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Executive Summary

The work reported here is the first stage of aguijhat aims to develop a health
monitoring system for the Thermal Protection Syst€iPS) that enable a vehicle to
safely re-enter the Earth’s atmosphere. The TR8Mmonitoring system is to be
integrated into an existing acoustic emissions-th&@ncept Demonstrator, developed
by CSIRO, which has been previously demonstratedvaluating impact damage of
aerospace systems.

This requirement is for the development of a prgiethealth monitoring system that can
be used in a variety of Thermal Protection Syst€RRsS) applications. Included within
this effort is the development of algorithms teembgate sensor outputs and techniques
to integrate optical fibre sensors to support TB&8ith monitoring. The requirement
involves integrating sensor systems and developeémgor integration techniques to
evaluate overall system performance through grdesiihg at both room and elevated
temperatures. This effort will also result in angeal methodology for use in developing
TPS health monitoring systems.

The principal objective of the present phase ofwtbek was to characterise materials and
specify methods to a stage that would culminatbendesign of a test-piece for use with
the CSIRO/NASA structural health monitoring concepimonstrator (CD) in succeeding
phases of the project. While a considerable ptopoof this work has been carried out,
the ultimate aim of designing a test-piece hadeen achieved, largely because the
material measurements raised serious concerns Himuse of those materials in a
demonstration structure. Resolution of these amrsceequires discussion and
consultation with NASA, and it is recommended th&SIRO/NASA face-to-face
meeting/workshop be convened at an early oppoyttmitesolve them.

Extensive measurements were made of the acouspertres of two commercial
ceramic foam materials, Cotronics 310 and Zircara@gcs ZAL-45 foam, but neither
was found to be particularly satisfactory for useaamodel’ demonstrator material.
Measurements of acoustic velocities and attenustimare made in the frequency range
0.2 to 1.0 MHz, above which the attenuations weregally too high to make sensible
measurements. The Cotronics material was foute teffectively isotropic, but
strongly inhomogeneous due to the presence of (@géo tens of millimetres) voids,
and hard, glassy inclusions. The Zircar foam ditiaontain such coarse
inhomogeneities, but its elastic properties weghlyi anisotropic. Such anisotropy
would severely complicate the use of impact-gemeeratoustic signals for location of
the impact site.

Development of acoustic models of the materialssingttures of interest was begun,
based on guided wave calculations in infinite [aed on the modal resonance method.
Further development of these models, particularithe capability to model transient
disturbances is required, and is under way. Deweémt of a dynamic finite element
model is planned to begin in the near future.

Thermal measurements were made using thermocolyoltspn free ceramic tiles and
on tiles bonded to an aluminium substrate. Ngbssingly, it was shown that
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temperature measurements on the metallic subssitall spatial information carried by
the heat flow through the ceramic. Informationuttbe spatial extent of the damage
can be obtained if the thermal sensors are welikated from the substrate, and some
suggestions for doing this have been made.

A thermal sensor system based on optical frequdanyain reflectivity measurements in
a fibre Bragg grating (FBG) array, supplied by NABA/den FRC, was set up and
demonstrated. It is now ready for incorporatiaio ia test article. A novel scheme has
been presented for integration of a FBG thermatisgmetwork into the CSIRO/NASA
CD architecture. This requires further evaluatiout, it has the potential to provide a
robust and efficient fibre sensing network.



1. Introduction

1.1 Overall objectives

The work reported here is the first stage of aguijhat aims to develop a health
monitoring system for the Thermal Protection Syst€iPS) that enable a vehicle to
safely re-enter the Earth’s atmosphere. NASA hasgjairement to develop a TPS health
monitoring hardware system, corresponding damatgtien/classification algorithms

for applications such as the Crew Exploration Vihiand to integrate the components
into a cohesive ground test system in preparatofuture flight applications.

As part of this requirement, the TPS health momitpsystem is to be integrated into an
existing acoustic emissions-based Concept Demdaost@eviously demonstrated for
evaluating impact damage of aerospace systemsinfdgrated impact characterization
and thermal protection health monitoring systen @nkble monitoring and evaluation
of vehicle structure for fithess-for-service (iffiéness for atmospheric re-entry).

This requirement is for the development of a psgiethealth monitoring system that can
be used in a variety of Thermal Protection Syst€RRsS) applications. Included within
this effort is the development of algorithms teembgate sensor outputs and techniques
to integrate optical fibre sensors to support TB&8ith monitoring. The requirement
involves integrating sensor systems and developeémgor integration techniques to
evaluate overall system performance through grdesiihg at both room and elevated
temperatures. This effort will also result in angeal methodology for use in developing
TPS health monitoring systems. It will also beatatyst for the development of a flight-
gualified system with applications to NASA, DoD dadDARPA programs. This report is
an extension of work reported in Abbettal. (2001), Abbotet al. (2002), Abbotét al.
(2003a), Abbotet al. (2003b), Battert al. (2004), and Batteat al. (2006). A complete
list of publications arising from this work is givén Appendix B.

1.2 System principles

The thermal protection systems with which we wdlibitially concerned consist of thick
ceramic foam tiles attached to an aluminium platesgate, though there are active
investigations into new and improved TPS mate{di&SA, 2007). The ceramic foam
tiles have very low density (~0.15 g €rand very low thermal conductivity. They are
generally bonded to the aluminium substrate, byt beamounted on stand-offs. The
ceramic is brittle, and may be damaged by impachlzyometeroids, by debris in space,
or accidentally during launch or subsequent opanati

The health monitoring system should detect andue@limpacts on the ceramic tiles
using passive acoustic emission techniques. @¢cbniques may subsequently be used
to provide further evaluation of the damage, betéhare no current plans for carrying
out such further damage evaluation. Fitness-forise will be determined by

monitoring the thermal conductivity of the TPS I tvicinity of the damage. This will

be achieved by external heating of the damagedmédgurrently by application of a heat
lamp, but possibly eventually by the sun) and nwiig of the temperature distribution
underneath or within the damaged region. This do¢sequire heating to the
temperatures experienced during re-entry, but tmtgmperatures that enable any
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damage-induced anomalies in the thermal condugtivibe detected by the embedded
thermal sensors.

The ultimate aim is to use a distributed opticlatdiBragg grating (FBG) sensing system
for temperature measurement, but this is supplezddantthe development stages of the
work by thermocouples. NASA has provided a prqgieti¥BG system for use in this
work. It has been set up, tested and evaluataedgltiris work, but was not used for any
of the measurements reported here, all of whiclewsade with thermocouples.

1.3 System architecture

The architecture of the TPS health monitoring systell be that of an autonomous
multi-agent system, in which autonomous sensingriggj, each of which control a small
group of sensors in a local region of the strugtabtain local information about the
integrity of the TPS, and collectively provide aginosis of any detected damaging
events or damage. The architecture of the exi€€§8IRO/NASA structural health
monitoring Concept Demonstrator (CD) has been de=ttin earlier reports and papers
(e.g. Abbottet al, 2001, Abbotet al, 2002, Abbotet al, 2003a, Abbotet al, 2003b,
Battenet al, 2004, Prossest al, 2004, Batteret al, 2006, and Hoschket al, 2007; see
Appendix B for a full listing). The advantage betmulti-agent system architecture is its
robustness to damage or component failure: it basentral processor or controller, no
single point of failure, and it is highly scalable.

A challenge of the present work was to developmr@ach for integrating a distributed
FBG sensor network into the multi-agent architeztufhis has been achieved, and will
be outlined later in this report.

1.4 Structureof thereport

The TPS materials studied, and the experimentahodstused for determining their
acoustic properties, are described in the nexti@eciThe two methods used for
generating impacts (a pendulum and a pulsed lasanpare also described. The
extensive measurements of acoustic propertieshaidresults are described in some
detail in Section 3, followed by our preliminary tkan acoustic modelling in Section 4.
Section 5 outlines the experimental set-up forr@sdlts of thermal measurements
carried out. This work was not aimed at charasitegithe thermal properties of the TPS
materials, but at testing the heating method aanexing qualitatively the detectability
of simulated damage from the thermal measuremdiiis Section also describes the
setting up and evaluation of the optical fibre nueament system provided by the NASA
Dryden Flight Research Center. Section 6 outlarearrangement by which an optical
fibre thermal measurement network can be integnatedhe multi-agent architecture of
the CSIRO/NASA structural health monitoring concepimonstrator. While this
arrangement has not yet been fully analysed cedegthas the potential to provide a
highly efficient and robust network. Finally, Sect 7 discusses our conclusions relating
to the design of a test-piece for use in subsequieaes of the project, in the form of
guestions that require resolution in consultatiat WASA. Section 8 summarizes the
results of this work.



2. Materialsand methods

2.1. Introduction

The present investigations seek to develop a mdtradonitoring TPS panels that may
be integrated with the multi-agent system architecbf the CSIRO/NASA Concept
Demonstrator. In order to design a layout of pgectric sensors that is capable of
detecting the elastic waves generated by an impatiie surface of an insulating
material, we have made measurements of the ultiapooperties of two insulating
materials supplied to us by NASA Dryden Flight Resk Center, and of the
propagation characteristics of a ‘tile’ consistofgone of these insulating materials
bonded to a sheet of aluminium. We have measteddnsity, the longitudinal and
shear wave velocities, and the attenuation coefitsi of these waves over the frequency
range 0.2 to 5 MHz. Values of these propertiegegeaired to develop a numerical
model of the acoustic properties of thermal prodectiles.

2.2 Previouswork and materials used

There have been acoustics measurements made oild P&terial since the Shuttle’s
inception. Some of the earliest published work thas of Thompson and Alers (1974),
and Alers and Zimmerman (1980), who found the sawgidcity to vary (by up to a
factor of two) with propagation direction in thées, and that, even in one direction,
velocities varied by5% over the area of one tile of areal dimensidns 6'. Velocities
in the range 450 m/s to 1400 m/s, depending oprbygagation direction, were
measured. The density of this material was 0.&615 More recently Kuhet al. (2006)
reported similar velocities (620 m/s to 1410 mfsTPS foam.

Researchers at NASA Dryden have undertaken measatsrand modelling of the
thermal properties of a ceramic foam that has aimtiilermal properties to those of the
TPS tiles used on the Space Shuttle. The matesed in their and our initial
experiments is Cotronics 310 ceramic foam. Thitene does not, however, possess
the mechanical properties of tiles used on the &fdittle. The nature of this material,
in particular the large size distribution of itsrpsity and hard inclusions, has proved to
be somewhat of a hurdle in making reliable measarngsnof its ultrasonic properties.

The density of the Cotronics material was meastoédzk about 0.8 g ¢y and it
contains pores of sizes varying from tens of misrtntens of millimetres (see Figure
2.1). There are also small volumes within the mmatéhat are not porous at all on this
scale, but rather appear as solid spheres of gl&ssgnaterial, hard and difficult to cut
through. These types of inhomogeneities provedblesome in accurately determining
the velocity and attenuation of ultrasound throtlghmaterial.

A second ceramic material supplied by NASA Drydeas\also investigated. This
insulating material is an alumina-silica mixtur&¥8 Al,Os, 15% SiQ) with a nominal
density of 0.72 g ciimade by Zircar Ceramics (Type ZAL-45). This miteis
uniform in appearance, chalky, and easy to machiie ultrasonic velocity and
attenuation in this material have been measurdar@e orthogonal directions; no
thermal measurements have yet been made.
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Figure 2.1. Photograph of sample of Cotronics nadtprepared for velocity and attenuation
measurements, showing porosity. The sample igrif4& 115 mmx 5 mm.

2.3 Methods of measuring velocity

Several techniques for the measurement of ultrasalocity were considered and tried.
The first method is based on the measurement ohaed frequencies of the sample. A
sample of known thickness was carefully preparetitant was attached a transducer
operating in pulse-echo mode. The transducer drdgpiency was swept to look for a
sharp reduction in the received amplitude as thguency sweeps though the standing
wave resonance frequency of the sample. The ¢onddr resonance is simply

%

nAi=2d or f :ng,
wheren is an integerd is the wavelength arfdhe frequency of the ultrasoundis the
velocity of sound in the material, adds the thickness of the sample.

A second possible method is to vary the frequemclyraeasure the small changes in
phase of successive echoes from a sample of thexialgirepared as for the first
method. Provided the frequency is changed in sstgftls (so that the phase changes
between the echoes are much less tgna2phase-sensitive detector may be used to
generate data that very accurately gives the tietwden the two echoes. This is a
standard function on the RITEC (SNAP 5000) high-pogenerator and detector that
was used for many of the measurements.

Unfortunately neither of these methods proved ssgfoébecause of the high levels of
scattering and attenuation in the material. Thpldntde of the signal reflected from
either a ceramic foam-to-air interface or a ceralméen-to-aluminium interface was very
low, and the attenuation of the ceramic foam iihig

The third method, which we used, was to measurértteof flight of an ultrasonic
pulse through different, carefully prepared, thiegses of ceramic foam. Longitudinal
wave transducers in the frequency range 0.1 MHzNtHz were tried on the foam, but
high attenuation above 1 MHz and the difficultyagturately measuring the time of
arrival of pulses of frequency below 0.2 MHz lindithe useful frequency range.
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2.4 Sample preparation

In order to obtain an accurate measurement of itglosing this method, samples of
accurate thickness needed to be prepared. Wiail€dtronics ceramic foam material
supplied to us is easy to saw, it is weak in tansso sawing the material required some
care. The highly abrasive nature of the matetiatted saw blades quickly, so the most
feasible method of cutting was by manual hacksaivaafiequent change of blades. The
hard pieces throughout the material made straigting difficult, and also introduced
stress into the material sometimes resulting iakage of the slice being taken.
Generally speaking, samples of thickness down ¢éatab0 mm could be cut, but these
slices had faces that were neither parallel noradimeequiring further preparation as
described below.

For the velocity measurements samples of largekmigiss were preparedfour samples
ranging in thickness from about 14 mm to 24 mm vgeepared- ensuring a transit time
though the material large enough to be measurddregsonable accuracy using
ultrasonic pulses of centre frequency 1 MHz. A8ahexperiments on this ceramic
foam showed the material to be fairly attenuatszamples of thickness considerably less
than 14 mm were thought to be needed to give b&tjeal-to-noise ratios. Seven
samples ranging in thickness from 3 mm to 6 mm vaése prepared. For all of these
thicknesses the method described below was useditee the roughly cut slices to
smooth, parallel-sided samples.

Samples were first sliced into rectangular prisindimensions about 150 mm115 mm

x 10 mm, the thickness dimension being variablees€hwere then fitted into a purpose-
made jig consisting of a plate of milled aluminiamout 150 mnx 115 mmx 20 mm
attached to the sides of which were two plates @ipwsetrusion beyond the large face of
the aluminium baseplate could be varied. GaugekBlof the dimension corresponding
to the desired thickness of ceramic foam were placea flat granite bed, the aluminium
block placed on top of them, and the sides adjustéduch the granite block. This set
the sides of the jig parallel to the face of tha@hium block and accurately at the
desired height (thickness) of the ceramic foamis Jig was removed from the granite
plate, and the rough ceramic foam slice was theeplén the holder thus formed. Small
strips of neoprene along the sidewalls were sonestinsed to hold the ceramic foam in
the jig. So held, the ceramic foam was then rulgeedly on a piece of emery paper laid
over a glass plate. Once the first side was fldtamooth (the sample still of arbitrary
thickness) the foam was flipped and then abradealgldown to the desired thickness
one could clearly feel and hear when the sideb@fig started to rub on the emery
paper, at which point the sample was the correckrniess. A light blow with dried, oil-
free compressed air removed any dust left in thhegpof the material. Photographs of
some of the samples made in this way are showiguré2.2.

The thicker samples used for velocity measurema&ate smaller in the areal
dimensions, due to the availability at the tim@poly a small sample of the Cotronics
material, but were prepared in a similar fashioerisure an accurate thickness
dimension.
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Figure 2.2. Samples prepared for attenuation afmtity measurements. All samples are
approximately 150 mrs 115 mm.

2.5 Coupling ultrasound into ceramic foam

The use of standard ultrasonic couplants to imptaugsmission between the samples
and the transducers was possible but certainlgesitable with this material. The
Cotronics ceramic foam was too openly porous, sactiuplant tended to soak into the
foam, and therefore affect the velocity measurementontribution to the velocity
would be made from the couplant-infused foam. rApde experiment of soaking the
foam in coloured water for three hours showed tiaef allowed water to penetrate 3 -

5 mm into the surface. In thin samples seepingtaridard, coloured ultrasonic couplant
into and across the surface was also clearly @sibl

No couplant was used between the transducers arghthple. Initially samples were
held between two transducers (see Figure 2.3), suitisiderable pressure applied using
simple bar cramps. A small jig was made to hokldttansducers parallel while
squeezing the sample between their faces.

Measurements of shear wave velocities requiredisieeof a buffer block (described
below) that converted longitudinal waves into sheaves, so measurements of the
longitudinal wave speed were also made with rect@mdpuffer blocks made of
aluminium. Clamping the transducers, blocks, ardmic foam sample together as
above was not satisfactory as not enough pressuitd be brought to bear on the
interfaces to give a good signal-to-noise rati@mns2quently the ceramic foam was

Figure 2.3. Ceramic foam sample squeezed Figure 2.4. Shear-wave buffer blocks
between the parallel faces of two bonded to ceramic foam for velocity
longitudinal wave transducers, for measurements.

measurements of ultrasonic velocity.
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bonded to the aluminium blocks using a cyano-ateydalhesive (Loctite 401), shown in
Figure 2.4. As this adhesive cures very quickbgaption into the ceramic foam was
minimal, and the bond layer was thin and hard. ségbent removal of the foam from
the block indicated the bondline was less thamthbthick, which would contribute
little to the error in the measurement of velocity.

2.6 Buffer blocks

Two blocks of aluminium were cut from 50 nk60 mm square bar and the ends
machined flat and parallel, to give an overall kngf about 93 mm. These were used as
buffer blocks in the measurement of longitudindbegy of ultrasound in the ceramic
foam.

As we did not at the beginning of these experimbatse shear-wave transducers of the
appropriate frequency for measuring the shear waiazity in the range 0.2 to 2.0 MHz,
it was necessary to use the longitudinal wave thacers to make such measurements.
This was achieved by making two aluminium buffexdbis of the shape shown in Figure
2.5, which make use of the fact that when a lomiyital wave

Tx Rx

N\

< 59 >
aluminium block ceramic aluminium block
foam

Figure 2.5. Set-up for measuring shear wave vgdsaising aluminium buffer blocks
incorporating shear wave conversion. Tx: transngttransducer. Rx: receiving transducer. L
and S denote longitudinal and shear wave paths.

is incident on a plane reflecting surface the atiten consists of not only a longitudinal
wave but also a reflected shear wave. If the aofjiecidence of the longitudinal wave
is a, and the angle of reflection of the shear wayg then

sina _sing or sina _ A, _v,
A As sinf Ag Vg

where, in our casel, andAs are the longitudinal and shear wavelengths of danin
aluminium at a particular frequency, andandvs are the longitudinal and shear
velocities in aluminium respectively. The angleviiich the aluminium block is cut is
chosen so that + = 9C to ensure the reflected shear waves travel alom@xis of the
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block. The velocities; andvsin these aluminium blocks were taken to be 6.34 psm/
and 3.12 mnus, which gaver = 63.8. Standard calculations (see Arenberg, 1948, or
Mason, 1958) show that the ratio of the reflecteebs wave amplitude to that of the
incident longitudinal wave amplitude under theseditbons is about 0.93. One of the
earliest examples of the exploitation of this phmaeaon as a conversion mechanism for
shear wave generation for measurements was by &apahd Bernstein (1963) and
more recently by Jen et al. (2006).

The purchase of a pair of shear-wave transducersafRetrics, type V153) with a centre
frequency of 1 MHz were later used to verify theulés obtained using the shear-wave
conversion buffer blocks. They were used bothiiaatl contact with the samples (no
couplant), and also with the ‘longitudinal waveé.ithe rectangular prism, buffer blocks.

2.7 Measurement of attenuation

2.7.1 Introduction

As is the case in measuring velocity, there araraber of experimental techniques that
are used to measure attenuation in materials. pOs&ible technique would be to
measure the through-thickness resonance alluded3ection 2.3. By measuring the
shape of the resonance curve as a function oftpked frequency, the quality factor of
the curve, defined as
Q=—“o

w,—w,
may be measuredy, is the resonant frequency, and andw; are the two frequencies
above and below (respectively) the resonance athwthie average power has dropped to
one half its value at resonance. Standard thesag evy, 2001) gives the energy
attenuation coefficientrg to be

G 0
ag =—-,
Qv
wherev is the velocity of sound in the medium. While ateempted to measure such
resonance curves no clear-cut resonances were fargely because of mode

interference, and high scattering and absorption.

The attenuation coefficient may also be measunestilly by observing the decay of
oscillations in the medium after the removal of dhiwing force, or the decay of
reverberating pulses in a parallel-sided samplee [atter technique has formed the basis
of the most accurate determinations of absoluenattion since the 1960s (see
Papadakis, 1990), but great care needs to be waikeexperimental set-up to properly
account for impedance matching, electromechanmapling, corrections for diffraction,
and so on. Again, the absence of measurable renaitns in these foam samples
precluded this technique.

The method used here was aimed at obtaining amm@ppaite measure of the attenuation
coefficienta as defined in the equation
A= Ae ™,
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whereA is the initial amplitude of the wave, aAds the amplitude of the wave after it
has travelled through a distancef a medium whose attenuation coefficienzrisThe
units of a are Nepers per millimetre (Np/mm) or decibels pdiimetre (dB/mm). One
Neper is defined as a change in amplitude by afafte™. Decibels are defined by the
equation

dB = 1OIoglo(|I—°j ,

wherel andlg are the intensities of the waves (proportiondhtsquare of the
amplitude) of amplitude& andA, respectively. Simple algebra then gives the alis@r
loss expressed in decibels to be 8.7 times theelgsessed in Nepers.

2.7.2 Present technique

We have tried to measure the amplitude of an wdtrig@swvave as a function of distance
travelled in ceramic foam by preparing a seriesavhples with parallel sides and of
precise thickness (Figures 2.1 and 2.2 showed ghagtbs of these samples), applying a
fixed amplitude ultrasonic pulse to one side andsueng the amplitude of the pulse
received on the other side. The primary difficuftyo apply the excitation in a
repeatable way to one side of the different samgahelsto similarly repeatably measure
the amplitude on the other side of the sample usamgact transducers without couplant.

Initially we tried squeezing the samples, withoutfer blocks, between the faces of two
transducers. A tone-burst of excitation (80 cyeles MHz) was applied to the
transmitting transducer, and the amplitude of #ezived tone-burst, measured near the
end of the tone-burst to simulate the amplituda obntinuous wave source, was
measured. As with the velocity measurements, @iaanp was used to apply pressure,
and the pressure was increased until little orhrange in the received amplitude could
be discerned. This tone-burst technique did rotdver, yield consistent results. We
presume this is because the received amplitudesfimes about 1Qs into the tone-
burst) consists of contributions from many reveatiens and modes in the sample.

A series of experiments was then undertaken taméte the optimal number of cycles
in the exciting tone-burst, whether or not sucluesbshould be Hanning-modulated, and
where in the received burst should the amplitudembasured. The most repeatable
measure of the received amplitude was found by ureagsthe peak-to-peak voltage of
the first significant part of the signal, as shawifrigure 2.6. This measure of the
waveform remained independent of the number ofesyirl the excitation tone-burst
provided there were three or more cycles: the idiffee in this amplitude between using
a one-cycle tone-burst and a two-cycle tone buast small, typically less than 10%, and
between using two and three cycles, less than plead percent, and between three and
larger numbers there was no discernable differeite waveform later than this
oscillation showed marked changes for different bera of cycles. A Hanning-
windowed excitation pulse tended to smooth outrdoeived waveform, making it more
difficult to distinguish the arrival of the waveaéso was not used. This method was
used in all experiments. The use of transduceas their centre frequencies was
necessary to ensure that the ‘frequency’ of thedyale measured was at the desired
frequency. If transducers are used far from tbentre frequency the transient cycles
near the beginning of pulses or tone-bursts maat laeslightly different frequency to that
of the drive voltage.
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Figure 2.6. Measurement of amplitude of receivesteform.

The other significant problem to address was coggie transducers to the samples.
Liquid couplant was ruled out because it seepeaalthg foam, changing its properties.
Dry elastomeric couplants were tested but provethte too high an attenuation, and
showed marked changes in coupling with appliedsures We opted for no couplant,
and constructed a rig that could apply even andatgble pressure across a sample.

2.7.3 Rig for attenuation measurements

The rig used for these measurements had two thickiaium plates mounted between
four rods; one plate was levelled and fixed in posj the other was mounted on four
bearings which allowed it to be any distance frbmfixed plate, but parallel to it. Onto
each of these plates various jigs were affixedold khe transducers and buffer blocks.
Figure 2.7 shows a photograph of the rig. Care was

Figure 2.7. Photograph of experimental rig usechéasure attenuation. A sample of 3-mm
ceramic foam is held between the end faces of drgitudinal-wave buffer blocks, and pressure
is applied to the blocks and sample by a screw, jigtktened using a torque-wrench.
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taken mounting and aligning the buffer blocks tewer they were parallel and that any
forces applied had no components off the long aitbe blocks. The transducers were
pressed against the buffer blocks using high-visgasuplant and held in position with
grub screws. Axial pressure was applied to theksaising a screw jack onto which a
torque wrench was attached. Pressure was increasiéthe torque wrench reached its
predetermined setting. This setting was found ftoats which monitored the received
signal, watching at what pressure (torque) littliglfer change in the received signals
could be measured. This torque setting was ugeallfsubsequent experiments. Figure
2.8 shows a close-up of the buffer blocks and sasipting tested using longitudinal and
shear wave configurations.

As was the case in the velocity measurements, rlinpnary work did not use this rig

or buffer blocks- estimates of the longitudinal wave attenuationenfgst made by
squeezing transducers directly onto the surfacéseoprepared samples (see Figure 2.3)
using bar cramps, and each time applying enougdspre to see that the received signal
amplitude was not changing with further applicatodpressure. The experimental set-
up of the RITEC was as outlined earlier. The tdaicers used were

Figure 2.8. Close-ups of rig showing the set-uddnogitudinal wave attenuation measurements
(left), and shear wave attenuation measuremeigst)ri

all highly-damped, immersible, with stainless stades, and selected to operate near
their central frequency. They were (a) 1 MHz, 23z, and 5.00 MHz, 0!5diameter
transducers from Krautkramer, (b) 0.5 MHz,"tdlameter transducers from
Panametrics, and (c) 0.2 MHz and 0.1 MHz;d@ameter transducers from Ultran.

It was realised that the techniques used hereowijl give an estimate of the attenuation
in these ceramic foam samples. By making relatieasures of the signals from
different thicknesses of foam we avoid the needcéweful analysis of impedances,
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diffraction and so forth, but for the purposes mipding experimentally measured data
as a starting point for input into a model of atmugropagation in these types of
materials, it was seen as adequate.

A few experiments were carried out using the buffecks to estimate the attenuation in
a material with similar magnitude of acoustic imaece as the ceramic foam, polyvinyl
chloride (PVC) and polymethyl methacrylate (PMMARerspex or Plexiglass) whose
attenuation coefficients have been measured bysth@ur measurements were
consistent with the work of others, although dirgmmnparison is difficult. The
attenuation coefficients for plastics vary widegpeénding on the method of manufacture
and the particular type of PVC or Plexiglass. (eg@002) quotes values of 6.4 to 12.4
dB/cm for PMMA at 5 MHz, and Pouet and Rasolofosg®93) give a value of just
under 5 dB/cm at 5 MHz. Similarly for PVC figuremnge from 8 to just over 11 dB/cm
from these two sources. Our measurements of PMMARYC attenuation were
between 0.5 and 1.3 times those of Pouet and Rasalm, but were complicated by
relaxation effects. (When these plastics were azggt the signal was observed to rise
approximately exponentially with a ‘half-life’ ohe order of five minutes increasing by
about 50% over 20 minutes, which we presume wagsalpkastic flow of the sample
slowly increasing the contact area and hence sigieaived. Such relaxation in the
ceramic foam was also observed, but it was muahded could be ignored. In all cases
measurements on the foam were taken immediatedy afiplying pressure.)

2.8 Elastic wave propagation in TPS-liketiles

2.8.1 Fabrication of TPS-like tile

Researchers at NASA Dryden FRC prepared a sanilglectnsisting of 3.175-mm

(1/8") thick, 230 mmx 155 mm (9 x 6") aluminium sheet to which was bonded a piece
of Cotronics ceramic foam, 100 n¥a00 mmx 27 mm, (about4x 4" x 1"). The
bonding layer was an RTV adhesive applied to &«ttgss of 0.008(200um). To this
sheet we bonded (using both conductive epoxy adhesid Loctite 401 cyano-acrylate
adhesive) eight piezoelectric transducers in variogations in order to determine the
signals produced by these transducers at diffgraces on the ‘back’ side of the sheet as
a result of impacts on the ceramic foam surfagertf side). The layout of these
transducers is reproduced approximately to scafegare 2.9. Two different sizes of
PVDF transducers were used, both®2 thick, one 10 mm in diameter, the other 2.5
mm in diamter. Three different sizes of PZT trarwat were tested, 2.5 mm (dia.) and
0.5 mm thick, 5.0 mm (dia.) and 0.5 mm thick, arf@ldm (dia.) and 2.0 mm thick. All
transducers were uniformly poled. In the experita@escribed below only the
transducers bonded to the aluminium sheet behmddhamic foam were used: neither
of the two outlying transducers were used.

2.8.2 Impact generation: experimental set-ups

The TPS tiles were subjected to two types of impatbw-velocity impact using a
simple pendulum, and a simulated high-velocity iotpesing a high-power pulse from a
laser (see our previous report, Abbettel, 2003a). The experimental arrangements for
these two are shown in Figure 2.10. In both céds®=3 PS tile is mounted in a frame
upon an x-y table to allow accurate movement ofstimaple with respect to the impactor.
Also mounted on the table is a small brass holdieh, spring-loaded pins that made
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Aluminium sheet, 3.175 mm thick

- O
! PVDF, 25 mmo.d.,
i 0.05mm thick PVDF, 10 mm o.d.,
0.05 mm thick
o : ° o °
PVDF,25mmod., | PZT,25mmod., PVDF, 2.5 mmo.d., PZT,25mmod.,
0.05 mm thick 0.5 mm thick 0.05 mm thick 0.5 mm thick
PZT, 5mm o.d., PZT,5mm o.d.,
0.5 mm thick 2 mm thick

I /

Cotronics ceramic foam, 27 mm thick (other side)

Figure 2.9. Layout of TPS-like panel with diffeteéransducers bonded to the aluminium sheet.
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xytable | xytable
' lens '
amplifier | N mirrors amplifier
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transducer aperture| ] transducer pend;ulum
; ceramic | photodiode ; ceramic |
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000 000 _
[T trigger [ ] trigger
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Figure 2.10. Left: set-up for measuring elastiw@gas a result of ‘impacts’ on the ceramic
foam by a focused laser beam. Right: set-up fasueng elastic waves as a result of impacts
on the ceramic foam by a pendulum.
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contact with the back of the transducer whose dwas to be monitored, and which
contained a small voltage amplifier of gain aboufl®e output of this amplifier was
monitored by an oscilloscope sampling at 50 Msasiple

In one case (see Figure 2.10 (left)) the output plilsed Nd:YAG laser, about 250 mJ
with a full width at half maximum of 6.3 ns, wastsed onto the surface of the ceramic
to a spot of diameter about 1.0 mm. The stray lighm an aperture was detected by a
fast photodiode, the signal from which was usetli¢ger the oscilloscope. This gave an
accurate time of impact.

For the low-velocity impacts (see Figure 2.10 (f)jya pendulum was drawn back to a
repeatable height and released, thereby ensurnegeatable impact energy. The
velocity of the head of the pendulum was measuyesiraply allowing the shaft near the
head of the pendulum to pass through a laser baadrthe time the beam was obscured
was measured. The velocity at impact was 0.7 ifivssone case this speed of impact
caused overloading of one of the transducers botadég: aluminium. For
measurements using this transducer the speed petidulum at impact was reduced to
0.31 m/s.) The resultant energy of impact wasutated to be 41 mJ (8 mJ in the case of
the lower velocity).

Into the impactor of the pendulum was incorporatesinall (0.5 mm thick, 2.5 mm dia.)
PZT transducer in fact the transducer, protected by a dome atimdsolder, formed

the impacting tip. The output of this transducesswsed to trigger the oscilloscope.
Due to the relatively slow impact speed, while thigger worked well, small differences
between each impact meant that this trigger wascmirate to the sub-microsecond
level required for accurate measurement of elg@stise propagation speeds. (These
differences may be caused by the deformation otéinamic foam by successive impacts
which may in turn affect the amplitude and frequeotthe waves impinging on the
transducer, and hence its output.) Neverthelgg®wided triggering to an accuracy of a
few microseconds, adequate for studying the wawedagenerated by the various
transducers monitoring the panel’s vibration.
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3. Acoustic propertiesof thermally insulating materials

3.1 Velocity measurements — Cotronics ceramic foam

A RITEC (SNAP 5000) instrument was used to geneadigh-power drive signal for
the transmitting transducer Tx, and to detect ipead from the receiving transducer Rx.
The basic set-up is shown in Figure 3.1. Thisugetvas used to measure the
longitudinal velocity in the ceramic foam eithertvor without the buffer blocks, and
was also used for the measurement of shear wawueitiet using the shear-wave
conversion buffer blocks.

To measure the longitudinal velocity at differercfuencies, the RITEC was set to
generate a single cycle at 0.5 MHz, 1.0 MHz orNHz. For each sample the through-
transmission signal at each of these frequenciesr@eorded and used

Monitoring
oscilloscope

transmit
RITEC ]

receive
)& SNAP trigger O O O

transmit receive

F

Switchable attenuators and matching circuits

Control computer

s

Figure 3.1. Experimental set-up for measuring itainal velocities in ceramic foam using
buffer blocks and the RITEC system for transmissind reception of signals.

DN

aluminium ceramic  aluminium
block foam block

to determine the transit time through the two huiflecks and the ceramic foam sample.
Then pulse-echo signals were recorded using T>XRan@nd these were used to measure
the transit time through each of the aluminium eufflocks. These blocks were not
exactly the same length and so the transit timesah had to be measured individually.
Typical signals measured using this technique laogs in Figure 3.2.

Some care needs to be taken when making measuseof@éransmission and echo times,
as the transit times of ultrasound through them&ilesses of ceramic foam are generally
less than 1Qus and there are systematic errors than need tecogmised. There is a
delay between the trigger pulse of the RITEC sigealerator and the time at which the
voltage pulse appears at the output socket. TWwidlralso be a delay between the
application of the voltage and the response ofrdmresducer face. These

delays may be slightly different depending on tiegjfiency of the applied voltage and
the response of a given transducer to that driltage at that particular
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Figure 3.2. Received signals from (a) throughdmaission, (b) pulse echo in the ‘transmitting’
buffer block, and (c) pulse echo in the ‘receivibgffer block, using longitudinal waves, with a
central excitation frequency of 1 MHz.
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frequency. While these can be measured and actakert, the method employed here,
to a large extent, negates the effects of suctyseltt; is the time at which the pulse
transmitted through both buffer blocks and the mecasample arrives; is the time at
which the first echo signal in the transmittingfieafblock arrives, ant is the time at
which the first echo signal in the receiving bufidock arrives, and they are all subject
to a delayAt, then

t, =t +At
t, =t, + At
t, =t + At

where the superscript denotes the true time, witttmudelay. The true transit time
through the ceramic foar, is given by

to=t - o)
=+ 00)- 2 (6 + a0)+ s )

1
=4 _E(tz +t3)'
The thicknessl of each sample of Cotronics ceramic foam was nredsurior to gluing
between the buffer blocks. The speed of soundarceramic foamy., was therefore
d
vV, =—.

Cc tc
Another possibility to measure the transit timetigh each buffer block would be to
measure the time between successive echoes irbkath However, inspection of the
pulse echo signal soon reveals that the secondisduperposed on another signal (and
subsequent echoes are similarly difficult to digtitsh). These other echoes arise from
longitudinal waves reflected off the sides of théfér block, and the transmission of
shear waves through the block that occur from tfeets of diffraction from the
transducer face and mode conversion on reflectmm the walls. The most accurately
determined time of arrival is that of the fastesd ¢herefore first pulse. (It must also be
remembered that the pulse echo signalgtaret of phase with the through-transmission

signals.)

A certain amount of care must be taken in the casige shear wave signals. Figure 3.3
shows the shear wave signals from the throughrmessson, and the pulse echoes from
each block at 1 MHz. In some cases one can sealsithat arrive before the expected
first shear wave arrival. These signals probabeadrom longitudinal waves (that have
almost twice the speed of shear waves) that reorannverted to shear waves and have
taken different paths through the buffer block.e Bhear wave arrival time, though, is
fairly clear.

It should be remembered that these were ‘desteidists in the sense that the ceramic
foam samples were bonded to the ends of the alumibiocks for each test and needed
to be broken off for subsequent use of the blo¢gametimes the blocks remained
unaffected, with solvent being able to remove amrants of adhesive and/or ceramic
foam, but occasionally they needed a light skimnang mill to clear
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Figure 3.3. Received signals from (a) throughdmaission, (b) pulse echo in the ‘transmitting’
buffer conversion block, and (c) pulse echo in‘teeeiving’ buffer conversion block, using
shear waves, with a central excitation frequency bfHz.

the surface completely. The absolute length obtlféer blocks was immaterial, as the
pulse echo times were always taken anew with eaciple set-up.) This meant that
longitudinal and shear wave measurements coultdextdken on the same sample.

Table 1 shows the results of the measurements takeamples that were cut in three
orthogonal directions (arbitrarily labelled x, ydaz) from the original single piece of
Cotronics foam available at the time. The uncetyain each of the measurements is
+0.05 mmyis. No dependence on frequency (from 0.5 MHz tdvBHx) was found.

The measurements of shear wave velocity in the malnzidirection were also verified
by use of tsrlle shear-wave transducers. These ¢bieyi a value of shear wave velocity
of .79 m s.
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Velocity in mmys Direction through ceramic foam

X y y4
Longitudinal wave 3.12 2.91 2.89
Shear wave 1.82 1.75 1.79

Table 1. Velocities measured in ceramic foam iedlorthogonal directions.

From this data it would be tempting to suggest thate may be some anisotropy in the
foam for longitudinal wave propagation. Apart froine fact that the shear wave results
show no significant anisotropy, it was later fouhdt there are large voids and glassy
inclusions in the samples which have propertiesndily different from that of the foam
in general. These flaws were not apparent inhtek samples used in these
measurements, and only came to light when thin &s1{ - 6 mm) were prepared for
attenuation measurements. Subsequent measurendingted that the measurement of
3.12 mmjis was anomalously high (probably due to the preseha glassy inclusion),
and so we concluded that this ceramic foam shovwanisotropy and that the
longitudinal wave velocity is 2.90.05 mm{is, and the shear wave velocity is x8M5
mmius.

3.2 Further measurements

Measurements were also made using a Panametriesaitic Analyzer (5052UA) as the
transmitter/receiver, which delivered a single ltwend voltage spike to the transmitter.
Measurements were made on the ‘z-direction’ samgileg shear waves. The times of
arrival of the signals, obviously significantlytéred by the transducers, were measured
and analysed in the same way as done when the RidsQised, and the calculated
velocity (1.820.05 mmjis) was in agreement with that obtained using thEER! on the
same sample (1.29.05 mms).

It was mentioned in Section 2.5 that we made somknpnary measurements of transit
times in ceramic foam without the use of bufferdi® The use of buffer blocks in the
measurement of longitudinal wave velocities wasamdy to duplicate as nearly as
possible the conditions under which each of theaigés were measured (given that
buffer blocks were necessary to generate shearsjdweat also because some odd results
were found when buffer blocks were not used in meag longitudinal wave velocities.

At 1 MHz (measurements at lower frequencies wexaedht with difficulties in

separating received from transmitted pulses), fpagent

Thickness of ceramic foam (mm) Apparent longitudinal velocity (mms)
3 2.05
6 2.39
12 2.70
18 2.78
24 2.74

Table 2. Apparent longitudinal wave velocitieceramic foam, measured without buffer
blocks.
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Thickness of ceramic foam (mm) Apparent longitudinal velocity (mms)
3 2.34
6 2.53
12 2.40
>12 Low S/N

Table 3. Apparent longitudinal wave velocitieceramic foam, measured with a short
aluminium buffer block.

longitudinal velocities measured are shown in T&old he use of a short aluminium
buffer block, 63 mm long, gave the results showmable 3.

It is concluded that there may be two sources mirén these measurements. Firstly,
there is the obvious difficulty of precisely deténing the time of arrival of a pulse that
is close in time to the excitation pulse, the measent of which is affected by the
ringing of the transmitting transducer. The secsodrce may have something to do
with making measurements of velocity in the neeldfof the transducers. The near field
to far field transition point for an ultrasonictisducer of radiug, operating at frequency
f into @ medium in which the speed of sound is approximately given bfg?/v , which,
for ceramic foam is about 14 mm, and for aluminisrabout 5.5 mm at 1 MHz. This
latter reason may explain why the velocities shawhable 2 for foam thicknesses
above 12 mm are fairly consistent, but it canndy fexplain the results in Table 3,
which may be just a signal-to-noise problem, thiazalr of competing signals, the
presence of inhomogeneities in the samples, aa sé-urther discussion of this
appears in Section 3.4.2.

The use of large buffer blocks did not present saroiblems, and provided consistent
results.

3.3 Attenuation results — Cotronics ceramic foam

3.3.1 Measurements without buffer blocks

In the first set of measurements of longitudinaV@attenuation no buffer blocks were
used, using the set-up appearing in Figure 2.3tl@deasurement system in Figure
3.1. At a number of frequencies between 0.1 MH¥ 20 MHz the amplitudes of the
received waves were measured in three differentipos (giving an average amplitude
A) using samples of thicknesses ranging from 3tm20 mm. A linear least squares fit
was made to the data plotted as In(A) vs thicknibesabsolute value of the slope of
which gave the attenuation coefficient in Nepers/mrhis data is plotted in Figure 3.4,
with estimated error bars generated from the enrtite line slope as given by the fitting
routine (approximately 25%). The real uncertaistgrobably greater at lower
frequencies as ringing of the transmitting transdwbfuscates the first arrival waveform
at low frequencies and in thin samples.

Measurements were made at applied frequencies 8ip tdHz, but all the attenuation
figures for 2 MHz to 3.5 MHz were the same. It whear from the signals as a function
of time that only frequencies below about 1.2 MHzrevbeing transmitted through
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the ceramic foam, so large was the attenuatiore déta point in Figure 3.4 for the
frequency 2.0 MHz is very much an underestimatibtihe true attenuation, as only a
small component at 2 MHz was present in the redesignal.

3.3.2 Longitudinal wave attenuation measured Witffer blocks

For this set-up only frequencies in the range 6.2.25 MHz were used. Measurements
at 0.75 MHz were made with both 0-8iameter 1 MHz central-frequency transducers
and 1.0-diameter 0.5 MHz central-frequency transducergasdirements of the early-
arriving amplitudes were made as described abMeasurements were made four times
on each sample at different positions, and averagbeé average amplitudes measured
for the sample at each frequency were plottedfaacion of ceramic foam thickness. A
first-order exponential curve was fitted to thigadeo generate the attenuation coefficient.
Examples of the received signals are shown in Ei§us, and the corresponding
resultant data are shown in Figure 3.6.

Both displays of this data show considerable spnedige amplitudes. These variations
are primarily due to the inhomogeneity of the saaphther than any inconsistency in
measurement techniques. As mentioned earlieprésence of large voids and
inclusions (often of the order of 10 mm in diamgtrongly affect the transmitted
amplitudes. The buffer block area in contact it samples is 50 mm50 mm, and

for each of the measurements shown in Figure ibdifferent areas of the sample were
clamped between the blocks; it was not uncommosdaeral inclusions or voids to be
present in the cross-sectional area that was probed

Difficulties in determining an accurate amplitudette earliest arrival increase at lower
frequencies. The beam spread of a 0.5 MHajidmeter transducer into aluminium is
about 30 half-angle (Kinsleet al, 2000, Chapter 7), and significantly more at 0. 22V
So, at low frequencies we expect the contributiorthe received signals from
reflections from the side walls of the buffer bledk begin to have an effect: the arrival
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time and amplitude of the desired signal will beeaztamouflaged by these other signals.
Moreover, the amount of energy travelling diredtym the transmitting transducer to

the opposite end of the buffer block (and henceudin the sample and through the other
buffer block) to the receiver at 0.2 MHz is low,esdenced by the data in Figure 3.6.
Different methods of measuring attenuation at thesefrequencies may need to be
considered.
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Figure 3.5. Raw data: received longitudinal wagaals measured at four different locations for
seven different samples of varying thickness, ustiegouffer blocks, and three cycles at 1 MHz
as the drive waveform.

Figure 3.7 shows the attenuation coefficient ofjitudinal waves in the Cotronics
ceramic foam as a function of frequency. The tedubm two experimental runs are
displayed. The results from each of these rungnageod agreement. In the run denoted
by open squares in the Figure an extra measureshéme attenuation at 0.75 MHz was
made using the"idiameter 0.5 MHz transducer rather than thé,.3VIHz transducers
normally used for the 0.75, 1.00 and 1.25 MHz measents. The measurement for this
particular case can be seen to be equal to theumsgasnt made by the smaller
transducer. In other words, no difference in tleasurements was observed at this
frequency when two different transducers were used.

Compared with the data taken without buffer blo@sshown in Figure 3.4) it may be
seen that while the attenuation coefficients fboathe frequencies are slightly lower
when buffer blocks are not used, they still agrathin the estimated experimental error,
with the measurements using buffer blocks. Theption is at the lowest frequency
used, 0.2 MHz, where larger uncertainties existtdugffraction effects and the ringing
of the transducer interfering with the measuremérn no buffer blocks are used.
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Figure 3.6. Longitudinal wave measurements: tlezaye amplitude (as described in the text) of
the received signals as a function of ceramic ft@okness for the five different frequencies
used, with the first-order exponential fits to ef@guency set.
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3.3.3 Shear wave attenuation measured with bbfteks

As mentioned previously, the use of buffer blodaybling as longitudinal to shear
wave converters, was necessary for the presentimgrg. The use of shear-wave
transducers for these measurements will be reptated

As was the case for the longitudinal wave measunémeneasurements at 0.75 MHz
were made with both O0'&liameter 1 MHz central-frequency transducers afitt 1
diameter 0.5 MHz central-frequency transducersasvieements of the early-arriving
amplitudes were made as described above, and dngdéudes were plotted as a
function of ceramic foam thickness. A first-or@aponential curve was fitted to this
data to generate the attenuation coefficient. Eptasof the received signals are shown
in Figure 3.8, and the corresponding resultant degashown in Figure 3.9.

The problems discussed in the previous sectiorrdegaaccurate measurements of
attenuation were also true in these shear waveurerasnts. Additional problems arise
when measuring shear waves using these ‘conversidfér blocks. It can be seen from
the example data (for 0.5 MHz) in Figure 3.8 tlnaré exist waves that arrive earlier
than the shear waves whose amplitude we are ttgingeasure. This is due to both the
incomplete conversion of all the longitudinal wasreergy incident on the angled face of
the buffer block, and the effects of diffractionis to be expected that some longitudinal
waves will arrive earlier at the receiver, by vasgaths, than the significantly slower
shear waves, remembering that most of the timentédeethe journey is spent in
travelling through the aluminium buffer blocks imieh the shear wave speed is less
than half the longitudinal wave speed.

3.09 mm 5.02 mm
E

AR
AR A A A

o~ AALAAG I‘Ii!\l\hh [V V.Y maAARAARA A L
NN YYNUVYYY Rdh e A AN 74 o
5
s
&
@ 30 35 40 45 50 55 60 65 70 75 80 85 30 35 40 45 50 55 60 65 70 5 80 85
=2
i
4.00 mm 5.97 mm
10
PN AAARAARARAA oA AR oo st A A A A B AnR
s vy TV YYY [ ¥veV i i A w
30 35 40 45 50 55 60 65 70 75 80 85 30 35 40 45 50 55 60 65 70 75 80 85
time (us)
4.58 mm
0 A, Ak AA AAS
b TN Y Ve -V
-10

Figure 3.8. Raw data: received shear wave signaésured at four different locations for seven
different samples of varying thickness, using th#fdy blocks, and three cycles at 0.5 MHz as
the drive waveform.
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Figure 3.9. Shear wave measurements: the avenagj@wde (as described in the text) of the
received signals as a function of ceramic foanktiess for the five different frequencies used,
with the first-order exponential fits to each fregay set.

Figure 3.10 shows the attenuation coefficient @astwaves in the Cotronics ceramic
foam as a function of frequency. Two measuremainfs75 MHz were made, one with
the I'-diameter 0.5 MHz transducer, and the other wighG!8, 1 MHz transducer. As
was the case in the longitudinal wave measuremtér@sgttenuation is roughly linear
with frequency. The data point at 1.25 MHz mayhenomaly, although further
investigation of this will be undertaken shortly.

Figure 3.11 combines the results for longitudimad ahear measurements. It can be seen
that the shear wave attenuation is higher thatotigitudinal wave attenuation across

the frequency band investigated. Putting asidef@ moment the difficulties in these
measurements at low frequencies, and the datdéar svaves at higher frequencies, the
attenuation of shear waves appears to be roughigldahat of longitudinal waves.
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3.4 Measurementson Zircar ceramic foam

3.4.1 Introduction

The techniques described above were also employedasure the properties of elastic
waves propagating in the Zircar ceramic foam, dieedrbriefly in Section 2.2. It was
immediately apparent from initial measurements wiate this material appeared much
more homogeneous than the visibly porous Cotramiterial, it was highly anisotropic
in its elastic properties. Investigation of thissmtropy was made at a single frequency,
1 MHz, so as not to complicate measurements. dfgpiate, properties at other
frequencies will be made in the near future.

Another constraint on the measurements was the efepiof the sample material. This
material was supplied as a plate, just under 26imtmickness; its nominal
measurements were 24 18 in.x 1 in. We arbitrarily named the direction nornal t
the plate’s surface as ‘z’, and the two in-planéha@gonal directions ‘x’ and ‘y’. As a
consequence, the samples that were prepared tstigate propagation in the x and y
directions had one of their dimensions restriceedd mm. This meant that these ‘x’ and
‘y’ samples could not fill the full area of the Ibeif blocks used in these experiments
(which were 50 mnx 50 mm). This was not a problgrer se as all of the
measurements, particularly of amplitudes for tHeuwation of attenuation, are relative,
but did require careful experimental techniquertsuge the exact placement of samples
between the buffer blocks so as to expose the ssnplthe same ultrasonic field for
each measurement. Large-area samples (about 11€gomare, similar to the Cotronics
samples) were prepared for the z-direction measemesn Table 4 shows the prepared
sample sizes for each propagation direction. thtexh to these samples, two cubes of
material (25 mnmx 25 mmx 25 mm)were prepared to allow velocity measuremients
each orthogonal direction to be made without défifiere in geometry in each direction.

x-direction y-direction z-direction
(y=80mm,z=25mm) | (x=80mm,z=25mm) | (x=2110mm,y=112 mm
2.99 3.04 2.00
3.50 3.81 2.5
3.95 5.00 3.03
5.05 5.98 3.54
5.99 6.83 4.08
6.94 25.00 4.52
25.00 5.02

5.55

6.03

7.05

8.10

14.48

Table 4 Sizes of samples of Zircar foam prepaoecttenuation and velocity measurements.

33



3.4.2 Velocity measurements

3.4.2.1 Thick samples

The primary method of determining velocities waet thutlined in Section 3.1, where the
transit time of elastic waves through the samplas getermined by measuring the time
of arrival of a pulse transmitted through the savgid buffer blocks, and subtracting the
average transit time of the echo signals in eaéfebblock. The thickness of the sample
was measured carefully and the velocity then catedl This method was used on the
thicker samples (the 25-mm cubes, the 25-mm thiakdy samples, and the 14.48-mm
z sample). Longitudinal and shear velocities ichearthogonal direction were thus
measured.

It was found that the shear wave velocities inltieral dimensions (x and y) depended
not only on the propagation direction but alsogbtarization direction. No such
polarization effects were found for propagatiornha z direction. Results of the
measurements are shown in Table 5.

Wave type Propagation Polarization Velocity (km/s)
direction direction
Longitudinal X all 3.24+ 0.03
Longitudinal y all 3.27+0.03
Longitudinal z all 0.88+ 0.05
Shear X y 1.97+ 0.04
Shear X z 1.06+ 0.03
Shear y X 1.96+ 0.03
Shear y z 1.06% 0.06
Shear z all 0.88+ 0.08

Table 5 Velocities of ultrasonic waves at 1 MHmothgh Zircar ceramic.

The measured velocities do raise some interesbimgg The uncertainties in the values
of velocities are generally due to uncertaintieh@measurements of dimensions of the
samples and in determining the arrival times ofevpackets. The z-direction shear
wave velocity, however, did show some variatiomfreample to sample. Some samples
taken from near the edge of the Zircar sheet shaxgbmtities as low as 0.8 km/s, but
other samples had this figure to be closer to Rr86.

Further, it appears that the longitudinal velositie the x and y directions are
approximately equal, as are the in-plane and oytlarie shear wave velocities in these
two directions. Finally, the z-direction longitndl and shear velocities appear to be
approximately equal. In a homogeneous, isotroglid shis would be difficult to
imagine, implying a Poisson’s ratio in this directiof infinity'. However, this is clearly
not an isotropic solid. Even in composite materialwhich velocities vary with
propagation direction, the shear wave speed idlysignificantly less than the
longitudinal wave speed.

! poisson’s ratio in an isotropic, homogeneous swittl longitudinal wave velocity, and shear wave
velocity vsis given byg = (1_ 2(vs/v, )2)/2(1_ (ve/v, )2)
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3.4.2.2 Thin samples

The variation in velocity on each direction wasateresting feature of this material, and
further measurements were undertaken to verifyetfigares. Instead of measuring the
sample thickness and dividing it by the transitetithrough the material, we tried instead
measuring the arrival time of the pulses throughtktinner sections, which were
intended and used for attenuation measurements.sdiple thickness versus arrival
time was then plotted and a linear least-squatesdie to the data. This method usually
yielded slightly lower velocities. However, of a@in with this method is that if the
linear fit to this data is extrapolated back taeeozthickness sample, the transit time is
greater than that measured. In the method descimb®ection 3.1. the time taken for
sound to travel through the buffer blocks was tatkelne the average of the pulse-echo
times for each block. This time agrees with thatsured if the buffer blocks are
brought together with no sample between them, liht avwery thin layer of couplant;

the agreement is within 0.Q. However the linear fit to the thin sample dzfta
thickness vs arrival time consistently gave a temes intercept of 0.1-1.0s larger than
the measured time. Data from both longitudinal simelr wave measurements on both
Zircar and Cotronics materials of various dimensiaas revisited, but there seemed to
be no correlation between this difference and nedter wave properties. While we are
confident of our measured velocities using thiakgkes, the method of fitting a line to
the transit time data may indicate a source ofrermrour measurements, one that is only
significant when measuring short transit timese ¥xtra time’ of 0.1-1.Qus may

indicate a problem with the coupling between thédsblock and the sample causing a
small, variable phase change: perhaps the bloaksfare not quite parallel, perhaps the
porosity of the samples contributes to the appatelaty in transit time.

3.4.3 Attenuation measurements

The technique described in Section 2.7 was used &mastimate the attenuation in
Zircar ceramic. To date, measurements have ordg beade at 1 MHz. Results of the
longitudinal wave measurements are shown in Fi§ut2, and of the shear wave
measurements in Figure 3.13. It can be seenlihaittenuation in the x and y directions
is significantly lower than in the z direction. riher, the exponential fits to estimate the
attenuation in the x and y directions rely heawitythe 25-mm data. As has been
pointed out, no 25-mm thick z-direction samplesen@iade, so no data at this thickness
appears in the graphs. However, measurements omaithe 25-mm 25-mm 80-mm
samples indicated that the amplitude though subitkness would be less than 1 mV, a
value that would not significantly affect the fittattenuation coefficient.

Table 6 gives the attenuations (in Nepers/mm)Herthree directions and two wave
types at 1 MHz. The attenuations are the absohiltees of the exponential coefficient
of the fitted curveae®™, wherex represents distance into the sample; of colrie,
negative.
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Wave type Propagation Polarization Attenuation
direction direction (Np/mm)
Longitudinal X all 0.055+ 0.040
Longitudinal y all 0.091+ 0.042
Longitudinal z all 0.29+ 0.11
Shear X y 0.025+ 0.029
Shear X z 0.12+ 0.06
Shear y X 0.027+ 0.042
Shear y z 0.15+0.11
Shear z all 0.27+0.11

Table 6 Attenuation values of ultrasonic wave$ MHz through Zircar ceramic.

The uncertainties on the values of attenuationttayge given by the fitting program to
two significant figures. The attenuation of longiinal waves in the x and y directions is
small but measurable, and may well be essentigliple The in-plane shear wave
attenuations in the x and y directions are too ktndle measured by this technique. The
out-of-plane shear wave attenuations in the x addections are marginally higher, and
are barely measurable by this technique. Thessunements are hampered by the
generation of the faster in-plane components whrcive earlier and obfuscate the

arrival of the slower out-of-plane components. attenuations of both longitudinal and
shear waves in the z-direction seem to be abowleguod significantly larger than the
attenuation in the lateral dimensions.

3.4.4 Measurements with shear-wave transducers

During the course of these experiments two sheaewansducers were acquired (with
centre frequencies of 1 MHz). These were usedansiet-ups: with buffer blocks,
directly substituting them for the longitudinal-veatransducers in the buffer rod rig
(Figure 2.7 and Figure 2.8 (left)); and withoutfeufblocks, and pressed directly onto
the surfaces of the ceramic samples. Both of taes@gements yielded results
(attenuation and velocity) in agreement with measants made with the shear-wave
conversion buffer blocks (Figure 2.8 (right)).

3.4.5 Broadband measurements

We have not as yet made measurements of the depmndeattenuation on frequency
for the Zircar ceramic material. As we have sélea attenuation in many directions is
low, and so making such measurements at lower émecjes, where the attenuation is
expected to be lower, may be problematic. FoiGb&onics material transducers with
different centre frequencies were used to meadtenuation at different frequencies.
However, an often-used technique of pulsed exoitdtllowed by a frequency analysis
was attempted here using the 1-MHz shear-wavedumess and a pair of 1-MHz
longitudinal-wave transducers. The Panametriceablitnic Analyzer described in
Section 3.2 was used to generate a spike excitptitse, and the resulting transmitted
signal was captured and Fourier transformed. fHulnique yielded attenuation figures
not inconsistent with the measurements given abiovéongitudinal waves in the z
direction the measured attenuation was 0.18 Np/amuh for shear waves 0.30 Np/mm.
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However, in both cases the uncertainty in the measents was the same as the value.
Without improvement in the signal-to-noise ratiatug technique, it is of limited value
here.

3.5 Measurements of wave propagation in impacted TPS-like tiles

3.5.1 Preliminary experiments

Prior to studying the effects of different impaotsthe ceramic foam, a preliminary
investigation of the propagation of guided wavethmaluminium sheet was undertaken.
Firstly, using longitudinal-wave transducers codpie the sheet via a Perspex
(polymethyl methacrylate, or Plexiglass) wedgedonayate guided waves of fixed phase
velocity (approximately 8430 m/s), the guided wapectrum of the aluminium sheet at
this phase velocity was measured and also of thetstith the ceramic foam bonded to
it. These measurements were similar to thoseezhaut in previous work (Scott and
Price, 2002). The spectra taken in these two adiffesed only in amplitude, the
presence of the ceramic foam reducing the recesigeails by a factor of about three.

An example of one of these spectra is given inil@dul4. There was no easily
recognisable difference between the propagatioracteristics of an aluminium sheet
with or without foam bonded to it, apart from arecadl amplitude change.

5

2.25 MHz transmitter, 2.25 MHz receiver
Fundamental signals
Al + epoxy + ceramic
—Al
1

signal (V)

frequency (MHz)

Figure 3.14. Guided wave spectra of a 3.175-muokthiluminium sheet, and a similar
aluminium sheet with ceramic foam bonded to it, soeed at a phase velocity of 8430 m/s.

The second experiment used the set-up describ@dation 2.8.2, and simply consisted
of focusing the pulsed laser beam onto the suidatiee aluminium sheet directly, not
onto the foam, and monitoring the output of thasdhucers. The effect of the fast laser
pulse was a broadband excitation of the aluminibeesat a point, generating a broad
spectrum of elastic waves which then propagatezutiit the aluminium sheet as guided
waves. The signal as measured by one of the $IW&F transducers, situated 57 mm
from the impact point, is shown in Figure 3.15.tHis Figure we have also plotted the
predicted waveform as calculated for an infiniteettby the program Dispefs&see
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Pavlakovicet al, 1997). The ‘excitation pulse’ for the simulatedveform was one
cycle of 1 MHz. It can be seen that these two Vi@awes agree well in their basic
constituents, and Dispetsenay be used to identify the individual modal comgats
that make up the waveform, which all travel witffehent group velocities at different
frequencies.
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Figure 3.15. Experimentally measured waveform gated by a laser pulse on a sheet of 3.175-
mm aluminium and measured 57 mm away by a PVDEdharer (upper trace), and the
waveform as predicted by the Dispérgeogram.

3.5.2 Laser impacts on foam

In this and in the following section it will be sethat, smaller features aside, the signals
from all of the transducers for a particular typénopact, are very similar: oscillations at
megahertz frequencies and below for laser impacis oscillations at a few kilohertz

and below for the low-velocity pendulum impactsgrfals arising from impacts directly
onto the aluminium plate are also easily distinigaide from those caused by impacts on
the foam.

Measurements of the signals generated by lasercis\psere made at different distances
from the impact site. The laser was first focusetb the firebrick at a position directly
opposite the position of the measuring transdwefézctively distant from the impact by
the thickness of the ceramic foam, adhesive boyet land the aluminium sheet. The
sample was then moved 10 mm in a lateral direc@the laser beam (effectively) was
moved towards the centre-line of the ceramic foamd, another measurement was made.
Measurements continued to be made after movingahwple laterally in increments of

10 mm. (The direction of movement was such tHatimimeasurements were taken with
the laser always impacting on the ceramic foam.)

These measurements were made for all five diffaransducers, the two sizes of PVDF,
and the three sizes of PZT. The results are showgures 3.16 and 3.17.
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All of the signals show the attenuative naturehef teramic foam, with frequencies
above about 1 MHz attenuated strongly. It is wowdting the very different nature of
the signals generated when the laser pulse stitleeseramic foam and when it strikes
the aluminium sheet directly (compare the signalBigure 3.17 (left) with Figure 3.15

(upper)).

The through-thickness fundamental resonance frexyueinthe 0.5-mm thick PZT
transducers is about 4 MHz, but it is not in evicem these signals. The first radial
mode of the 2.5 mm diameter PZT transducer is @iitab MHz , which may well be
enhancing this frequency component in these sigrstid MHz the wavelengths of the
elastic waves travelling in the foam are 2 - 3 mang the guided waves in the aluminium
will have wavelengths up to about 5 mm. Thesedongavelengths may well cause
some phase cancellation in the larger diametesdagers, thereby reducing the relative
size of the 1 MHz component, shown in Figure 3ddéhf{re and right). We might also
expect less distinct radial and through-thicknessl@s in the thick PZT transducer as the
radius and length of the transducer are compagatdlenode mixing is expected. There
are also low-frequency components (of the ordé&i0okHz or so) that appear in the
signals, and are more noticeable in the signals fite larger diameter transducers.

Another interesting feature of the signals is thdyearrival of low-frequency
components. This is especially noticeable in tigputs of the smaller transducers (see
Figure 3.16 (left) and Figure 3.17 (left)). We bawade some simplifying assumptions
to calculate the fastest path taken by elastic w&wen the impact site to the detecting
transducer: that the fastest speed in the cerararu s that of longitudinal waves, at 2.9
mmius, that there is no adhesive bond layer, and lieafatstest waves in the aluminium
sheet are of thepSundamental extensional wave, at a speed (grolgeit of 5.4
mmi/us, and that the longitudinal waves in the foam winety impinge on the aluminium
sheet are converted into thg@ate waves. With these assumptions we have lesdcl
the path taken by the fastest waves to be thaweéliing from the impact site to the
aluminium sheet so as to impinge on the sheet ahgle dependent only on the relative
velocities in the ceramic foam and the aluminiuse(dppendix A). This angle between
the wave vector of the longitudinal waves emanatiam the impact site and the
aluminium plate on which it impinge#, is found to be co¥v; /v,) wherey; is the
longitudinal wave velocity in ceramic foam, ands the fastest group wave velocity (for
the S mode at low frequencies) in the aluminium shéet;58.8 in this case. The
calculated arrival times for lateral displacemegrtsater than 20 mm or more are shown
in Figure 3.17 (left) by the arrows. For laterespacements of 0 mm and 10 mm the
longitudinal waves in the foam impinge on the aloionin sheet at an angle greater than
cos™(v /va), so the transit times through the foam via theddiline between the impact
site and the transducer are shown in the uppeframoes of Figure 3.17 (left). These
calculations are in good agreement with the medsaméval times.

3.5.3 Pendulum impacts on foam

Measurements of the signals generated by penduhpadts were also made at different
distances from the impact site. As with the lasgracts, the pendulum was first
positioned so as to hit the firebrick at a positilirectly opposite the position of the
measuring transducer. The sample was then motadllg in 10-mm increments, with
measurements made at each position, again witlixatheasurements taken with the
pendulum always hitting the ceramic foam. (Theaptt of these signals is not
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important, and just depended on which side thetipesdutput of the poled transducers
was bonded to the aluminium.)

These measurements were made for all five differansducers. The results are shown
in Figures 3.18 and 3.19. In Figure 3.18 (left)l &ngure 3.19 (centre) the red trace is
the output of the transducer that formed part efithpacting head of the pendulum, and
provided the trigger signal for the acquiring dssitope. This signal indicates the force
applied by the impactor as a function of time. Ehmv nature of the deceleration of this
impact is displayed by this signal, and the resglelastic waves take on the
fundamental frequency of this impact, i.e. aboGtkHz. The smallest PZT transducer
signal also displayed the arrival early in the $fant of a small component of signal at a
frequency of about 20 kHz. The largest PZT tranedsuffered saturation of its output
at the ‘standard’ pendulum impact energy of 41 andl, so this energy was reduced to 8
mJ to obtain an undistorted signal (shown in retheright-hand panel of Figure 3.19).

The output of the smaller PVDF transducer also gltbsome anomalies. The 2.5-mm
diameter PVDF transducer signal (Figure 3.19 (letiowed a strong component at a
frequency of 25 kHz, which was not evident on thgat of the larger diameter PVDF
sensor (Figure 3.19 (right)). The measurementg wetaken using the smaller PVDF
transducer, but without the amplifierinstead its output was monitored directly by the
oscilloscope, and the resultant signals are shawigure 3.20 (centre). While some 25
kHz component remained in these signals, it appgbatdhe combination of this size
PVDF transducer and the amplifier we used gavetoisa oscillation at 25 kHz. We
examined the transducer bonded to the aluminiuratshigh and without the amplifier
using a gain-phase analyser, but found no evidehaeesonance at this frequency.
Further investigation of this phenomenon is undgrwa

Another feature of these signals, common to ba2tb-mm diameter PZT and PVDF
transducers, was a high-frequency component présentabout 5Qus after the impact

to about 50Qus. This was measured to be at about 1 MHz. Tigeldaliameter
transducers did not display this signal (apart ftbensaturated output from the large,
thick PZT transducer). Given this signal is seethe output of two different
transducers, it is unlikely to be a resonance pimeammn of the transducer. One possible
explanation is that the aluminium sheet is indegrberating at frequencies at and
below about 1 MHz as a result of the impact (higheguencies are attenuated too much
by the ceramic foam and do not reach the alumirplate), the reverberation lasting for
hundreds of microseconds. We found in earlier work-mm aluminium panels used
on the Concept Demonstrator that reverberatioma fropacts last a few milliseconds,
but with the TPS-like tile the ceramic foam gluedhe panel will help damp these
reverberations. This too will be clarified withrflmer work.

These smaller features aside, the signals frowf &lle transducers for a particular type

of impact, are very similar: oscillations at meganhé&requencies and below for laser
impacts, and oscillations at a few kilohertz ankblwefor the low-velocity
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Figure 3.18. Signals from three different PZT s@durcers resulting from pendulum impacts 0, 103040, and 50 mm away from directly opposite the
transducers. Left: PZT 2.5 mm dia. and 0.5 mnkthithe red trace in the upper frame is the sifpoah the transducer in the impactor. Centre: PAT 5
mm dia. and 0.5 mm thick. Right: PZT 5.0 mm diad 2.0 mm thick. The black signals are from thee&nergy impact as the other impacts, but was
found to saturate the output of this transducdre impact energy was lowered by a factor of abwat fenerating the red signals.
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pendulum impacts. Signals arising from impactealy onto the aluminium plate are
also easily distinguishable from those caused pauts on the foam.

These results, the frequency content of the sigtralssit times, and attenuation with
distance from the impact site, will be used in coefion with our modelling to
determine the locations and numbers of sensorsedeeddetect impacts of a given
energy. Two quite different types of impact haeeiinvestigated here, at only one
energy level for each of them, so further discussion suitable impact simulations, and
their dependence on energy, are necessary.

3.5.4 Measurements on fully insulated tile

In order to more closely approximate the transrarssind detection of acoustic waves
through an insulated tile, a piece of 20-mm thickr@nics ceramic foam was bonded to
a 3-mm thick piece of aluminium; both materials @220 mm x 200 mm, the size of the
‘standard’ aluminium panels used on the Concept @estnator. The adhesive used was
RTV106, as used by NASA in their fabrication ofriinal test pieces, and was applied to
a thickness of about 0.25 mm. Onto the back o&thminium sheet were bonded
sixteen piezoelectric sensors, in the pattern osettie Concept Demonstrator (see
Figure 3.20).

2.5-mm dia. PVDF sensors

Laser aimed at + points
from the ceramic side

2.5-mm dia. PZT sensors

20-mm thick Cotronics
ceramic foam

0.25-mm thick RTV106
silicone adhesive

3.0-mm thick Al sheet

Figure 3.20. Insulated tile prepared to study atioypropagation, showing two sets of four PZT
sensors and two sets of four PVDF sensors. Laspatts’ were on the ceramic foam, aimed at
the centre of the top two sets of sensors, asateticby the crosses.
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The outputs of all four PZT (or PVDF) sensors waiaitored simultaneously; the laser
was focused onto the Cotronics foam, with the biisight aimed at the centre of the set
of four transducers. Four sets of data were aequwne monitoring the output of the
PZT transducers with the laser centred on the Pafistlucers, one with the laser centred
on the other set of transducers (i.e. 85 mm inrabotal direction from the first impact
point), and the other two sets monitoring the otgtom the PVDF transducers with the
laser similarly aimed at the centre of the sens@yaand at the centre of the
neighbouring array. The results of these measurtage shown in Figure 3.21.

These measurements show the following. Firstlyileathe signals arrive simultaneously
at the four sensors when the impact is equidigtant each sensor (the aiming point is
42 mm from each sensor), the amplitudes of thevedesignals vary by about a factor
of two for the PZT sensors, and a larger factoittierPVDF sensors. Our experience of
bonding such sensors indicates that this variasidarger than the variability one might
expect from slightly different bonding conditionseach sensor (they are all bonded by
hand). We have tentatively ascribed this to th@gity of the Cotronics foam: pores and
inclusions along the path travelled by the elasawes may well influence the received
amplitudes.

Secondly, the signal amplitudes measured by theFPS#hsors are significantly smaller
that those of the PZT sensors.

Thirdly, the signals measured when the adjacehicehpacted (when two sensors will
be 62 mm from the aiming point, and the other td6 tnm distant) clearly show the two
arrival times. The graph at the lower left of Fig3.21, showing the signals with
increased gain, shows these two arrival timess @bmonstrates the feasibility of
triangulation of the impact point from such signatéigher gain and filtering may be
needed to clearly distinguish the much smaller P\éi@gjRals for impact location. The
arrival times of all these signals are consistéttt e analysis presented in Section
3.5.2 and Appendix A.

These experiments indicate that for the 20 mm dfd@acs foam, bonded with 0.25 mm
of RTV106 to 3-mm aluminium plate, a sensor densit?.5-mm PZT discs close to that
of the present arrangement (i.e. evenly distribud@dmm to 80 mm apart) will be
necessary to locate impacts, notwithstanding bsitgral processing.

3.6 Conclusions

The velocities of sound in Cotronics ceramic foaaméhbeen found to be for longitudinal
waves 2.9& 0.05 mmyis, and for shear waves 1.8@.05 mmys. The attenuation of
these waves was found to be approximately linetlr fiequency: values at 1 MHz are
0.3 Np/mm (2.6 dB/mm) for longitudinal waves, an8®Np/mm (4.8 dB/mm) for shear
waves. Measurement of all these properties has bee
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Figure 3.21. Signals measured using PZT sensfts¢hd PVDF sensors (right) for laser impacthatcentre of each sensor array (upper), and aiethiee
of the neighbouring array (lower), using the tilestrated in Figure 3.20. The lowest trace onléifieshows the signals from the PZT sensors when t
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hampered by the inhomogeneous nature of the ceifaame which is riddled with both
porosity, with sizes ranging from tens of micromet® tens of millimetres, and with
hard inclusions up to about 10 mm in diameter. kaly used as a thermally
insulating material these flaws may not be impdrtaat when investigating the
propagation of ultrasound though such a matehaké flaws cause large variations in
measured signals.

The propagation of elastic waves in Cotronics cé&zdoam in the kHz to MHz range

has also been investigated, with high- and low-gnenpacts, using a pulsed laser beam
and a pendulum, giving rise to easily distinguisbalignals from piezoelectric
transducers bonded to one side of an aluminiumt stieeother side of which has the
ceramic foam bonded to it. These measurementsacoaigstent with the measured
velocities and attenuations.

Measurements on the Zircar insulating material hagtieeated a high degree of
anisotropy. The longitudinal wave velocities ie fflane of the sheet (x and y directions)
are significantly higher than in the direction nairto the sheet (z). Correspondingly
different attenuations are also measured in thesetans: low in the plane of the sheet
and high normal to it. The propagation of sheavasashows that their velocity and
attenuation are affected not only by their diretid propagation but also their direction
of polarization. Such anisotropy complicates miniglof elastic waves, and possibly
thermal flow, in the tiles; and consequently losatof impacts and the effects of
damaged thermal integrity may also be complicated.

50



4. Acoustic modelling

4.1 Introduction

Modelling of acoustic propagation in the matereatsl structures of interest in this work
is difficult due to the high attenuation in thea®ic foam, the anisotropic and
inhomogeneous nature of the foam materials uses] had the large differences in the
acoustic properties of the different materials thake up the structures (e.g. aluminium
and ceramic foam). Because of this, a three-piagproach is being taken to the
modelling. Itis likely that none of the individuapproaches will satisfactorily provide a
complete acoustic model, but that the results afentlean one approach will enable
optimised designs to be developed and evaluated.

Acoustic models of the materials and structureslved in this work are being
developed for two purposes. The first is to a@lititerpretation of measurements of the
acoustic properties of the materials and structwesn either transient or pseudo-
continuous elastic waves are used for the measmtsm@&he second is to inform the
design of sensor layouts, and to aid the interpogtaf received signals when the
structure is impacted. Central to the achievernéttiis second objective is the
modelling of transient waves (elastic pulses preduay transient loads) within the
structure. Satisfactory modelling of transientgagation in the materials and structures
of interest has not yet been achieved: this willliseussed further below.

The three approaches to be developed are as follows

a) The first approach is a model that calculates tastie guided wave propagation
in a multi-layered plate of infinite extent in they plane. The materials of the
layers may be isotropic or anisotropic, and thgppgating waves may be
generated by an incident plane wave of infiniteeaktby a spatially bounded
ultrasonic beam incident through a coupling flwidpy a surface load. Such a
model has been developed and used by us in eadidr(Priceet al, 1999,
Ogilvy, 1995). This semi-analytic model is capabiealculating guided wave
propagation at all frequencies, but it cannot fgaaticount for the effects of
edges and discontinuities in the structure.

This model is supplemented by the commerciallylabée program Disperse®,
developed at Imperial College, London (Pavlakatial, 1997). This program
calculates the dispersion curves for multi-layemdnar structures, but does not
calculate the response to a specific excitation.

b) The second approach is to calculate numericallytrenal modes (or acoustic
resonances) of a tile structure, using the methulthed by Visscheet al.
(1991). This method, at least in principle, alla¥ws exact shape of the tile
structure to be taken into account. However, onputational reasons it is
limited to the relatively low frequency resonanoéshe structure (e.g. the lowest
~200 modes), and it has difficulty when the stroettontains materials with very
different acoustic properties (e.g. aluminium aathmic foam), at least for the
simple basis functions used in this work. Thisteque allows for the
application of transient loads.
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C) The third approach is a finite element model. rdng@ple such a model can
calculate acoustic propagation in any complex 3Dcstire, but in practice the
number of elements that can be incorporated irgorthdel is limited. Thus, as
with b), there is a limitation to relatively lowelquency propagation since
elements should be significantly smaller than tregpgating wavelength.
Advantages of this approach compared with b), h@weare that it is possible to
get much higher spatial resolution using a 2D aypration, and it is quite
straightforward to model a structure containingyvdifferent materials.

None of these models is yet complete, and in that, to financial constraints we have
yet to acquire the commercial finite element paekageded to develop model c), so no
work has yet been done using the finite elementaggh. However, preliminary
calculations have been carried out using approaghasd b), and a finite element
package will be purchased within the next month.

4.2 Theguided wave model

The guided wave models are not well suited to #se ©f a point impact on a plate of
finite lateral extent. They assume plates (whi@y e multi-layered and composed of
isotropic or anisotropic materials) of infinite ert, and continuous wave (narrow band)
excitation. They can be very useful for obtainengualitative or semi-quantitative
understanding of pseudo-continuous (long pulse)ewawpagation in finite plates, but
are limited in their application to transient waguepagation.

The core of the model is a calculation of the pgap@n within and external to the plate,
generated by an infinite plane wave of frequehaycident on the surface of the plate at
angled, from a fluid coupling medium. Thus, the wavepagation is infinite in both
spatial and temporal domains. Fourier techniga@sbe used to reduce both the spatial
extent of the incident beam using, for example ahgular spectrum method to
approximate a bounded beam, and also, in the tomeaadh, to model a short pulse.
However, this approach becomes highly inefficiemtdalculating the impulse response
to a point impact.

Some exploratory calculations were carried outlierCotronics foam/aluminium
bonded plate, particularly to examine the feagibdf the transit time model outlined in
Section 3.5.2 and Appendix A. However, while itswestablished that there are modes
that capture significant energy propagating aldregaiuminium component of the plate,
as required, it could not be confirmed that theugreelocity of a pulse propagating in
these modes would be close to the longitudinalorgion aluminium.

There are a number of approaches to the modelfitrgasient wave propagation in
plates, including generalised ray methods (see,Rap and Gajewski, 1977) and the
normal mode expansion method (e.g. Cheng and Betti®96) in which the transient
displacement field is expressed as a summatiomeoRayleigh-Lamb modes of the plate.
These techniques will be investigated and a mopeogypiate model developed during
the next phase of this work.
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4.3 Thenormal mode model

The normal mode approach has the potential to adlcsurate modelling of transient
wave propagation in multi-layered tiles, particlyaf the set of basis functions chosen
provide a compact representation of the normal sadethis case the matrix to be
diagonalised contains relatively few and smalldidigonal elements, and the calculated
eigenfunctions are likely to be accurate approxiomstto the normal modes of the
structure. However, such a set of basis functinag be difficult to identify, even for a
simple shape such as a rectangular tile, if thestaoproperties of the materials of the
layers are significantly different, as is the camehe Cotronics foam/aluminium tiles of
interest here.

Initial implementation of this model has been bagedhe approach of Visschet al.
(1991), who used a simple set of polynomial basistions of the forny™2", chosen to
provide a simple set of functions suitable for dewariety of solid shapes. However, it
is certainly not an optimal set for the presenecasd results in modes that are
inaccurate at all but the lowest frequencies.

A further difficulty with the normal mode modeltisat of including effects of acoustic
attenuation/damping in the calculations, and th&n important issue for the ceramic
foam, which is highly attenuative at the frequea@éinterest here (see Section 3).

Damping is accounted for by adding a retardingdpproportional to the particle
velocity, to the wave equation. There are two wafydoing this. Firstly, by
incorporating the damping term in the calculatiéthe normal modes, i.e. by including
the damping term in the homogeneous differentiabéqn that is to be solved. In this
case, the formal approach adopted by Visscher Hreds) based on Hamilton’s
variational principle, breaks down because the dagiforces are non-conservative
(dissipative). While a more general approach based Alembert’s principle is possible
(e.g. Goldstein, 1950), this has not yet been ergim this work.

The second approach is to calculate the normal siodine absence of damping, and to
include the damping terms into the solution offttreed vibration problem. This
approach is outlined by Meirovitch (1967), and hasen followed here even though it is
more appropriate for weak damping. The dampinglesithe (undamped) normal
modes, so instead of solving a simple uncoupledfsdifferential equations to solve the
forced vibration problem, a more complicated set@mfpled equations results. The
mode coupling induced by damping tends to exaceith&t problem of inaccuracy in
higher frequency modes.

It is suggested that this approach will only befuiséa more appropriate set of basis
functions can be identified, or if the ceramic tlas less directly coupled to the
aluminium back plate.

4.4 Transient propagation in the ceramic foam/aluminium plate

None of the models developed so far can satisflctitescribe the transient propagation
observed in the Cotronics foam/aluminium bondetepdi@scribed in Section 2 (see
experimental results in Section 3.5). These residtarly indicate that the propagation
time for laser-generated pulses from their souscgehsors at a range of distances from
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the source cannot be accounted for in terms aiglespropagation velocity: it appears
likely that the fastest energy packets that araivihe sensors do not follow a direct path,
and part of the path follows the plane of the ahiom plate.

Such a pulse propagation path would have significaplications for an optimal sensor
layout, and particularly for estimation of the smaifocation. However, the models
developed so far are not capable of confirmingctireectness of such a propagation
path. This should not be taken to indicate thattoblem is not tractable: we are
confident that other approaches will be succesdiuiinite element model (e.g. Prosser
et al, 1999, Banerjeet al, 2004, Gacaet al, 2006) and/or an approximate plate theory
approach will be investigated in the near future.
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5. Thermal measurements

5.1 Introduction

In order to characterise the ability of thermals®s to detect damage to (or changes in)
ceramic foam layers with or without aluminium bagkiand to allow an estimation of
the number and density of thermal sensors thatbreaguitable for a prototype tile that is
to be integrated with the Concept Demonstratot It test tile described in Section
3.5.4 and a bare sheet of ceramic foam were uaadimber of other pieces of ceramic
foam were cut to lie on top of backed or un-badied to vary the thickness of the
insulating layer. This composite system was thgosed to a heat source, and
temperatures on the aluminium surface were mortoleis envisaged that the
measurement of temperature in the future may blenpeed by an optical fibre system,
but to simplify the gathering of initial thermaltdathe use of thermocouples was
thought to be more straightforward and easily imp@ated. The operation of the optical
fibre system sent to CSIRO by staff at NASA Drydéh be described later.

5.2 Aluminium-backed test piece and experimental set-up

The geometry of the Al-backed test piece is shawigure 5.1, and the experimental
arrangement for the measurement of temperatuteisrsin Figure 5.2. As noted
above, the panel consisting of an aluminium shertled to a plate of Cotronics foam
used for acoustic measurements was used hereypplsiented with carefully cut
pieces of ceramic foam to provide different thickses of insulating material between
the heat source and the back of the aluminium sh@ee of the plates of foam had a
through-hole cut in it, and a cylinder of foam waade to act as a closely fitting plug.

Aluminium sheet
200 mm x 220 mm

20-mm thick Cotronics
ceramic foam

RTV106 bond layer
40-mm dia. through-hole

40-mm long, 40-mm dia.

20-mm thick Cotronics h .
Cotronics ceramic foam

ceramic foam

Figure 5.1. Ceramic foam bonded to aluminium shaa@d other fitted pieces of foam used to
study thermal characteristics of insulated tiles.
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Simulated thermal tile 500 W halogen lamp

6® 4Q
5®

3® Thermocouples |
Y |

8® 2® 1®

PC

Data logger
PicoLog TC-08 -

Figure 5.2. Experimental set-up for measuring emajures. Left: arrangement of
thermocouples on back of aluminium panel. Rigbtitesnatic of heating and data collection.

5.3 Results

Eight chromel-alumel thermocouples were attachsoh{uthermal adhesive tape) to the
back of the aluminium sheet to measure temperaturasy were positioned
approximately equidistant from each other and ithgted so as to monitor most of the
area of the aluminium sheet (see Figure 5.2, I&ftjese were connected to a data logger
(PicoLab USB TC-08) and a personal computer taddogperatures as a function of time.
The tile was held at a slight angle so that add#@icheets could be rested against the
bonded plate which rested on a thermally insulatdder to minimize heat transfer from
the tile by conduction. A 500-W quartz halogen fewvas placed approximately 140 mm
away from the front of the insulating plates (seguFe 5.2, right). This caused the
measured temperatures to rise fronfCQdo about 45C.

It was found that regardless of the distributiohef additional pieces of ceramic foam,
the thermocouples attached to the aluminium sHeetcarded the same temperature,
regardless of the placement of any additional pi@feeramic foam on the heated
surface of the plate bonded to the aluminium. FEdu3 shows the results of two such
experiments. The left hand graph shows the tinwdeéion of temperatures of the back
of the aluminium when it was insulated from thadiating lamp by the 20-mm thick
sheet of ceramic bonded to it, and one half waskéurcovered with the half-sized piece
of foam with a hole in it (as seen in Figure 5.0ne of the thermocouples (number 7 in
Figure 5.2, left) was directly in line with this lepthree others (humbers 5, 6 and 8)
monitored the doubly-insulated half of the alummiuhe other four the singly-insulated
half. The lamp was turned on att =100 s, andetdioff at t = 3700 s. As can be seen,
there is no significant difference between the réed temperatures of any of the
thermocouples.
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On the right hand side of Figure 5.3 are the resafltwo experiments which simply
tracked the temperatures when the aluminium wasdated with the one bonded layer of
ceramic foam, and secondly when an additional 20tay@r was added. The times at
which the lamp was turned off and on are showhénRigure. The rate of rise of
temperature and the maximum temperature attairegeegpectedly, lower when the
aluminium is more insulated.

These results are consistent with the known thecmdluctivities of the materials
involved. Aluminium has a thermal conductivityX80 W mi* K™, the Cotronics foam
0.35 W m' K, and the RTV106 silicone adhesive 0.21 W Ki'. As the thermal
conductivity of aluminium is so much greater thhattof the insulation, it maintains a
uniform temperature independent of the spatiatitigtion of the low heat flux that
propagates through the insulation.
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Figure 5.3. Left: Temperatures at different goe on the back of the aluminium sheet with
varying thicknesses of insulation (see text). Righemperatures at different positions on the
back of the aluminium sheet with either 20 mm auiating material, or 40 mm.

Based on these results, a new piece of Cotroniesrse foam was prepared, again 20
mm thick. This allowed the examination of temperatdistributions without the
presence of the aluminium sheet. Eight small (dn8in diameter) holes were drilled 5
mm into the back face of the ceramic, and the dlggrimocouples were inserted into
these holes, held in place by the squeezed plasiing of the thermocouples’ wires.
The positions of these thermocouples in relatiothéoadded insulating pieces are shown
in Figure 5.4. Superimposed on this Figure isrgaar plot of the relative radiative
output of the quartz halogen lamp used, the cerggabn corresponding to a relative
output of over 1.6 and contours are spaced at s output was measured using a 2-
mm diameter photometer to scan the top left quadratine source out to 120 mm from
the centre vertically and horizontally at 10-mneivals. The normalisation point
(relative radiative output equal to 1) was setGabin from the centre of this scan
vertically and horizontally. It was assumed tliet $ource was symmetric, so the scan
was then reflected in the vertical and horizonkasato the other quadrants.
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Figure 5.4. Arrangement of thermocouples embedttecceramic foam, showing, with dashed
lines, the outline of the 40mm dia. plug and the halves of the additional ceramic foam pieces
(see Figure 5.1). The radiative output of thenillination source is also shown (see text).
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Figure 5.5. Thermal history of the back of atlzrp)?mgll plate of ceramic foam covered with
additional pieces of foam (see Figure 5.1) exposed500-W halogen lamp, showing the effect
on the temperature distribution (see positionhefrmocouples in Figure 5.4) after turning on the
lamp, removal of the 40-mm plug, removal of théntigand-side of extra insulation (exposing
the side with thermocouples 5-8), replacing theypand finally turning off the lamp.
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Although we have not yet verified these measureseith a computational model, the
general features of the temperature history arsistamt with the distribution of the heat
source, the placement of the temperature sensdrtharchanges in the insulation
described in the Figures.

Close examination of the recorded temperaturesgar€ 5.5 indicated that the variation
in measured temperatures between thermocouplestbatd have very similar outputs,
given their position, were perhaps larger than etquk Compare, for example the
outputs from thermocouples 5, 6, 7 and 8. Whileeswariation might be expected from
the non-uniform nature of the illumination, it w®ught prudent to check the variations
in output as a function of temperature as the 20tonk alone was heated. These
outputs were compared with the outputs of the staer@nocouples immersed in a bath
of water and heated gently. The latter set-up gldbanly a slight linear increase in the
range of temperatures recorded by the thermoco(atesit 0.3 Celsius degrees over a
30 degree range), while the former indicated a maigfer range, fully 1 Celsius degree
over a range of 15 degrees. This wider rangeoisght to be due to variations in the
thermal contact of the small tips of the thermodesipvith the ceramic foam when
pressed into the small holes drilled to hold them.

5.4 Conclusions from ther mocouple measur ements

These results have clear implications for the ptaar# of thermal sensorswhether they
be thermocouples or optical fibreon thermally insulated metallic tiles. In any
structure that has insulation bonded directly @ntoetal, or otherwise highly thermally
conductive sheet, only one thermal sensor per gaeehn entity that is thermally
insulated from its neighbours) may be necessapgemiding on the size of the sheet and
the relative thermal conductivities of the insufeaad metal. The rate of rise and final
temperature of the metal substrate may be usestitnae the minimum thickness of
insulation (with appropriate modelling), but noicetion of the location of the thinnest
area would be gained. If the insulation is leseally connected to the substrate, were
stand-offs to be used for instance, the thermatiaotivities of each member of the
structure would need to be considered.

If only the temperature of the underlying structumgtal is important, temperature
sensors on the metal only would need to be usethel present incarnation of the
thermal tile, however, it is clear that to have abylity to locate damaged insulation
through measuring temperature, thermal sensorsdveeéd to be placed in contact with
the insulating material. Embedding sensors irbtirad line may not ensure accurate
measurements of the temperature of either the ¢erfaam or the aluminium substrate:
the adhesive used here had a nominal thermal ctwityytower than that of the ceramic
foam. One possibility, if optical fibres were te bsed as the temperature sensor, would
be to sandwich the fibre between layers of thelatsy, and use an adhesive which had a
thermal conductivity very close to that of the iladar to bond both fibre and insulator.
Alternatively, the thermal sensors may be bondedt thiermally conducting adhesive to
the back of the ceramic foam, and then an RTV bBayer could be applied over this for
bonding to the metal substrate.

We have demonstrated that with the present matesianges in the thickness of the
insulator of 50% are easily detectable with theroupdes embedded in the ceramic
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foam. The removal of small amounts of insulatian be detected not only by sensors
immediately behind the ‘divot’, but also by sensihrat are several centimetres away.
Clearly the number of thermal sensors per unit ezgaired to determine damage
severity and location depends on the minimum sizeeodamage one wishes to detect,
the material properties and structures used, aredh&h or not thermal measurements are
the primary or secondary (to acoustic detectioaroimpact for example) method to
determine damage location. If the materials arsichdesign of an aluminium substrate
with a bonded insulating layer employed in the présvork were used for a future
‘sensored’ tile, and damage of the order of cubkitticnetres were to be detectable, the
maximum distance between thermal sensors shoudthdngt 70 mm. From the work
described in Section 3.5 a similar spacing of atoggnsors would be appropriate for
locating the impact site.

5.5 Optical fibre system from NASA Dryden

The equipment developed by staff at NASA Drydengerate a fibre-optic detection
system was delivered to CSIRO in mid-July. Thistegn uses optical frequency domain
reflectometry to interrogate a length of opticaré along which Bragg gratings have
been written. Changes in the spacing of the gyat(either by mechanical strain or by
temperature increases causing thermal expansiemhe@asured by measuring the change
in the wavelength at which each grating has itsimarm reflectance. All the gratings

are written at the same central wavelength, and plositions along the fibre are

detected by measuring the beat frequency of agiyidual grating’s reflection with the
reflection from a reference reflectetthe laser wavelength (and therefore frequency) is
scanned, and so the time taken for light to tréeeh the reference reflector and the
grating is small, but finite, and in this time thavelength of the probe radiation changes
slightly causing an interferogram, the frequencmponents of which will be linearly
related to the distance along the fibre of theiggateflector.

This technique has been described elsewhere (NA§A€D, 2006), and its principle of
operation was first proposed in 1981 (Eickhoff &ldch, 1981) and developed further,
notably by Brinkmeyer’s group (Barfuss and Brinkragyl989, Glombitza and
Brinkmeyer, 1993) and at NASA Langley Research €efifroggatt, 1996, Froggatt and
Moore, 1998a and 1998b, Childeatsal, 2001). The advantage of the developments
made at NASA Dryden is that the fibre may be irdgated at tens of Hertz, whereas
conventional and present commercial OFDR systemsestricted to operation at about
0.2 Hertz, interrogating the fibre only once evivg seconds. The high interrogation
rate of the Dryden method, two orders of magnitiadéer, allows the rapid tracking of
thermal and strain changes.

At CSIRO a test fibre has been fabricated fromutnritten 125pm single-mode fibre
and a two-metre length of draw-tower-written Braggting fibre (called the distributed
strain sensing (DSS) fibre) containing 206 gratingjke gratings are 5 mm in length,
and are spaced at 10-mm intervals. This test fiasebeen taped to a flat carbon-fibre
test piece in order to study both how the systeaperated, its principle of measurement,
and how temperature and strain manifest themseéivibe measured signals. With the
help of staff at NASA Dryden, in particular Allerafker, we have come to understand
the system, and operate it effectively, and hope toobe able to discuss how it may be
incorporated into a thermal tile for the measuretnoétemperature.
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In this report our aim is not to describe in antailéhe operation or application of this
fibre-optic technology; staff at NASA have much mexperience of these systems.
Here we present just a few pictures demonstratiegperation of NASA'’s system in

both modes, using the ‘Langley’ and ‘Dryden’ methad processing data from the fibre
as it was subjected to localized strain and loedlizeating.

Figure 5.6 shows a photograph of the layout oB& fibre used to familiarize
ourselves with the operation of the OFDR systensh@rt length of optical fibre, with
an FC angle-polished connector on one end, wasrftsgliced onto a 4-metre length of
fibre supplied by NASA which contained a broadbegftector (5%) half way along its
length. This was then fusion-spliced onto a 2-ngtk of DSS fibre. The fibre was then

laid out in a serpentine pattern with all the radicurvature kept above about 50 mm to
minimize bend-radius losses. The white spots nthoke
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Figure 5.6. Layout of the optical fibres usedha test set-up to learn the operation of the OFDR
system.

the backing (see Figure 5.6) denoted 100-mm intealang the length of the fibre,
allowing easy estimation of position along the dibr

Figures 5.7 to 5.10 show screen dumps of the systeperation. Figure 5.7 shows the
system operating in the ‘Langley’ mode, showingittterferogram or ‘raw data’ in the
top trace (reflected signal as a function of wangth), and the Fourier transform of this
data in the lower trace. In this and subsequenii®the laser was scanned, nominally
from 1542 nm to 1543 nm, but due to firmware in slgstem the wavelength range
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displayed in the top traces is from 1542 nm to 15%0 The DSS fibre gratings are
nominally written at the wavelength of 1546 nm.eTower frame in the right-hand part
of the Figure is an expanded view of the spectrnowing the beginning of the DSS.

Figure 5.8 shows the system working in the ‘Dryd@mwde, where the strain as a
function of position along the length of the DS di is displayed in the top half of the
screen, the left screen showing an ‘unstrainedditmm, the right showing the result of
applying pressure near the beginning of the filifigure 5.9 shows strain versus position
along the fibre (left-hand panels), and the stesimeasured at all positions as a function
of time (right-hand panels). The left screen & Higure shows a single fibre reacting to
an applied pressure. The right screen shows deyratangs reacting to applied pressure.
Note the rapid reversion to the zero strain stateetease of the applied pressure.

In Figure 5.10 the left hand screen image showspleeation of the system in the
‘Dryden’ mode when a section of the DSS fibre iatkd with a hot-air gun. In contrast
to the rapid application and release of local pressn the fibre, the temperature shows a
slow rise, and a similarly slow fall after the heatirce is removed. The right-hand side
shows a similar application and removal of heat,this time measured using the
‘Langley’ mode. Note that in this mode the horitdraxis in the strain versus position
plot is now specific grating number rather than pssition along the fibre, as is the case
using the ‘Dryden’ method. This is because inDingden method the interferogram is
analysed in sequential 2k segments of data (tineevals); each segment of data may
contain information about one or two gratings, ggvinformation about a specific
section of the fibre rather than a specific grating

The problem of distinguishing strain from temperateffects on the fibre Bragg
gratings’ output is one question that must be axtsr@. Conventional methods of
eliminating the temperature sensitivity by holdthgse lengths of fibre that contain a
grating in a pre-tensioned rig seem unlikely teebsily implemented. However, a
modification of this idea where the fibre is lardtension and held in place using a
bonding agent that has the appropriate thermalresip@a properties to exactly
compensate for temperature changes is possible.u3d of two fibres, one temperature-
compensated and one not, running side-by-side mayveay of separating these two
effects.

It seems unlikely that the fibre-optic system carubed for impact detection as it runs at

only a few tens of Hertz, and high speed impactsles of this size and type cause
vibrations up to a few megahertz, and reverberatiast for milliseconds.
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Figure 5.7. Screen dumps of operation of the apfibre operating in the ‘Langley’ mode,
showing the interferogram or ‘raw data’ in the togce (reflected signal as a function of

wavelength), and the Fourier transform of this diatée lower trace. The right-hand frame is an
expanded view of the spectrum near the beginningeDSS.
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Figure 5.8. Screen dumps showing operation ofyistem in the ‘Dryden’ mode, showing the
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Figure 5.10. Left-hand screen dump shows the tiparaf the system in the ‘Dryden’ mode
when a section of the DSS fibre is heated withtaaitogun. Note the slow temperature rise, and
similarly slow fall after the heat source is remdve he right-hand side shows a similar
application and removal of heat, but this time reed using the ‘Langley’ method. Note that
the horizontal axis in the strain versus posititt [ now specific grating number rather than
just position along the fibre.
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As far as mounting a fibre in an insulating tilee tuse of the robust draw-tower fibres
that NASA has used facilitates a solution. Filileg have been conventionally written
where each grating has to be written after fibrauf@cture, requiring stripping the
coating for the writing process and then re-coatingking the fibre inherently weak
would be much more difficult to mount in this eronment. Draw-tower fibres may be
bent into fairly tight radii, and while this doegrease the losses and therefore reduces
the signal-to-noise ratio of the measured sigrh&sr physical strength remains an
advantage.
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6. Integration with CD architecture

This section outlines principles by which a TPSlthemonitoring system based on
acoustic emission and thermal measurements cantdggated into the multi-agent
system architecture of the existing CSIRO/NASA Gaptdemonstrator (CD) (Battest
al., 2006).

Development of these principles is not trivial. efandamental architectural unit of the
CD is a local sensing agent, which uses local ssrismbtain information about the
state of the structure in its local region. Onakiger hand, one of the principal
advantages of an optical fibre Bragg grating (FB&)sor system is that a single fibre
can contain many (up to several thousand) sendistsputed over a large region of the
structure, all of which can be interrogated atngl& point that may be remote from the
locations of the sensors. This allows large aoéasructure to be sensed from a central
location, and the need for only a single laserdatd acquisition and analysis system
reduces the overhead cost and weight, and systerplegity. A major disadvantage of
such networks is their vulnerability to fibre bregk. The single laser/data acquisition
system also represents a single point of failure.

At first sight the use of a large-area, distribufibde sensing system appears
incompatible with a local sensing agent architectudiowever, a novel FBG network
architecture is proposed here that is consistetfit the CD’s local agent architecture, and
which should result in a network with greatly enteshrobustness to fibre damage. It
must be pointed out that this architecture hasyabbeen tested nor analysed in any
detail. It is proposed for further evaluation desting in the next phase of the project.

6.1 Overview of the CD architecture

The current development of the CD is describedattédet al. (2006) and Hoschket

al. (2007) and references contained therein. Itsqees to detect impacts on the
external skin of the structure (a hexagonal priang to evaluate any resulting damage.
The basic architecture of the CD is a square afaytonomous agents, in which each
can communicate directly with its four nearest hbmurs. This network of agents is
embedded in the structure.

Each local agent has a group of piezoelectric gespbonded to the inner surface of the
skin, whose primary role is to detect the elastiw@s generated by impacts on the
surface of the structure. The agent analysesateftbm these sensors and decides
whether it has suffered an impact, and the appratgrfocation and severity of the
impact. Communications within the network of agerdn establish the spatial extent of
a damaged region, the number of impact sites, anadlgnamically form a minimum
spanning tree connecting multiple impact sitesh@yshortest paths (see Figure 6.1).
The algorithm that performs this last function &séd on ant colony optimisation (ACO)
(Prokopenkeet al, 2005, Dorigo and Di Caro, 1999, Dorigo and S&jt2004): it
simulates, using information packets that are comoated around the network, the way
in which ants forage for food and form shorteshpdietween food sources and their
nests. The paths are marked by a ‘pheromone; kedtilby ants to guide other ants.
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The CD also contains an additional agent, in tmefof a mobile robot that can move
around on the surface of the structure, commumgatiith the agents embedded in the
surface at its current location. The purpose sffihbot is to act as a mobile damage
inspector, for which it carries additional sengatsrently a video camera), and later a
repair agent. It is envisaged to eventually beareeswarm of small robots, but there is
currently only one and it is relatively large.
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Figure 6.1: Computer simulation of a reconfigueglself-organised impact network produced by
the decentralised ACO algorithm. Individual agdotdls) are represented by the (~5 mm) grey
squares that contain black (sensors), red (commatinits connectors) and brown (processor)
components. White cells are those that have redeavsub-critical impact. Green cells are those
that have a pheromone level greater than a thrésfadlie, with lighter shades indicating a

higher concentration. The plain grey region repnts agents that are not present or not
functional for some reason, and the pheromone giaits around this region. Abbgit al.

(2003b) contains further details.

The robot communicates with the embedded agentg asioustic signals transmitted
through the aluminium skin of the CD. It navigaséesording to information received
from the embedded agents. In principle it coultbf® the minimum spanning tree
formed by the ACO algorithm (Figure 6.1), to moveni one impact site to another by
the shortest path. In practice another local @lgor, based on the establishment of
gradient fields, is used to guide the robot to dgersites (Battert al. 2006, Hoschket
al. 2007), but the shortest path network producedbydistributed ACO algorithm
provides an appealing conceptual picture of thetghidance principle.

The important points to recognise here are, firsbgt the whole system of agents,
including both embedded and mobile agents, opésatelf-organisation (i.e. as a result
of the interactions between them) with no centaaitml, and, secondly, that each of the
agents has information only about its immediaténitiz. none of the agents has a global
view of the structure or its state. The robot (ffehgent) acts as a secondary inspector,
in the sense that it travels to locations wherergract has been detected by the acoustic
emission sensors, and obtains additional informadimout the level of damage that has
occurred.
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6.2 Proposed FBG network architecture

In the proposed architecture, the FBG network pldly a role analogous to that of the
mobile agent in the current system, i.e. that ®ée@ondary inspector. When an impact
has been detected by the acoustic emission setisensial measurements will be carried
out in the region near the impact site. In thespn¢ case, the additional information
provided by the thermal measurements relates directhe fitness-for-purpose of the
TPS structure. Of course, in both cases, thame igason why the secondary inspector
cannot carry out a general scan of the structutieowt an impact having been detected,
but this discussion will focus on the case of detgampacts.

The proposed FBG network architecture is a localytchable multi-sector model with

a high degree of redundancy and reconfigurabititgrthance its survivability in the
presence of damage. It is a two-dimensional géisatian of the 1D networks proposed
recently by Wei and Sun (2006, 2007). The bagsisisg module on each tile, and
which is controlled by a local agent, is a ringsghewn schematically in Figure 6.2. The
purpose of the ring is to provide multiple pathg&ch sensor, to enhance the
survivability of the network in the event of damdgdinks or individual sensors. The
actual layout of the fibre on each tile need notibeular, of course, but the nodes, which
are electrically-controlled optical switches, cocinghis local ring to the network.

Figure 6.2: Schematic diagram of a ring FBG sensmdule on a TPS tile. The outer square box
represents the tile, the circular segments reptéseroptical fibre, and the small blue boxes are
nodes, with short lengths of fibre to connect thg element to the network. The Bragg grating
sensors are represented by the cross-hatchingedibth segments. The nodes are electrically-
controlled optical switches that may direct lightand the ring, or to or from connecting links in
the network. The tile is shown as being squaré the fibre layout circular, with two Bragg
grating elements per segment, but none of theseemessary constraints.

Each of the sensing modules such as that showigume=6.2 is associated with a local
agent. This agent controls the setting of the@weis: the local agents therefore control
the routes through which light propagates throdnghrietwork.
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Figure 6.3 shows six tiles connected to form a@xay. The green node, a multi-way
switch, directs laser light into the array at amg @f a number of nodes, and back out
again to the data acquisition system. In pringiplaumber of lasers and data acquisition
systems could be provided for redundancy, and tbeskl be switched into the array at
various points to further reduce the vulnerabitifyhe system to failure of these
essential components.

Figure 6.3: Six ring modules of the form shown igufe 6.2, connected to form a 3x2 array.
The green node, external to the network, represemtisiti-way switch that can direct laser light
into the array and back out to the data acquisigtem. The orange nodes are 3-way optical
switches that can direct light to either adjoinritgy or along the connecting fibre.

The orange nodes in Figure 6.3 are the entrancesnaid/NVei and Sun (2006). They are
switches that direct light between the networkdimkd the sensing modules. It is
envisaged that these entrance nodes would alsorttelied by the local agents, with a
local algorithm to be developed to determine th&ites.

It can be seen from Figure 6.3 that light can beatied along many different routes to
get to any particular tile or sensing module intleévork, and that the route is
determined by the switching of the blue and orammpes, which in turn are controlled
by the embedded local agents of the system. Thegperation of this secondary
inspector is controlled by the local agents, dbescase for the mobile agent in the
current CD (Battemt al, 2006).

A more densely interconnected version of this neétywith greater redundancy of links,

can also be envisaged. Linking fibres could cthesarray horizontally, and connect into
additional nodes in each ring module.
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This architecture requires further investigatiod amaluation to prove its utility.
However, it provides a secondary inspection prdttdeat is closely analogous to that
provided by the existing mobile agent. In thedattase the agent itself moves around
the structure using a ‘roadmap’ defined using &a@gjanising algorithm by the agents
embedded in the structure. In the former casethe light that interrogates the sensors
that is guided around the structure by the agents.

Within this operating protocol there is no immediated for fusion of the acoustic
emission and thermal data, since the informatidainbd from the primary (acoustic
emission) and secondary (thermal) sensors aresegetately. Later in the program, if
further characterisation of the damage is requiteete may be some advantage in
utilising information obtained from the two setsseihsors, but the immediate concern is
evaluating the fitness-for-purpose, and this walldchieved from the thermal data.

6.3 Sensor layouts

This project provided the stimulus for the initaatiof a fundamental study of the design
of optimal sensor layouts from an information-tretmr perspective. This work is still in
its early stages, but a brief outline of the apphoaill be given here.

There have been many approaches to the determiradtmptimal sensor layouts, both
for structural health monitoring (SHM) and for m@eneral sensing problems.
Traditional engineering approaches (e.g. Staszestsi, 2000, Lee and Staszewski,
2007, and references cited therein) are based ysigath models of the damage and its
effect on a specific sensor type. This is essintize approach we will take in the short
term for the design of a TPS test piece, butsbimewhat limited to the use of specific
sensors in known situations, and determinatiomefoptimality or otherwise of a layout
is difficult and relies on task-specific criteridhe use of a Bayesian statistical approach
to selecting sensor locations was introduced by&amand Durrant-Whyte (1990).
Trendafilovaet al. (2000) used the concept of average mutual infaondtetween
sensors to determine the optimal distance betwessunement points. Guestdnal
(2005) also employed a mutual information criteyitom the case where the uncertainty
of a measurement can be described by a Gaussiagl.mod

In contrast with traditional engineered sensingeys, biological systems are not built
out of separately-designed parts attached togatreefater stage - they evolve
symbiotically. Each component co-evolves with ott@mponents to produce a dynamic
system in which components can be used for mulpplposes and can take on multiple
roles, thus increasing robustness and adaptatmliiymknown situations (Milleet al.,
2000). Typically, evolutionary design may empl@ngtic algorithms in evolving
optimal strategies that satisfy given fitness fiord, by exploring large and complicated
search-space landscapes. However, evolutionargrdesy be approached in two
ways: via task-specific objectives (e.g. Staszewski., 2000) or via generic intrinsic
selection criteria (Prokopeniat al 2006). The latter method, information-driven
evolutionary design, essentially focuses on infdrometransfer within specific channels.

Polani and coworkers (e.g. Klyubét al, 2004, Nehaniet al, 2005) have been
developing an approach to sensory evolution in wkthey have found that pushing the
information flow to the information-theoretic limite. maximization of information
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transfer) provides a mechanism for optimising orgrarspecific meaningful

information, and can ultimately be responsibleddaptively reshaping the system. They
consider the benefits and costs of particular ssiof information, and introduce a
fithness measure that contains weighted terms thrméancy and novelty (Olssenal,
2004) to study the trade-off between similarityrdbrmation (redundancy) and novelty
of information between groups of sensors. Suchdetoff is likely to be highly relevant
in the SHM environment.

The aim of our work is to extend the evolutiongpp@ach to optimal sensor layout of
Polani’s group, in the context of damage monitgriegncorporate Bayesian inference
of diagnosis (and ultimately prognosis) from sergain, and to consider cases in which
damage information is obtained either directlyratiiectly from sensor information. A
paper outlining the approach to this is in prepanat This work is being carried out in
collaboration with Dr Mikhail Prokopenko (CSIRO IGJentre) and Mr George
Mathews (University of Sydney and CMSE).
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7. Test-piece design

While much of the information required to desigiest-piece for integration onto the
CSIRO/NASA Concept Demonstrator has been obtaimélde work reported here, it is
equally clear that there are a number of signiicarestions that must be answered
before the required specifications can be finalisedrthermore, the answers to these
guestions require discussion and input from NASAws at CSIRO are not yet in a
position to complete the test-piece design.

The major questions that require resolution arf®lésns.

1. What ceramic foam material should be used for tigry thermal protection
function?
Extensive acoustic measurements have been cauiethdwo commercial
ceramic foam materials that could be used as sutestifor the actual shuttle tile
material that has proved to be very difficult tdaoh. The Cotronics 310 material
was essentially elastically isotropic, but the skempve obtained contained both
large voids up to tens of millimetres in size (8®8t2.2) and hard, glassy
inclusions, making the material highly inhomogerseoGonsequently, acoustic
transmission through this material is spatiallyiafale, and depends on the
particular propagation path.

The Zircar Ceramics ZAL-45 foam was apparentlyniamre homogeneous than
the Cotronics, but it was also highly anisotropixhibiting strong anisotropy in
both the propagation velocities and attenuatioftss anisotropy would produce
significant complexities for estimation of the ltioas of impacts in a test-piece.

Rather than use a material that is likely to introgl greater complexities into
system operation than the ‘real’ materials, it violog preferable to use a material
with either comparable or reduced complexity. Thudess the ceramic foams
used in practical thermal protection systems hay@fscantly anisotropic elastic
properties, it would seem preferable for the testgto utilise an isotropic,
relatively homogeneous material.

No systematic measurements of thermal propertiéisese materials were
undertaken, but it is likely that thermal propagatwill be similarly influenced
by the material structure.

Jointly with NASA, we would like to identify and tdon an appropriate ceramic
foam material.

2. How should the primary TPS material be attachethtosubstrate, and what
substrate should be used?
It was noted in Sections 3 and 5 that for sensotisa vicinity of the metallic
substrate both the elastic and thermal propagatierstrongly influenced by the
presence of the metal layer. The thermal measuresmesre most seriously
affected by the highly conducting aluminium subtstréoth the sensitivity and
spatial resolution of damage detection by thermedsarements will be
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compromised by proximity (and not necessarily dicemtact) of the thermal
sensors to the substrate. Acoustic propagatiorsunements are also influenced
by bonding of the relatively stiff aluminium to tkkeramic foam, but in this case
it is an advantageous influence.

We at CSIRO have no knowledge of the structurahtians of thermal

protection systems that might be considered farr&uvehicles, nor are we aware
of whether TPS designs are likely to be influenbgdhealth monitoring
considerations, but there are (at least) threeosgbes to mitigating the thermal
measurement issues identified.

a. Continue to bond the ceramic to a metallic substiait embed the
thermal sensors within the ceramic tile. This ddu# done by embedding
during material fabrication (i.e. prior to firing)y slicing and re-bonding
the ceramic, or by use of a thick, composite bayeéd. This would retain
the acoustic benefits of the bonded structure.

b. Mount the ceramic tiles on stand-offs from the $uts, i.e. use an
air/vacuum insulating gap between the ceramic abdtsate. This would
lose the acoustic benefits of the bonded subst@atkmay require the use
of acoustic sensors at higher spatial density.

c. Employ a non-metallic substrate, such as a ceragtass or composite
material, to which the ceramic is bonded. This Mayercome the
problem produced by the high thermal conductivitthe metallic
substrate, without removing the acoustic benefith® stiff, low-
attenuation aluminium.

Discussion of TPS design issues such as theseNR8A personnel would be
useful.

3. How should the optical fibre Bragg grating (FBG)werk be implemented?
A broad proposal for the architecture of the FB@&voek was presented in
Section 6. This proposal not only requires furtthetailed consideration with
regard to both operation and implementation, berteths a need to discuss its
implications with NASA personnel. The proposal aeéurther investigation and
development before it could be included in a testg@design.

In order to address these questions, it would beat#e to hold a face-to-face

meeting/workshop between CSIRO and appropriate NABH, either in Sydney or at
the NASA Dryden or Langley facilities, at the eask opportunity.
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8. Summary and conclusions

The principal objective of this work was to chaeaitte materials and specify methods to
a stage that would culminate in the design of gesxe for use, with the CSIRO/NASA
structural health monitoring concept demonstra@), in subsequent phases of the
project. While a considerable proportion of thisriwhas been carried out, the ultimate
aim of designing a test-piece has not been achjéaegpkly because the material
measurements raised serious concerns about tlé tieese materials in a demonstration
structure. Resolution of these concerns, sumnthims8ection 7, require discussion and
consultation with NASA, and it is recommended th&SIRO/NASA face-to-face
meeting/workshop be convened at an early oppoyxttmitesolve them.

Extensive measurements were made of the acouspertres of two commercial
ceramic foam materials, Cotronics 310 and Zircara@dcs ZAL-45 foam, but neither
was found to be particularly satisfactory for useaamodel’ demonstrator material.
Measurements of acoustic velocities and attenusitimare made in the frequency range
0.2 to 1.0 MHz, above which the attenuations weregally too high to make sensible
measurements. The Cotronics material was foue teffectively isotropic, but
strongly inhomogeneous due to the presence of (agéo tens of millimetres) voids,
and hard, glassy inclusions. The Zircar foam ditiaontain such coarse
inhomogeneities, but its elastic properties weghlyi anisotropic. Such anisotropy
would severely complicate the use of impact-gemreratoustic signals for location of
the impact site.

Development of acoustic models of the materialssingttures of interest was begun,
based on guided wave calculations in infinite [ated on the modal resonance method.
Further development of these models, particularithe capability to model transient
disturbances is required, and is under way. Deweémt of a dynamic finite element
model is planned to begin in the near future.

Thermal measurements were made using thermocowplegramic tiles, and on tiles
bonded to an aluminium substrate. Not surprisinghyas shown that temperature
measurements on the metallic substrate lost dllsdpaformation carried by the heat
flow through the ceramic. Information about thatsgd extent of the damage can be
obtained if the thermal sensors are well-insulétech the substrate, and some
suggestions for doing this were made.

A thermal sensor system based on optical frequdanyain reflectivity measurements in
a fibre Bragg grating array, supplied by NASA DrgdeRC, was set up and
demonstrated. It is now ready for incorporatiaio ia test article. A novel scheme was
presented for integration of a FBG thermal senagtgvork into the CSIRO/NASA CD
architecture. This requires further evaluatior,ibbas the potential to provide a robust
and efficient fibre sensing network.
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Appendix A

Calculation of transit timesthrough ceramic foam and along aluminium
sheet.

Approximate the geometry of the ceramic foam aledats shown in Figure A1. An
impact occurs on the surface of the ceramic foaco-airdinategx, d) A longitudinal
wave travels at a spegdin a direction such that it impinges on the aluomm sheet at
the anglefdas shown, at a poift’, 0). The wave then travels at spag@long the
aluminium sheet to the transducef(@0).

(0,d) impact site

e

T
transducer (x',0) (x,0)

Figure Al. Approximate geometry of waves travejlthrough ceramic foam and along
aluminium sheet.

The time taken to travel along any of these pathgvien by

t o LI + I_ ,
Va Vf
wherel is the distance betweéx, d)and(x’, 0). Clearly
X=X d
|=—— and | =——,
cosd sing
d cosf

O x=x-lcosfd=x-

singd

So,

x d 1 d
== - +

_va v, tand v, sind
ot _-do 1 do 1

06 v, 06tand v, d8sing

For a minimum transit time
ot

—=0.

06
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Therefore

g(“ cos Hj_i cosf
v sin"@ ) v, sin*@

Multiply throughout byw.visi@and simplify to give

=0.

a

v
cosf=—" .
v

a

Therefore the fastest route for the sound to takkat for which the angle at which the
sound impinges on the aluminium sheet is givendsi'g /v, which for the present
materials is about 58.8giving x-x' =16.3 mm if the foam thickness is 27 mm. Kkor
greater than 16.3 mm the minimum transit time grapimately

_x-163 N 3158

™ 54 29

using 2.9 mms for the wave speed in the foam, 5.4 msrfor the wave speed in
aluminium, and 27 mm as the thickness of the fodime values at 20, 30, 40 and 50 mm
are indicated by the arrows in Figure 3.17 (leff)x is less than 16.3 mm, then the
fastest route is through the foam along a lineifmrihe impact site with the transducer’s
position. For values of lateral displacement ofifd and 10 mm the arrows in Figure
3.17 (left) indicate these direct-path transit time
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