceramic and metallic fuels
for Light Water Reactors (LWRs) and Sodium Fast Reactors (SFRs). Note that a variety of requirements
for other ultrasound-based sensors are also defined, including sensors for measuring pressure, fission gas
release, fuel and cladding dimensional changes, and morphology changes.

4.2.2. Sources of Uncertainty
From an ultrasonic measurements perspective, the key parameters that are measured are:

» Time-of-flight (or equivalently, sound speed), including its variation as a function of frequency,
» Attenuation and signal amplitude, and
»  Frequency content, including the presence of harmonics.

For thermometry, the focus of measurements is on time-of-flight as this parameter, which depends on
sound speed, varies with temperature. Estimation of the time-of-flight requires the detection of individual
acoustic wave packets that are reflected from the reflectors or welds on the waveguides.

A multiplicity of factors combines to reduce the accuracy of time-of-flight measurements in ultrasonic
thermometry. These include measurement noise, attenuation, dispersion, and the effects of temperature
and radiation on the transducer material itself. Attenuation and dispersion effects may occur in both the
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cabling and the acoustic wave propagation in the waveguide. Additional uncertainty is introduced through
imprecision in locating the reflectors and the potential presence of additional wave modes.

4.2.3. Assumptions

Within the context of this work, the following assumptions are made:

Ultrasonic measurements are acquired using a computer-controlled data acquisition system,

The measurements will be processed in an automated fashion, to extract one or more of the parameters
listed above, and

Ultrasonic thermometer fabrication is precisely controlled and introduces little to no uncertainty in the
measurement. As such, all sources of uncertainty from the fabrication process can be ignored.

4.2.4. Analysis Approach Summary

Multiple approaches to analysis were utilized, with the goal of improving SNR as a first step to identifying
acoustic wave packets and computing time-of-flight. Prior to analysis, theoretical calculations were per-
formed to obtain a precise theoretical value of wave speed and attenuation that were based on acoustic dis-
persion curve analysis. The dispersion curve relates wave speed (group velocity) to the frequency of the
acoustic wave and the dimensions of the waveguide. These theoretical values provide bounds on the quan-
tities of interest and are used in the analysis algorithms summarized below.

Analysis algorithms include:

Time-domain Analysis: Based on theoretical values of wave speed, and available ultrasonic thermome-
ter design data, time gates may be identified where signals of interest are expected. These gates help in
eliminating non-relevant signals for further analysis. In addition, common temporal-domain analysis
techniques involve correlation of the time series under investigation with a known time series or per-
forming peak detection and measuring peak-to-peak time (which provides information on
time-of-flight). Also, a time series can be correlated with itself with or without offset to produce an
auto-correlation function. The time-offset will reveal repeating structures in the time series coming
from different reflected signals and is a mechanism for improving the accuracy of time-of-flight com-
putations.

Frequency-domain Analysis: There are several ways to analyze data in the frequency domain. These
involve some sort of spectra analysis and can use Fourier, cosine, wavelet transforms or some other
form of time-domain to frequency-domain transform. In this task, Fourier transforms are used to pro-
duce power spectrum and spectrograms. The latter tries to combine features of both time-domain anal-
yses with frequency-domain analysis.

- Filtering: A suite of standard frequency filters may be applied to eliminate all responses outside
the bandwidth of the probe. Additional band-pass filters may be used to focus on signals contain-
ing a narrow band of frequencies. By using a number of such narrow-band filters, a decomposition
of the measured signal into its constituent frequency components and their behavior over time,
may be identified. Such analysis is often used to reduce the effects of noise.

- Time and frequency based analysis: The spectrogram is a common visual analysis method for
examining temporal signals by simultaneously viewing them jointly in the time and frequency
domain. It is used to visualize both the temporal-domain and frequency-domain features in the data
to find salient patterns by visual inspection. It is most commonly used in speech analysis. In a
spectrogram, the horizontal axis represents time; and the vertical axis represents frequency. The
strength of a given frequency in the spectrogram is indicated by the color or brightness of the spec-
trogram at the given time and frequency. A spectrogram generated from one data set is shown in
Figure Figure 4-9. This figure illustrates how a spectrogram can be used aid in identifying a reflec-
tion peak.
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Figure 4-9. Spectrogram of a returned signal along with the temporal signal and illustrations of both an
individual reflection peak and the associate peak in the spectrogram.

The size of the Fourier analysis window of the spectrogram sets the different levels of frequency and time
resolution that can be achieved in the spectrogram. A long time window will resolve frequency at the
expense of time. This results in a narrow band spectrogram showing individual harmonics (component fre-
quencies) but also smears together adjacent ‘'moments'. If a short time analysis window is used, adjacent
harmonics are smeared together; but better time resolution is achieved which results in a wide band spec-
trogram where salient frequencies appear as vertical lines or striations in the spectrogram. This can add
complexity to the analysis task since the analysts must make decisions on proper settings for the time and
frequency windows.

Figure 4-10 shows the calculated acoustic velocity as a function of temperature for the four conditions

(High Frequency, Low Frequency, Damping, and No Damping), based on time domain analysis. Available
data were time-gated and auto-correlated; and a peak-finding algorithm was employed to identify relevant
signal peaks. The time-of-flight was computed as the difference in arrival times between successive peaks.
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The time-of-flight between successive peak pairs was averaged, and the standard deviation computed. The
ratio of standard deviation to mean of the peak-to-peak separation gives an estimate of the temporal res-
olution. The acoustic velocity is computed by using the time-of-flight with the separation distance between
the corresponding reflectors on the thermometer.

The two types of probes (high frequency and low frequency) used different geometries for the experiment
with two weld points separated by 45 mm for the low frequency (0.7 MHz) experiments and three weld
points separated from each other by 15 mm for the high frequency (1.9 MHz) experiments. Table 4-1 gives
the results of measuring multiple returned peaks and determining the peak-to-peak separation in time.
Table 4-2 shows the results in terms of velocity and the associated uncertainty.

Acoustic velocity in steel generally decreases as temperature increases due to a number of mechanisms. As
seen from the calculated ultrasonic velocities, this trend is evident in the data. In addition, a clear separa-
tion is seen between data from the high frequency probe (upper curves) and low frequency data (lower
curves). In each case, the velocity at room temperature is consistent with theoretical values computed from
dispersion analysis.

In addition to intrinsic change in acoustic velocity due to temperature, thermal expansion of the waveguide
is expected to add to uncertainty in acoustic velocity calculation, albeit by a very small amount. To deter-
mine the level of uncertainty due to thermal expansion, the change in length was computed using tabulated
values from the literature of the coefficient of thermal linear expansion for steel. acoustic velocity values,
after correction for thermal expansion, are presented in Figure 4-11, along with the related uncertainty val-
ues.

Table 4-1. Mean time between returned peaks ‘p’ along with standard deviation ‘c’ and the ratio of
standard deviation to mean ‘c/p’ as an indicator of temporal resolution.

Condition Statistic | 21.8°C | 200.5°C | 409.0°C | 606.8°C | 805.5°C
LowFrequencywith | | 1.72E-05s | 1.79E-05s | 1.87E-05s | 1.97E-05's | 2.04E-05 s
Damping G | 2.39E-07s | 2.37E-07s | 1.89E-07 s | 2.27E-07 5 | 4.28E-07 5
o/ 139% | 132% | 101% | 116% | 2.10%

Low Frequency il 1.73E-05s | 1.77E-05s | 1.87E-05s | 1.95E-05s | 2.06E-05 s
without Damping G | 260E-07s|5.45E-07s | 1.95E-07 s | 2.07E-07 s | 2.21E-07 s
o/ 150% | 309% | 104% | 106% | 1.07%

High Frequency L |561E-065 |5.77E-065 | 6.02E-06 s | 6.30E-06 S | 6.74E-06 s
with Damping G | 6.25E-08s | 1.80E-07s | 3.71E-08 s | 1.76E-07 5 | 3.59E-07 5
o/ 111% | 311% | 062% | 279% | 533%

High Frequency il 5.57E-06s | 5.84E-06s | 6.06E-06 s | 6.32E-06 s | 6.58E-06 s
without Damping G | 9.31E-08s|2.55E-07s | 7.63E-08 5 | 1.10E-07 s | 1.83E-07 5
o/ 167% | 4371% | 126% | 175% | 2.78%
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Table 4-2. Velocity resolution as a function of temperature and experimental condition (Low Frequency,
High Frequency, With Damping, Without Damping)

Condition 21.8°C 200.5°C 409.0°C 606.8°C 805.5°C
Low Frequency with Damping 5220 + 5020 + 4820 + 4580 + 4410 +
72.4 m/s 66.3m/s | 48.9m/s 53.0 m/s 92.4 m/s
Low Frequency without Damping 5200+ |5100+157 | 4820+ 4615 + 4370 +
78.2mls m/s 504 m/s | 489m/s | 46.9ml/s
High Frequency with Damping 5350+ |5200+162 | 4980+ |4760=+133 |4450=+237
59.6 m/s m/s 30.7 m/s m/s m/s
High Frequency without Damping 5390+ |5140+224 | 4950+ 4750+ | 4560+ 127
90.1 m/s m/s 62.4m/s | 83.0m/s m/s
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Figure 4-10. Acoustic velocity as a function of temperature.
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Figure 4-11. Acoustic velocity as a function of temperature after correction for thermal expansion.

4.2.5. Analysis Approach Results

The comparison of the results from the three domains showed that the time-domain processing produced
the best estimate of temperature resolution but was only slightly better than the other two processing
domains. The results show that the time resolution is generally within a range of 1-2% in most of the sce-
narios analyzed. This produces a sound velocity resolution of approximately 100 m/s. Due to the limited
number of peaks in each data set, estimation of the temperature resolution yielded a fairly course resolution
of 46°C based on one standard deviation from mean. Additional experimental runs should improve this res-
olution estimate.

4.2.6. Recommended Additional Work

In terms of the signal processing efforts, the most important recommendation would be to generate more
experimental data to reduce the estimation error to improve both spatial and temperature resolution estima-
tions. Other important recommendations include implementing adaptive filtering techniques to reduce
noise and aid in the discernment of propagation modes.

4.3. Demonstration of Automated Signal Processing Method (ANL)

4.3.1. Development of Signal Processing Algorithm for Ultrasonic Thermometer
Applications

Argonne National Laboratory (ANL) has developed a MATLAB® based package, called imagingGUI, as a
base to explore advanced Non-Destructive Testing (NDT) solutions or to develop advanced data analysis
and signal process algorithms. This approach offers the capability of system integration and control, pro-
vides flexibility for adding customized software, allows cross-linking between different platforms,
enhances data and sensor fusion, and saves software developing time and cost. To characterize parameters
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from in-pile ultrasonic thermometry, a plug-in toolbox was developed and integrated into the imagingGUI
package. It can be easily adapted to a LabView® platform for real-time characterization. The toolbox will
generate and display an envelope of the ultrasonic radio frequency (RF) signal for high-accuracy
time-of-flight measurements of the reflectors and the end of the rod and then estimate the temperatures of
each section of the rod. Figure 4-12 displays the data of one of the INL ultrasonic thermometry data sam-
ples. The right window shows the file information, signal process parameters, calculated time-of-flight and
speed-of-sound, and estimated temperatures each section. The left displays the ultrasonic RF signal over-
lapped with an envelope calculated.

The envelope is generated by using the Hilbert transformation and smoothed with the moving average
technique (default: 10-point moving average). The times-of-flight are calculated according to the two input
parameters, reflector spacing, and peak detection threshold. The speed-of-sound is estimated based on an
empirical equation of sound-velocity-to-temperature, shown in Equation 4-1, for the SS304 ultrasonic
thermometer fabricated by INL:52

¢ = 0.000134- T~ 1.14- T +5222.77 (4-1)

where c is the speed-of-sound in m/s, and T is the temperature in degrees Celsius.
The procedures for the signal process are listed as the following:

1. Select a data file;

2. Automatically read and display the file information and the RF signal data;

3. Automatically generate and display an envelope of the RF signal,

4. Input two parameters, reflector spacing and peak detection threshold

5. Automatically calculate and display time-of-flight of reflectors and the end of the thermometer rod;

6. Automatically estimate and display temperature of each section of thermometer rod;

INL provided a set of data for low-frequency, single-segment and high-frequency, multi-segment rods,
respectively, with various operation temperatures. A separate file was created for each test and saved in
CSV format.

4.3.2. Low Frequency, Single Segment Thermometer Results

An analysis of the data for the low frequency, single segment rod was conducted using the new imaging-
GUI toolbox developed by ANL for ultrasonic thermometry applications. Figure 4-13 shows a RF pulse
train that contains reflections from the reflector and the end of the rod, and the multiple reflections
between them at 800 °C. An envelope of the pulse train is calculated and overlapped with the pulse train.
Figure 4-14 shows the speed-of-sound calculated from the equation and experimental data, respectively.
Differences may be due to the empirical equation being developed for a wire that had been heated for one
cycle prior to data collection and the wire used for these tests had not been previously heated.

4.3.3. High Frequency, Multi-Segment Thermometer Results

Figure 4-15 shows the RF pulse trains that contain reflections from the three reflectors and the end of the
rod, and the higher order reflections without damping at 400 °C. Figure 4-16 shows the RF pulse train that
contains reflections from the three reflectors and the end of the rod with damping at 200 °C. The damping
setup efficiently damped out the second pulse train. However, the second pulse train does not significantly
affect the measurement of temperature of each section. Envelopes of these pulse trains were calculated and
overlapped with the pulse trains. Figure 4-17 shows the speed-of-sound calculated from the equation and
experimental data, respectively. The results of speed-of-sound are worse than the single segment case sim-
ply because the same empirical equation used was for a wire that had been heated for one cycle prior to
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Figure 4-12. Argonne imagingGUI for uploading and analysis of ultrasonic thermometry data.
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Figure 4-13. Recorded ultrasonic signal and envelop for a single segment thermometer at 800 °C without

damping.

data collection and was obtained using a lower frequency coil (e.g., the speed-of-sound is dependent on

frequency).
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Figure 4-14. Ultrasonic speed-of-sound for a single segment thermometer at various temperatures.
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Figure 4-15. Received ultrasonic signal and envelop for a multi-segment thermometer at 400 °C without
damping.
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Figure 4-16. Received ultrasonic signal and envelop for a multi-segment thermometer at 200 °C with
damping.
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Figure 4-17. Ultrasonic speed-of-sound for a multi-segment thermometer at various temperatures.
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4.3.4. Automated Signhal Processing Results

Demonstration of an automated data processing package was successful, but differences in velocities cal-
culated from data collected for this effort and data collected during prior testing for the same material, with
a different process history, indicate that ultrasonic thermometers must be calibrated individually.

4.4, Summary

One factor limiting the application of ultrasound-based sensors to in-core testing is the need for enhanced
signal analysis algorithms applicable to the range of measurable parameters. As a first step in addressing
this need, enhanced methods of analyzing data from an ultrasonic thermometer (likely to be the first
in-core ultrasonic sensor) were evaluated. To this end, a series of representative ultrasonic thermometer
data were produced. In these evaluations, potential methods of analysis were compared and tested. In addi-
tion, an automated signal analysis package was demonstrated.

Results indicate that time-domain processing produces the best estimate of temperature resolution, though
only slightly better than frequency or time-frequency based analysis methods. Time resolution was gener-
ally found to be within a range of 1-2%, producing a sound velocity resolution of approximately 100 m/s.
Due to the limited data set, temperature resolution was estimated to be 46°C based on one standard devia-
tion from mean. This resolution estimate can be improved with increased by using larger data sets for anal-
ysis. Demonstration of an automated data processing package was successful, but differences in velocities
calculated from data collected for this effort and data collected during prior testing for the same material,
with a different process history, indicate that ultrasonic thermometers must be calibrated individually. This
will ensure that differences due to variations in materials and fabrication processes have minimal effect on
measurement accuracy.
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5. SUMMARY

Several programs funded by the Department of Energy Office of Nuclear Energy (DOE-NE), such as the
FCRD, ARC, LWRS, and NGNP programs, are investigating the use of new fuels and materials for
advanced and existing reactors. A key objective of such programs is to understand the performance of
these fuels and materials during irradiation. The NEET ASI in-pile instrumentation development activities
are focused upon addressing cross-cutting needs for DOE-NE irradiation testing by providing higher fidel-
ity, real-time data, with increased accuracy and resolution from smaller, compact sensors that are less
intrusive.

Ultrasonic technologies offer the potential to measure a range of parameters during and after irradiation,
including geometry changes, temperature, crack initiation and growth, gas pressure and composition, and
microstructural changes under harsh irradiation test conditions. There are two primary issues that currently
limit in-pile deployment of ultrasonic sensors. The first is transducer survivability. The ability of ultrasonic
transducer materials to maintain their useful properties during an irradiation must be demonstrated. The
second issue is signal processing. Ultrasonic testing is typically performed in a lab or field environment,
where the sensor and sample are accessible. The harsh nature of in-pile testing and the variety of measure-
ments that are desired demand that an enhanced signal processing capability be developed to make in-pile
ultrasonic sensors viable. To address these issues, the NEET ASI program funded a three year the Ultra-
sonic Transducer Irradiation and Signal Processing Enhancements project, which is a collaborative effort
between the Idaho National Laboratory, the Pacific Northwest National Laboratory, the Argonne National
Laboratory, the Pennsylvania State University, and the Commissariat a I'énergie atomique et aux énergies
alternatives.

As discussed within this document, the two primary objectives of this project, to assess the survivability of
ultrasonic transducers and to evaluate enhanced signal processing methods, were successfully completed.

5.1. Irradiation Test

The objective for Task 1 of this project is to evaluate the performance of ultrasonic transducer materials in
high flux/high temperature irradiation environments and identify promising materials that will enable
development of ultrasound based sensors and systems. Task 1 of this project leverages ATR NSUF funded
efforts to develop a test capsule design and define irradiation conditions for evaluating most promising
candidate piezoelectric and magnetostrictive transducer materials and designs. From the onset of this
effort, an instrumented lead test was proposed, such that real time signals are received from the transducers
being tested. Collecting real time signals data allows researchers to accurately measure of the performance
and possible degradation of candidate transducer and sensor materials under irradiation.

An in-depth review of prior piezoelectric and magnetostrictive transducer irradiations was used to develop
a list of candidate materials for irradiation evaluation. In addition, a design for an instrumented-lead irradi-
ation test capsule and a test plan for evaluating ultrasonic transducer materials were developed, test equip-
ment was acquired, and the test transducers were fabricated and transported to MIT. During FY-14 the test
capsule was assembled and installed into the MITR, and the irradiation has started. At the time of this
report (September 2014), the fast neutron fluence accumulated in the test rig is 4.1x10%° n/cm?. At this
time, irradiation test data indicate that transducers fabricated using magnetostrictive alloys are tolerant to
neutron and gamma radiation effects experienced during the first 5000 hours of exposure, and would be
good candidates for in-core use. Piezoelectric transducer performance has been less steady, but this may be
due to inconsistencies in coupling between the piezoelectric element and the waveguide (as the coupling is
affected by mechanical pressure and can vary greatly during rapid temperature changes). Nonetheless, alu-
minum nitride has performed well and should be considered a good choice for in-core use. As the irradia-
tion is ongoing, final conclusions cannot be made until the irradiation has finished and PIE of the test
transducers and material samples is completed.
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5.2. Signal Processing Development

The objective for Task 2 was to enable enhancement of signal processing methods used to support various
types of ultrasonic sensors in order to mitigate the effects of the in-core environment on measured signals.
Initial work on Task 2 focused on completing an extensive background review of the various desired mea-
surement parameters, how those parameters could be measured using ultrasonics, and what signal charac-
teristics could be used to infer the desired information.t® A strategy for incorporating the different required
signal processing methodologies was also developed.

Subsequent work focused on development and demonstration of signal processing method enhancements
for ultrasonic thermometry applications. A series of representative ultrasonic thermometer measurements
were produced at INL using both single and multiple segment waveguide type ultrasonic thermometers
based on magnetostrictive transducers similar to those being evaluated in the transducer irradiation test.
Both time-domain and frequency-domain signal processing methods were performed to extract the
time-of-flight data from the voltage versus time measurements. Results indicate that time-domain process-
ing produces the best estimate of temperature resolution, though only slightly better than frequency or
time-frequency based analysis methods. Changes in the time-of-flight (or speed-of-sound) were used to
determine the measured temperature. Demonstration of an automated data processing package was suc-
cessful, but differences in velocities calculated from data collected for this effort and data collected during
prior testing for the same material, with a different process history, indicate that ultrasonic thermometers
must be calibrated individually. This will ensure that differences due to variations in materials and fabrica-
tion processes have minimal effect on measurement accuracy.

5.3. Key Observations and Recommendations for Future Work

As the irradiation is ongoing, final conclusions cannot be made until the irradiation has finished and PIE of
the test transducers and material samples is completed. However, some key observations about each task
performed in this project can be noted.

First, the test capsule and instrumentation have operated as designed with the target irradiation temperature
achieved. With the exception of the previously described sensitivity to temperature transients observed for
the self powered detectors, the on-line measurement devices for temperature and the radiation fluxes (both
gamma and neutron) have worked well. Finally, the results from on-line testing of the ultrasonic devices
(both piezoelectric and magnetostrictive transducers) demonstrate that the devices are functioning with
only minimal signal degradation due to thermal and irradiation effects. Preliminary analysis of the signals
indicates that ultrasonic thermometry based on magnetostrictive devices is possible with materials similar
to that included in the MITR irradiation. Furthermore, the irradiation behavior of the piezoelectric trans-
ducers demonstrates that on-line ultrasonic transducer measurements can be used for monitoring material
behavior changes.

Signal processing will be an important element in using ultrasonic-based transducers to measure in-reactor
behavior of nuclear fuel and material test specimens. The work to-date indicates that high resolution tem-
perature measurements are possible with magnetostrictive thermometry. Improvements in the signal pro-
cessing methods were noted, and it is recommended that additional measurement data be generated that
can used to refine these methods.

Further work is required in three key areas: 1) continued acquisition and analysis of the on-line measure-
ments from both the magnetostrictive and piezoelectric devices, 2) laboratory testing (including PIE) of
the transducer materials and designs to understand the signal to noise ratio relationship to temperature
effects, and 3) refinement of the signal processing procedures to further reduce the uncertainty in ultra-
sound-based sensor data. Although the first item and some of the second item will be completed using
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ATR NSUF funding, a follow-on task is needed to ensure that all of the proposed last two activities are
completed.
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