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Abstract

Pressure tube inspection within CANDU nuclear reactors witecal maintenance
operation to identify and track the growth of defe@sirrent inspection approaches
utilising ultrasonic techniques are technically challenging due to transducer alignment
caused by the tube dimensional changes. Thissisfocuses on mhanéng ultrasonic
techniquesto improve the nspection accuracy by introducing signal processing
algorithms and phased array technology. This work is motivated by the nuclear industry

desire to reduce thtane and cost consumimngplica proesses.

The Synthetic Aperture Focusing Technique (SAFT) has been applied to industrial
inspection data where the ultrasonic image performance is glootlgedThe transducer
focal point operates as a virtual source to transmit ultrasound with a corlespbeam
angle. Subsequentlythe refocused image demonstrates a distinct improvement in the
measurement of defect widtRegardingto the defect depth measuremetitis Thesis
proposes a wavelet analysis methatiichemploys the Haar wavelet to decorapdhe
original poorlyfocused Ascan signal and reconstruttie defectinformation from
selected frequency compongsmtithin thetransduceoperationabandwidth. Compared

to the originalimage characterisatiorthis method provides an improved estimate o

defect depth witim anacceptablerror+0.04 mm.



A hybrid simulation platform for ultrasonic phased array transducer inspection has been
developed and experimentally validat&hich combines the benefits of finite element
modellingandanalytical extrpolation.This approach has been used to study a range of
phased array imaging solutions based on both ¢ited FocusingMethodand array SAFT
processing.The phased array technique is predicted to improve the accuracy of
characterisinglefects o the inner and outer surfacestié pressure tube aaddual array
system incorporating 3@lement 5 and 1MHz arrays is proposed as a potential future
sensor head configuratiomhe results conclude there is significant potential to improve

the quality of the inspection data.
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Chapter 1

Introduction

1.1. Project Context

As the worl dodés popul ati on iincreasiagignigcanily. t h e
Since the first commercial nuclear station started operation for the supply of electrical
power in the 1950s, nuclear energy has become one of the most impoeeagy e
industries that contributes hugely to the supply of cafbes electricity. In 2017, the
world nuclear energy consumption w&g6.4million tonnes of oil equivaleft]. Nuclear

power stations provide 18% of the electricityGoganisation for Economic Gaperation

and DevelopmenfOECD) countrief?] and contributed to 18% of the world electricity

consumptioff].

Nuclear reactors are the core of the nuclear power plants for electarigration.
Currently, there are 448 commercial nuclear reactors under operation across the world,
which provide 391,21 MWe of total net capacity and an additiob8lreactors are under
constructiofd]. In the operational reactors, 49 of them are Pressurized Heatar
Moderated and Cooled Reactor (PHW®Rhich arefuelled by natural uranium and use

heavy watef(deuterium oxide BD) as its coolant and moderdgty.
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TheCANadian Deuterium Uranium (CANDUgector is atypeof PHWR. Using the same

basic principle as other types of nuclear reactors, it produces heat by splittingruraniu
atoms and then converts the heat into electricity. The specific featuhe GANDU

reactor is that it uses heavy water to assist the fission process, which keeps a continuous
nuclear reaction. The pressure tubes of the CANDU reactor can be visuameéigure

1.1, and shows the CANDU reactor cf@fthat consists 0880 to 480 horizontal fuel

channels

Figure 1.1 Fuel channels of CANDU reac{6i

The fuel channels are part of tirimary Heat Trasport System (PHTS) within a
CANDU reactor, which are the places that the coolant flows through the fuel bundles to
transport the nuclear heat to the stream genefatoi$ey are the most significant feature

of the CANDU design aiming at executing their function for 30 years and play the key
role to maintain the reliabilitpf the reactor performance. Therefore, regular inspection
of the fuel channels is particularly important to ensure their condition is qualified for their

intendedfunction A fuel channel mainly consists of a pressure tube, two end fittings and



four annuls spacers, where the pressure tubermanded by a calandria tube and they
are separated through the usetlé annular spacers. The process of the general

configuration of the fuel bundles passing through a pressure tube is sheguarell.2[7].
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Figure 1.2 Schematic of the general configuration of fuel bundles passing through a
pressure tubé]

As the key component of the fuel chahtige zirconium alloy (Z2.5%Nb) pressure tubes

are used to locate the fuel bundles for the reaction and support the coolant passing through
to remove the heat from the fuel. The zirconium alloy has the features of low capture
crosssection for thermal eutrons, which combines with its good corrosion properties to
bring benefits for use in water reac{8is The pressure tubes are about 6.3 m long, 104

mm inne diameter and 4.3 mmvall thickness. During the operation, they are exposed to
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a pressure of approximately 10 MPa and at a temperature ranging from approximately
2503 to 31® [9]. Due to the harsh environment of high temperature, pressure and
neutron flux, the tube dimensions calterduring service, for example axial elongation,
diametric expansion, sagging and wall thinning. Hence, the inspection of the pressure
tubes faces environmental and automation challenges in order to provide a high level of

iInspection accuracy.

The fuelchannel inspection is executed by a tool named Channel Inspection and Gauging
Apparatus for Reactors (CIGAR), as shown inFigure 1.3, which is a remotely
automated inspection system including an ultrasonic sensor head for pressure tube defect
detection and wall thickness and diameter measurements, an eddy current system fo
detecting the annular spacers and measuring the spacing between pressure tube and the
calandria tube, and a seraccelerometer for estimating the sag of the fuel chaji®gls

The ultrasonic transducers are located in the red cirélggurel.3.
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Figure 1.3 CIGAR sensor head with red circle indicating ultrasonic dey&les



1.2. ProjectOverview

1.2.1. Background

This PhD project investigatl ways to improve the ultrasonic inspectioh CANDU
pressure tubes through two avenues: simulatiicasonic phased array transducer
technologyto replace the currergensor headF{gure 1.3) which uses multiple single
elementtransducersand exploring signal processing methods to enhance the reliability

of thecurrentindustrial inspection data.

The most commomlefect found in theressure tubes alearing Pad FrettingBPF)
defects resulting from the fublindle vibration during transportation alddbris Fretting
(DF) defects due to theear caused by debris such asedd electrod@r spattef9]. Other
defect types, for example auicecorrosionmarks,erosioncorrosiondefects mechanical
damagdlaws,manufacturinglefects, als producedetrimental effects on the performance

of the pressure tubes

Currently, the ultrasonic sensor head applied for pressure tube inspection is comprised of
6 single element focused transducers, where one of them has a central frequency of 20
MHz andthe others are 10 MHz transdudéifl1][12]. All the transducers are immersed

in heavy water during the operation. As showfigurel.4, the 20 MHz transducer and

one 10 MHz transducer are working on ptesto mode for the tube Inner Diameter (ID)
surface and Outer Diameter (OD) surface inspectayu(el.4 (a) and (d)), respectively.

A pair of 10 MHz shear wave transducers situated in the circumferential dird€itiong

1.4 (b)) are working on full skip pitcleatch mode for defect detection the tube ID and



OD surfaceswhile another shear wave pair scan along the axial dire¢tigarg1.4 (c)).

The 20 MHz transducer is focusiog the tube ID surfac&egulation dictates full tube
inspection of ID and OD surfaces are necessary, while the ID surface is of particular
interest as thiss where defects occuir notably bearing pad fretting and debris

fretting[9][11].

R 20MHz ﬂ k 10MHz
transducer transducers

\/TUbe
Tube \__/

(@) (b)

10MHz R 10MHz
V ?] transducers transducer

Tube Tube

(c) (d)

Figure 1.4 Schematics of ultrasonic inspection of CANDU pressure tubes using CIGAR
Sensor Head (a) ID inspection; (b) circumferential material inspection; (c) axial
material inspection; (d) OD inspection



An Analyst specialises in evaluation of the ultrasonic inspection data and follows this

general process.

1 In terms of the defect depth measurement
o if the measurement result is bigger than 0.1 mm, it will be flagged as
Oreportabl ed.
o if the measured defedepth is greater than 0.15 mm, it should be flagged
as O0dispositionabl ed, which means f
be taken to provide more information for result validgd@i{13].
o when the defect depth exceeds 2 mm (about half of the tube thickness), the
tube will be removed from the reactor.
o the inspection accuracy is described as a measurement error either within
0.04 mm or below 5% of the actual defect depth.
1 With regard to defect width and length
o0 the accuracies are expected to havebarln accuracy on the defect size
or an uncertaintyfob% to 10 %[9].
1 A combiration of all the size information is used to analyse short length and high

depth defects.

One important aspect in this inspection process is the requirement for replicas to be taken
of defects which are difficult to classjiy2][13]. This is time consuming and can become
a significant burden on the operatad downtime of the nuclear reactor associated with an

inspection outage. Hence, the potential to improve defect classification accuracy would



have the additional benefit in a reductisguestdrom an Analyst for the replication

process to be deployed.

1.2.2. Motivation

The pressure tubes are operated in an environment of high temperature, high pressure and
radiation flux that leads to dimensional changes in length and dig#jgtét. One
example idube sag as a result from the weight of the fuel bundle arny lnester. Such
dimensional changes make it difficult for theurrent ultrasonic inspection to be
implemented as designed, which affects the accuracy of the measurement and results in
additionalreplica processs For example, the 20 MHz transducer focustended to

inspect the tube inner surface, but as the device is held rigidly in the sensor head, then any
dimensional deviation in the tube will result in the transducer focus not being on the
desired tube wall surface. The question that frhgsiswill address is whether the
application of signal procesgjtio the data frorsuchpoorly-focused inspection scenarios

could improve the quality of the data presented to an Analyst and hence, improve the

accuracy and repeatability of the defect quantificapimtess.

Considering the high requirements associated with the defect size measurement
specification, an improvement in ultrasonic inspection is strongly desired for both time
and cost savings. For more than ten yealtsasonic phased array technology baen
applied in the nuclear power indusfor reactor components inspectjii][15]. Due to

the composition of an array of small elements, Wiean independently transmit and



receive ultrasonic signalg, is able to electronically steer the sound beam in different
directions and can therefore be a substitute approach mimicking several transducer
configurations. Moreover, this technology hasdieeafoundation of many sophisticated
signal processing algorithifd$][17], which can offer enhanced performance in terms of
defect detection and characterizaf8j[19]. This Thesiswill explore the operational
flexibility offered by a phased array transducer inspection configuration and analyse its
potential to improve the defect/feature detection accuracy for the CANDU pressure tube
inspection scenario. Moreovet also has the potential to overcome the pefotused
problem, resulting from tube dimensional changes, in the current sensor system

implementation.

In terms of researching the application of phased array technology in the pressure tube
inspection, snulation methods offer a convenient approach with minimum expense to
determine potential solutions to improve inspection accur&anerally in a finite
element modelthe number of the wavelenggxceeding 100 will cause accumulated
errorswhich significantly affect themod el 6 s e ®uevtetheghgim ftequency
ultrasound used in this application, propagation path lengths in excde8@vedvelengths

require to be simulated. This can be challenging to combine both high resolution around
the areas of interest (transducer and component) and accommodation these long path

lengths. Hence, a hybrid modelling platform will be developed.

Overall,there is a great potential to employ ultrasonic phased array techrcolmdpyning
advancegostprocessing algorithmis future sensor deployment configurations used in

the pressure tube inspection. However, there is also a need to improve the quality of



acquired field inspection data using the current sensor head. These two topics will now be
addressed in thishesis with the aim to provide high quality information to support the

important role of the Analyst in the inspection cycle.

1.3. Knowledge Contributin

1 A novel method applying SAFT on single element focused transducer to correct the
poorly-focused industrial dathas been developed. The main contributiornhis
concepto use SAFTon the CIGARfocused transducelatasets where tharget area
is locatel a short distance beyond theatural focal point of the transducer.
Importantly, aninvestigation intothe effect offocal lengthvalue on algorithm
performance has demonstrated that using an approfotaidengthvalueleads to a
matched synthetic apgare curvature which improves image focusing with respect
to the originalpoorly-focusedB-scanimage

1 A modification to thewavelet analysisnethodhas been applietb extract defect
depth informatiorfrom the poorlyfocused industrial datd’ he main contribution is
to take advantage of the high frequency component of the filter viaaismot been
usedpreviously since most wavelet analysis applicatidos noise reduction and
characteristic detection are based on the low frequency component

1 A hybrid simulationmethodto model the pressure tube inspection both for single
element transducer and phased array transducer has been devélmpadain

contribution is to combine the FE method and analytical extrapolation to solve the
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dispersiornproblem caused by high frequency transducer and long wave propagation
distancs. This multistage modelling approach provides the platform to investigate
pressure tube inspection scenarios.

1 A new schemdor phased array transducer inspeustiof pressure tubes has been
developedusing thehybrid simulationmethodology The main contribution is to
provideappropriatdmaging algorithns coveringboth ID and OD surfacesn axial
direction as well as circumferential directjasombined with the fulskip TFM for
defect feature detection.

1 A novelanalyticaltime mapcalculationfor the TFM algorithm has been developed
to accommodate wave propagation through thislayer system (heavy water and
pressure tube)

1 Anarray SAFT processing algorithmdsveloped to imprathe inspection accuracy.
The main contribution is toalculate the synthetic aperture area for diffeeeray

inspection configurations.

1.4. Publications

The authorhas presented the research work at three high regarded conferentles and

following have been published in the proceedings of these conferences.

1T H. Zhao, A. Gachagan, G. Cognithetie Aper@re Wa | |
Focusing Techique for Correction of Poorffocused Ultrasonic Pressure Tube

| nspect i @thEuDmdna&Vorkshop on Structural Health Monitoring Series
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2018, p. 12.

1T H. Zhao, A. Gachagan, G. Dobi e, a-nd T.
Focused Ultrasonic Signal of Predddhur e Tu
Annual Review of Progress Quantitative Nondestructive Evaluatj®018, p. 9.

T H. Zhao, J. Dobson, A. Gachagan, T. Lar
model of ultrasonic inspecti ob5Sthdmnuapr es s u

Conference of the British Instituterfdon-Destructive Testing2016, p. 10.

1.5. ThesisStructure

The Thesis is organized over six Chapters.

The ultrasonic NDT theory including phased array technology and a number of signal
processing techniques and simulation metlanelseviewed in Chapter Zhis starts with

the ultrasound fundamentals frotime wave equatiorthroughto signal to noise ratio
definition. Next, e basics of ultrasonic transducers and the testing system are presented
in detail. Followed by an overview athe phased array imaginglgorithms and signal
processing techniguesuch as wavelet analysis and SAk$ed in this Thesid-inally,

finite element analysis and hybrid simulation methods are redew

In Chaptei3, the signal analysis and processing of industrial data is deddio deal with
the poorlyfocused problem during the inspection caused by tube dimensional changes.
SAFT algorithm forapplication withfocused transduceis introduced to improve the

defect width measurement, where the relationship between the léocgh and the
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curvature of synthetic aperture is analyskitkewise, a wavelet analysis method is
introduced to extract the defect depth information from the pdodysed signal by
considering the high frequency componeritoreover, he application ofdifferent

wavelets aralso discussed.

In Chapter4, the hybrid simulation platforms for a single element transducer inspection
and a phased array transducer inspection are both pres@imednethodologyto
decompose @mrgemodel into a combination of FE method and analytical extrapolation
aspectsare explainedThe phased array inspection modah generateMC datg with a
number of configurablgparameterssuch as the number of elemerind transducer
operationalfrequeng. In addition,both hybrid simulation methods aexperimentally

validated.

The analysis othe future inspection scenariassing phased array sensor systems are
presentedn Chapter 5Two array transducemsre utilized toreplacethe current single
element transducemsith five display modes including axial and circumfererdiaéctID

and OD images and axial ftgkip image.The comparison of inspection resuietween

single element transducer and array transducaisaissedin addition an arraySAFT
processing algorithm is demonstrated with the purpose to improve the inspection accuracy
and a full-skip TFM algorithm is presented to identify defect feagurk potential

transducer configuratiomsing phased arrasensorsystemis discussed.

Chapte 6 presers a summary of thkey results in the Thesis andcludes adiscussion

on potential future worlopportunities
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Chapter 2

Review of Ultrasonic Noibestructive

Testing

One of the main techniques in ultrasoNon-DestructiveTesting(NDT), also called
Non-Destructive Evaluation (NDE), is applying ultrasound to perform an inspemtian
test object, which does not result in damage to the ¢BfHctt can alsaneasure other
characteristics of the object, such assidimension or structuréJitrasonicNDT is
widely used in industryand plays an important role in the examination of materials
throughout the component lifecyclepm thematerialstate prior to processirigroughto

in serviceinspection

In this Chaper, the fundamental knowledge of ultrasonic NDT is introdusetduding

the ultrasonic transducer and the testing systemive an overview of how it works for
defect detection. The phased array technology and signal processing techniques are
presentedo show the potential improvement in inspection accuracy. At the end of the

Chapter, the simulation methods of ultrasonic inspection are discussed.
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2.1. Ultrasonic NorDestructive Testing Basics

2.1.1. Ultrasound Fundamentals

Ultrasound is anechanicalvave with paticles vibrated at frequencies of 20 kHz or above,
which can not been heard by hurg@i]. It has been applied broadly stience and
engineering fields as a testing tool for many kinds of materials.SEugondiscusses the

basic principles of ultrasound.

2.1.1.1. Wave Equation

The wave equation is a seceodler partial differential equati@nddescribes the motion
of mechanical waves. Assume thatechanical wavis propagating in an isotropic media
within the elastic |Iimit, the waveaivemgqguat i @

by Equation2.1[22].

0O aw (21

"O 1 Force,& 7 Mass,®i Acceleration.

Firstly, a wave functiot) oo can be described in such a w@guation2.2) to express
the displacement of any particle in a transverse wave. The wave function indicates the
displacement of the particle at a particular posit@and at timed.

Uad 6AT™@ 71 0 (2.2)
whered is the amplitude of the particle movemegis the wavenumber amd is the

angular frequencyigure2.1 displays a graphical representation of the wave propagation.
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Figure 2.1 Graphical representation of wave propagation

The transverse velocitp ofd , can be derived by a partial derivative of the wave

function with respect to.

. cudd o
0 G T — 1 600EQw] o (2.3)

Then, the acceleration of any particle is the partial derivative ofd with respect tax

O add ——— 1 AT Qw1 6 1 U (2.4)
On the other hand, calcuilag the partial derivatives d i with respect tavindicates

the slope of the wave at positiarand at timep.

cudd s o
T—T - QOO EDQw 1 0 (2.5)

The second partial derivative with respeatuiis the curvature of the wave, which is given

by:



0 6D s .
TT—(b QOAT Qo1 o QUG (2.6)
Throughequations2.4 and 2.6 and consideringthe relationship ~ G'Q(whereis the

velocity of the wave propagatign)

T AT S b _| ~
W Gro g 27
: SR ]T 0 0 W ( )

This equation can bewritten as:

T oadd  pl wdd 28)
Tw w To

The Equation2.8 is called the wave equatiaimat describes how a disturbance can

propagate as a wave along an axis with a wave veloctyioik the fundamental equation

for waves propagating in misotropic material

2.1.1.2. Wave Modes of Propagation

There are several modes of propagation associatedneithanical wave For this work,

the longitudinal wave and shear wave are the main waves considered to be relevant to the
pressure tube inspecti@eenam. Longitudinal waves cause the particles of the media to
vibrate parallel to the direction of the wawehereaghe particlemotionassociated with

shear waveis perpendicular to the direction of wave propag4§#idh

The velocities of the longitudinal wave and shear wave can be calculated from the elastic

constats of the mediawhichare given byequation.9 and2.10, respectively.
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op , 7
b . p G (2.9

S

: 7
o -2 (2.10)
C p ”

Where® is the longitudinal wave velocitg) is the shear wave velocit@i s Youngos

modulus 0 & ),” is the density of the materiahd, i s Poi ssonds rati o.

2.1.1.3. Transmission and Reflection

When an ultrasonic wave is perpendicularly incident on a boundary between two different
media (frommedium1 tomedium2), some ultrasonic energy is transmitted miglium

2 and some is reflected directly backn@dium1[23]. The percentage of the energy
transmitted and reflected is dependent on the acoustic impedandeich is defined by

Equation2.11, associated witeach medium.

AR (2.12)

where” is the density of the material adglis thelongitudinalvelocity of the wave.

The transmission coefficientY  defines thewave pressurgvhich passeshtough the

interface and continues to propagate in medium Zandbe written aBquation2.12[24].

o)

Y —
W W

(2.12)

The reflection coefficientY  is the proportion of incidenpressurewvhich is reflected

back into medium 1 at the interface
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Y (2.13)

where®w andw are acoustic impedancesnrediuml andmedium?2 respectiely.

2.1.1.4. Snell 6s Law

When an ultrasonic wave is incident with an angle to a surface between two different
media, it can produce both refracted and reflected longitudinal and sheaf28avEsis

is following Fresnel equations that describéh e | i g h t dddransnaskidnevben i on a
the light inciderd on an interface between two mda@i]. A rule descriling the

relationship between the angle bétrefraction and th@aveincidenceangleis known as

Snell 6s | aw, which i s tlhestatesvtte dptidalrpathendileof mat 6
a light ray passing from point A to B is the length of the shortest optical path between the
same poif26l. However, Snell 6s | aw is vabnythef or ai
minimum time of flight.Figure 2.2 illustrates the refraction and reflection phenomenon

when gpropagatingvave is incident at the interface betweeediuml (liquid) tomedium

2 (solid). The fllowing relationship relatoS nel | 6s | aw,

OHT OKEIT OFEI
A A A (2.19)

where), andr are the incident angle, the refracted angle of the longitudinal wave and
the refracted angle of the shear wave respectivelyis the velocity of the incident
longitudinal wave (in the liquid medium) aad andA are the velocities associated

with the refracted longitudinal and shear waves in the solid medium.
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Figure 2.2 lllustration of wave tansmissionreflectionand refraction for an angled

incident wave at the boundary between liquid and solid media

In the situation depicted iRigure 2.2, the critical angle indicates that the incident angle

leads to a refracted angle which is 90 degrees, i.e. that particular refracted wave does not
propagate within the solid medium itself. Regarding the situatidigure?2.2, there are

two critical angles associated with the longitudinal and shear refracted Wéles.the

incident angle increases to the first critical angjie, refracted longitudinal wave will

converted to an interface wd2d]. Further increase to the incident angle will rettod

second critical angle and at this point there will be no propagating waves within the solid
medium.The incident wave will be either reflected or propagated as interface Wase.
critical angl e can be cal cEguatant2.@ddwittofyorSnel | 6

I equal to 98
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In addition,in terms othetransmission and reflection coefficients with an angle incidence,

the reflection coefficient is present in Equatih5[27].

v p 6&f O&l Al @ WAITO 215
o o OF Ok RO :
with the abbreviation
5 2 oui okf AT g QATO (216
0 o Eg & Q o AT10 .

and the transmission coeffants for longitudinal wave and shear wave are described in

Equation2.17 and2.18 respectively.

ATcO (2.17)

C ® ..
Y — — O 2.18
\ o &g (2.19)

where® andw are the acoustic impedances of liquid and solid respectively.

2.1.1.5. Ultrasonic Attenuation

Ultrasound propagates in a mediwmth an intensity which is reduced due to the effect of
scattering and absorptif28]. Scattering isaused by the sudden change of the impedance
atinternalboundariessinceany materials not ideally homogeneous insided manyare
heterogeneousWVhen the wavelength of ultrasound is smaller tlarsimilar tothe

materialgrain size, the wawamay split intovarioustransmitted and reflected watygpes
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and theprocess will repeat at the next grain boundarlyile a lager wavelength brings
about wave transmission with deviated roUteerefore, the original waves are gradually
converted into hef7]. In terms of he absorptionit is a direct conversion of sound
energy into heawhichis mainlydue tothe oscillations of thenaterialparticlesthat relates

to the ultrasonic frequency of the propagating Wavg.
The ultrasonic attenuation is describedEguation2.1923].

‘© 0Q (2.19
where"0s the wave intensity at a distance from an initial intensityOand‘ is the

attenuation coefficient.

2.1.1.6. Signal to Noise Ratio

Signal toNoiseRatio (SNR) is used to compare the level of the received signal intensity
with respect tdhe levelof background noise. In the ultrasonic field, SNR is dependent on
the frequency of the transduf&8]. Whenhigher frequenies areutilized in an inspection,

the energy density can be focused on a smaller pwioethey allowthe generation od
tighter focal spot sizeThis leads to an incaseof SNRin an idealised scenario ignoring
the effects of attenuation and/or scatterldgwever higher frequencies result in stronger
scatteringand oscillationdue to shorter wavelengtind fast vibrationwhich results in

biggersignalattenuation.

SNR isoften expressed using the logarithmic decibel scale due to many signals having a

wide dynamic rand@3][28]. Equation2.20 describes SNR by utilizing signal intensity.
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§O)
YOY pm € QO— (2.20
O T the intensity of the signalO T the intensity of the noise.

Because the acoustic intensity (or power) is proportionaDte CA IAB 1 E OWha

comparing thecorrespondingamplitudes, 0 and 0 , Equation 2.20 can be
written as:

YOY ¢cm € 'QO— (2.22)
2.1.2. TraditionalUItrasonic Transducers

2.1.2.1. Piezoelectricsffect

The piezoelectric effect wadbservedy Jacques Curie and Pierre Curie in 128(. It is

a property of piezoelectric materialdated tovhen tre material is subjected to external
pressure, an electric charge is generated on the surfaces of the material. The converse of
the energy conversion isalled inverse piezoelectric effect. This characteristic of
conversion between pressure and electriagghad domains is the foundation of

piezoelectriaultrasonic transducers.

Figure2.3 (a) and (b) graphically present the piezoelectric effect and mypsegoelectric
effect respectivel{80]. When an external pressure is applied to a piezoelectric material,

electricity is produced. Conversely, applying agcticl signal to a piezoelectric material
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can lead to the generation of pressure. Importantly, the materialwhiapbange due to

the influence of Poi ssonds ratio.

V +ve

ol

.

V-ve

-

(a) (b)

Figure 2.3 Graphical representation of the piezoelectric effect with P indicates the
poling direction(a) Direct piezoelectric effect; (b) Inverse piezoelectric ef@}t

2.1.2.2. Piezoelectric Materials

Currently, piezoceramiis typically used ashe piezoelectric materiakithin a transducer
structur¢30]. The archetypal material is Lead Zirconate Titanate (PZT), which is applied
in many forms. They can be divided into two groypeszoelectricallynard and soft types.

For example, PZ# is hard and PZbH is soft

1 the piezoelecic coefficients and permittivity of PZ% is lower than that of PZT

5H;
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1 PZT-4 is more suitable for the situation that high average output ultrasound
intensities are necessary;
1 PZT-5is better for providing higher sensitivity as a transmitter and forcgtiains

using the device as both a transmitter and a receiver.

A modified form of the piezoelectric family, namediazmelectric ceramicompositeor
piezocompositegan beused to solve the mismatch problem of the acoustic impedance
between piezoceramic and low acoustic impedance test ¢Bf¥ctsTypically,
piezoceramic elemestare encapsulated withinpmlymer matrix to produce an active
piezoelectric material with modified properties compared to the original piezoceramic
material There are three main types of dimensional connectivity which &é8e 1
piezacomposite, 2 piezaomposite and €8 piezacompositg(Figure2.4). Generally, m

n piezacomposite defines the dimensional connectivity of the piezoelectric ceramic (m

bluein Figurg and polymeKn, greyin Figure phases

(a) 1-3 piezocomposite (b) 22 piezocomposite  (c) 0-3 piezocomposite

Figure 2.4 Piezocomposite material structufas]

2.1.2.3. Piezoelectric Transducers
In a piezoelectric ultrasonic transducer, there are two electrodes on the opposite faces of
the piezoelectric material. When apply an electric fiedd the electrodeon the
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piezoelectric material, the polarised molecules of the matdigad with the direction of
the field. The alignment will lead to a deformation of the piezoelectric matéfitiis
electric field is time varying therthe material vibrates and mechanical energy,

propagating ultrasound wavese generatg¢dl].

The typical structure of a conventionalrakonic transducer is shown kigure 2.5. It
primarily consists of a piezoelectric material, a backing material anatehing omwear
laye{23][28]. The backing material is used to dampen the vibratiantivity at the rear

face of the transducer.deally, t should have similar acoustic impedance with the
piezoelectric material to aib reflectiors of the ultrasonic energyat the
transducer/backing material interfamedhavea property of high absorptiosith respect

to the frequency othe generatediltrasonic waves. The wear plate is utilized to protect

the piezoelectric materialdm mechanical degradaticend can alsopromote efficient
transfer of energy between the piezoelectric element and the load medium. This wear layer
is also known as a matching layer and usually has a thickness of a quarter of wavelength.
As an approximationth e wavel engt h «adn be determined fraitees o u n d

thickness of the piezoelectric material, which is given by

1 ¢4 (2.22)

where4 is the thickness of the piezoelectric material.

In addition, theelectrical connector conectsthe externalcable and thepiezoelectric
material A case houses the whole transducer. The electrical leddpiezoelectric

material through internal wire interconnects pyovide connectio to external
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instrumentation. For many industrial applicationspratective workface prevents the

transducer from damage.

-

7.

[ |

Figure 2.5 The structure of a conventionaldustrial ultrasonic transdaer{23]

2.1.2.4. Transducer Performance

UltrasoundField Characteristic

The ultrasonic waves transmitted from a transducer arg/pictlly from a pointsource

For most applicationshey originate from the surface drge aperturgiezoelectric
elementswith respect to the ultrasonic wavelengkccordngd Huygens 6 prin
which states that every point on a wdk@nt may be considereasa source of secondary

spherical wavelefg2], the ultrasonic field can be thought as a superposition of the wave

front. Effectively, there are two components generated by a regular plate or disc shaped
piezoelectric element: a plane wave emitted from the surface of the material; and edge
waves from the extremities of the element. These then interfere in the load medium a

create areas of constructive and destructive interference close to the transducer. The

generated ultrasonic fielchn be divided intmear field and far fieldegions In the near
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field, the interference is sevemnd it thereforecan bedifficult to obtain reliable
information on the loadharacterigcs. While in the far field, the ultrasonic energy decays
steadily with increasing propagation pathglence, under ideal circumstances, the
ultrasonic system would be configured to opematthis region.The lengthof the near
field 0 is given byEquation2.23[23].

O
==Y (2.23)
whereO is the diameter of the transduckis the wavelength of the ultrasound.

Figure2.6 illustrates the near/far field concept through an examiplasonic field along
thetransducer centralxis This gaph has beegeneratedisinga 1 MHz transducer with

a diameter of 15mm and watas the load medium.

Mrield

Amplitude

_1 1 1 1 1 1 1 1
0 20 40 G0 g0 100 120 140 160 B0 200

Distance [mm]

Figure 2.6 Ultrasonic field along the axis for a I8m diameter transducer, operating at
1 MHz in water

BeamDivergence
The energy of the waves does not only transmit directly in the direction of wave

propagationbut will alsospread ito other anglesBeam divergence is a measure a$th
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angular spread and igsed to indicate the relative intensity distribution of the ultrasonic
beam in the far fiel@4]. The half angle of the beadivergencé¢ is defined using the
following description Constructa cylinderwith the same diameter as the transduaed
extend the cylinder from the transdudi@rough the ultrasonic field. Where this cylinder
intersects with the near field distanée , is used to determine . Takea2-D case for
example,as shownin Figure 2.7, the angle between the intersection beam and the

centreline of the transder is the half angle of the beam divergence.

Transducer

Figure 2.7 lllustration of ultrasonic beam divergence

The half angle of the beam divergencecan be calculated yquation2.24.

P& _

OEl —5= (2.24)

SideLobes

In the ultrasonic field, there exists a main lobe amidimbeiof unwanted side lobes. The
main lobe is the beam on the primary path, wiichtainsthe main ultrasonic energy.
Other unwanted radiations in undesired directiongaltedside lobes. The energy of the

side lobes is normally much less than that of tlaértobe.
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Increasing thavavefrequencyQor the size of th@iezoelectricelementQwill augment

the numbenf side lobeR4]. Figure2.8 shows the increased side lobes with the augment

of ‘QI_ ratio, where the ultrasound field in water is generated by a 1 MHz transdeer

main lobe can be seen in each of these images emanating directly from the top and centred

around 0 on the-axis. Directional energy outside of the main lobe can be considered side

lobe activity.In order to decreaseseunwanted side lobes, it is cessary to decrease

the frequencyCof the transducer as well as the size of the elenfents

distance[mm]

Ultrasonic field with various d/A ratio

0 0
5 5
10 10
15 15
20 20
20 -10 0 10 20 20 -10 0 10 20

d/A=0.5 . d/x=1
Side lobes
0 0 .
5 5
10 10
15 15
20 20
-20 -10 0 10 20 -20 -10 0 10 20
d/A=2 d/A=3

x-coordinate[mm]

Figure 2.8 Ultrasonic fieldpredictionswith variousd /raio. The transducer is centred

aroundO on the xaxis and located at the top of each image.
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2.1.3. Ultrasonic Testing System

2.1.3.1. Basic Structure

A standardultrasonic testing system consists of a user interface, a display, & pulse

receiver an ultrasonic transducer, a motion controller and a scaneamn(ition parts are

applied in an automatic ultrasonic NIBsystem) as depicted irFigure 2.9. The user

interface is a link between the operator and the testing system. Operators can use it to

control the testing process. The display shows the ultrasonic echo signal indicating the

internal structure of the tesspecimen The pulsereceiver and the motion

controlle/scannerare utilized to control thgenerationof the ultrasoundcenergyand

control its delivery into the tespecimerand subsequent acquisition of ultrasonic echoes

Display

Test Specimen

User Interface

A

A

4

Ll

i
PulserReceiver : Motion Controller
v |
. | \ 4
Ultrasonic >
< Scanner
Transducer |
e o e — o —_— |

Figure 2.9 Basic components of an ultrasonic testing system

2.1.3.2. Testing Configurations

Pulseecho and pitcltatch modes arthe two main testing configurations in ultrasonic

NDT.
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In pulseecho mode, a transducer transmits ultrasonic waves which travel through a test
specimeruntil they interact with éeatureor the boundary of thepecime{B82]. The waves

are reflected and scattered bych features and these echo waves asebsequently

received by theametransduceras shown ifrigure2.10(a). Consequently, the size and

location of thefeature, which is typically a defeete related to the amplitude of the echo

signal and the time when the signal arrives attthesducer, now working asreceiver.
Theadvantage of the pulscho techniques its ability todeterminedefect®¥ posi t i on &
heightfrom a oneside inspectiof33]. However, there is a disadvantaget tihdnas low
sensitivityfor defects near the surface of tgecimerin contacttesing, called the dead

zone,due to the coupling between the transducer andgplkeimenand the transducer

ring-down time

In a pitchcatch mode, one transducer (alsoezhliransmitter) is utilized for transmitting
ultrasonic waves into the tespecimenand the echo signals are received bseaond
transducer (also called receivef)gure2.10 (b) presents an example of the pHcdich
inspection, where an angle wedgéyisically used with each transducer to use refraction
at the wedge/solid interface to generate or receive teftagaves after interaction with
features in the samg]. In this case, the time delay before receiving an echo from a
defect will be longer duto the increased propagation path between the two transducers
and in many cases, the generation of shear waves in the s@hiplis. only one example

of a pitchcatch inspection mode antet pair of transducers can be placed in many
different positions, wch as on the opposite side of the ggscimerto facilitate through

thickness scanning3].
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Figure 2.10 Common ultrasonic testing configuratiof@ pulseecho (b) pitckcatch

2.1.3.3. Scan Views
The ultrasonic signals can be presented in different display modes. $edthiisn A-scan,

B-scan, Gscan and Bscan display modes will be introduced.

A-scan mode presents thaw received ultrasonic energy as a function of time of flight.
Figure2.10 contains two examples of angkan on the right hand side of each imadpe T

verticalaxis indicate the time of the propagation of ultrasonic waves. The relative amount
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of the received energy (generally the amplitude of the quantized received voltage is used)
areplotted along théorizontalaxis. The distancbetween thelefectand the transducer
can be calculated by using the time of flight #ameknowledge of theiltrasoundvelocity

in thesample under investigation

All of the B-scan, Cscan and Bscan display modes arel® views, effectively using
multiple, raw Ascan ultrasonic signals in different ways, as illustratddgaore2.11[35].

The red axis (Ultrasamd) indicates the time associated with ultrasound propagation, the
green axis (Index axis) and the blue axis (Scan axis) correspond to the raster scan pattern

moving the transducer over the sample surface.

In terms of a Bscan mode, the ultrasonic datadisplayed as a side view of the test
specimenThe horizontal axis is the index axis and the vertical axis is the ultrasonic path
or timg35]. The amplitude of the received signal is presented by colour code of the image
while the defect isndicatedby red colour in the FigureSubstantially, a Bcan is a
collection of several Acan gjnals. The size of a defect can be measured irseaB

image by extracting high amplitude signals.

Fora Gscan mode, the ultrasonic data is displayed as a top view of tepeeshenOne
of the axes isndexaxis (same as the horizontal axis eé&ar) and the other axis is the
scanaxis. The colour code of the image presents the maximum amplitude Afsiten

signal received at each position.

Regardinga D-scan modemage the ultrasonic data is displayed as an end view of the

testspecimenlt is smilar to B-scan that the vertical axis is the ultrasonic path or time but
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it uses thescanaxis as the horizontal axis of the image. The amplitude of the received

signal is presented in the same way as tised image.

Gscan(Top view
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Figure 2.11 Scan viewsor B-scan, Cscan and Bscan illustrations for an ultrasonically
inspected samp]85]

2.2. Phased Array @chnology

Phased array technology was first used in radar and sonar fields. From 1980s, it started to

be utilized in industrial ND[35].
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2.2.1. Principles

An ultrasonighased array transducer has a numbard¥idual piezoelectrielements

with commonly used number of elemefdsNDT applications ranging betwe8rto 128.

A typical 1-D linear array structure is shown kigure 2.12, whereQis the width of an
individual elementOis the element heighiQis the spacing between active elements,

is the pitch (centro-centre distance between the successive elementsp adhe
aperture of the phased array transducer. Each elemebé@mntrolled independently to
transmit and receivan ultrasonic signal. All the ultrasourghergygenerated by these
elements can be steered and focused by setting relative transmission and recegtion time
known as a delay |847][28]. Then,the wavefront is specifically defined due to
interference phenomenon in the ultrasonic field. When an ultrasonic array transducer is
fixed in a single position, it can scamer different depths and angles of a sample using
this electronic beam steerirgpproachFigure2.13 demonstrates the normal and angular

incidences of a focused brdrom a phased array transdugeneratedby different delay

D
! )
A
D '
v_
P

— g

laws.

—>

Figure 2.12 A typical 2D linear array structur35]
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Figure 2.13 Beam focusing principle for (a) normal and é)gula incidencef35]

The transducer can be expanded into a second dimension to creatalvanieed array
configurations, including-® matrix array, cross array and circular aft®§[35][36]. All
thesetransducers provide additiongberational flexibilitycompared to -D linear array

but simultan®uslyrequire more complex imaging methodology and significantly greater

data processing time.

Comparing to conventional ultrasonic transducers, a special case of side lobes exists in
the ultrasound generated by phased array transducers whelerient pich is greater

than a half wavelengfBl]. These special side lobes are called as grating lobes. Its
production is due t@ spatial aliasing effectvhich causes some side loldesbecone

much larger in amplitudd5]. Importantly, the amplitude of these grating lobes c

approach the level of the main lobe.
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2.2.2. Phased Array Imaging

2.2.2.1. Imaging Technique

Therearemany types of widely usgohased array imaging techniguibat are illustrated

in Figure 2.14[18]. When all the array elements are triggered at the dan& the
transmitted waves take a shape of a plane wave, which has thepsdimrmance as a
single element transducer scanning on a straight line. Importantly, in thiseeabe,
receiverelement individually acquires the returning echoes and provides additional spatial
resolution compared to a single element transducer. i badled a plane Bcan Figure

2.14 (a)). The focused Bcan Figure2.14 (b)) applies delay law to make the transmitted
waves focus at a specific depth that works similar to a focused single element transducer,
but has an advantage of focusingesireddeptts. In terms of a single element transducer,
the ultrasound energydases on a plane with a circular shape, while it focuses on a plane
with an oval shape for a linear phased atragsducerThe major axis of the ovébcal
regionis along theransducewidth direction and the minor axis is along th@nsducer
elevation direction.A sector Bscan Figure2.14(c)) is steering a range ahgular beams
through the test object, where each angular beam generates a scan line in th€hmage
Total Focusing MethodTFM) (Figure2.14 (d)) focuses the beam at every point of the

image and is implemented through ppetcessing.
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Figure 2.14 Phased array imaging techniques.

(a) plane Bscan; (b) focused-Bcan; (c) sectoB-scan and (d) fully focused THL8]

To generate a TFM imagen acquisition ofFull Matrix Capture FMC) data is required

by triggering the first elemerof an arraytransduceito emit ultrasound into the load
medium receiving the echsignalsby all the elements and then triggering the second
element to repeat the process until all the elements have been triggered. TFM uses the
echo data focusing at eyepointin a Region of Interest (ROMo aggregatehe effect

from all the elemenf48]. The intensity of the arbitrary pixe(x,y), in the imagen Figure

2.15(a)is given by:
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n y D5 O U Qs 9 Ua
o au Er & X %~ (2.25
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wherel is the number of the elements of the atrapsducerd @neans transmitteg, @
means receiveE;, O is the wave propagation function atés the wave velocity in

the test objectere, the array transducer is assumed to be situated at coowdinate

TX RX__ Array
(xy)
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Figure 2.15 TFM modalities (a) direct TFM; (b) halkip TFM;(c) fultskip TFM

2.2.2.2. Multi-Mode TFM

Direct TFM, as illustrated ifrigure 2.15 (a), directly uses the beam path towards and
away from the ROI and produces good image for defect detection of vertical
discantinuities. For defects situated at an angle, nmtide TFM using either ha#fkip
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or full-skip approaches can be used to enhance information on the feature of

interesf37][38][39].

Figure2.15 (b) presents the haskip TFM approach that calculates the transmitted wave
throwgh a reflection from the back walhd then the received wave is the direct path from
the ROI. Considering the geometric symmaifythe image pixel to the back wathe

intensity of the pixel for the halkip TFM is:

N y D4 Qe Ue @y @ Ug
0 @ Er & 5 %~ (2.26)
o o

whered =@ Uscz Q U Qs the thickness of the test sample.

Full-skip TFM is presented iRigure2.15 (c) and receives both transmitted and received
waves through a reflection from the back wall. The intensity of the image pixel for the

full-skip TFM can be described by:

@y @ Ue O Q= Uy
& (227

p!

o o
The direct TFM, halskip TFM and fuliskip TFM imaging algorithms can be utilized
separately to detect different defect types. 43&lp TFM and fullskip TFM demonstrate
good performance to improve surfdmeking craks measuremei®8] and defect
characterizatioj39]. An improvement of mulifaceted defectletection is able to be

achieved through a combination of all of the three TFM imaging algorid@hs
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2.3. SignalProcessing Techniques

In the lasthreedecades, digital signal processing hiayed a significant role in NOJ#1]

and it has been aimed at the localization, sizing and clagsificof the defects. Now
sophisticatedsignal processing algorithms are broadly used inTN8uch asFourier
Transform (FT) and Short Time Fourier Transform (STFT), wavelet anagdiSAFT
(Synthetic Aperture Focusing Techniqug).and STFT transform ¢httime domain signal

into frequency domain to analyse the signal by spectral characteristics. STFT and wavelet
analysis provide timérequency analysis to the signaBAFT is commonly used to
enhanceSNR ofanimage and improve the sizing accuracy ofdbéectsin this Section

application ofthese algorithman NDT will be reviewed.

2.3.1. FTand STFT

TheFourier Transform (FT) is a mathemaitioperation to represent the signal in the form

of its frequency spectrum. In the frequency domain, the frequencparents of the

signal can be observed and analysed for feature extraction and filtering processing. Only
considering the simplest time varying signal, as givenHuoyation 2.28, its FT

representationan be expressed Bguation2.2942].
Q0 0 AT1006 (2.28)
] Q0 Q Qo (2.29)

whereo is the amplitude of thsignal and is the angular frequency.
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An inverseFT is the opposite operation that transforms signal from frequency domain into

time domain, which is given byquation2.30.

Q0 - 1 Q Q) (2.30)

This pair of operations providéise foundationfor analysis and processing of ultrasonic

signals.

Compared to FT, the Short Tink®urier Transform (STFT) is more commonly utilized

for nonstationary signal analy$#3]. For example, there is ten minute$ music
including guitar at the beginning and piano at the end. By applying FT to the whole music
signal, we know guitar and piano are playing but do not know when they are playing.
STFT can segment the whadignal into small time pieces and execute FT to every
segmento acquire the individual frequency spectra. Therefore, the guitar and piano sound

can be time localized.

The segmentation of a signal can be achieved by multiplyiagoriginal signaby a
window function. Equatior2.28 can be segmented by a window functi@t , as

described byequation2.31[43].
QO Q0 Qo f (2.30)
"Qoh "Q¢ d¢ Qi
where™Q 0

mh "QE QOB L A €T

Then, the STFT is the FT of the segment signal which is\diwye
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] QoQ Qo (2.32)

and the inverse STFT is

N6 — 1 Q Q (2.39)

Figure2.16 (a) demonstrates an example of a 1000 points time domain signal with 2 MHz
and 4 MHz componentscated indifferent time regiongrigure2.16 (b) shows its Fourier
transform andrigure2.16(c) and (d) show the short time Fourier transform using different
window lengths of 32 and 128 respectively.

STFT brings about the ability of tirfeequency analysis but has limitations doethe
uncertainty principlgt3][44]. The uncertainty principle of signal analysis, as stated by
Skol ni k, was t h ayields@widerspectruro and awedg veaf/etomnjields

a narrow spectrum and both the time waveform and frequency spectrum cannot be made
arbitrarily s 48]l This can bewbsénsed Egure 216 (c)dand (d)

when a shorter window length is appli¢itere is a wider spectrum acehverséy a longer

window leads to a narrower spectrum.
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Figure 2.16 Time and frequency domain signal representations (a) Time domain signal
T 2 MHz and 4 MHz; (b) FT; STFT using window length (c) 32 and (d) 128
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2.3.2. Wavelet Analysis

Wavelet analysis has been widely used in ultrasbiidd for SNR enhancemdud6],
weak defect signals extractid] and flaw signal classificati¢48]. This approach has
demonstrated excellent improvement in identifying target signals by extracting signal

features in the figuency domain, whilst maintaining the temporal information.

The wavelet transform is an analysis method to segment data into different frequency
ranges and investigate each frequency component using the corresponding time
information. The operation involggwo variable$ frequency and time, which offers an
efficient tool for timefrequency localizatiod9]. The primary difference between the
wavelet transform and STFT is that the former has an adaptive frequesadytion as
opposed to the uniform resolution associated with the [Bf§51]. A description of the

wavelet transform of a given functi®Qo canbe expressed by

g P e i~ s
0wYw hw —_— Qo0 J Qo0
R (2.34)
where the functions are called wavelets,
o p i
L (2.35)

andthe functiorm i is called mother waveleValues® and® are the scale and
shift parameters respectively. Heiie,is assumd that the mother wavelet

satisfies the condition
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[ 0QO0 T (2.36)

When the parameteéb changes, the wavelets cover different frequency ranges and
parameterd brings about movement of the wavelatsoss the frequency domaiy
applying different parameters, the product of the wavelet transform is the coefficients for
different frequency ranges. Thus, a signal is decomposed into approximationsagd
details O ) on different levels according to frequendy. indicates the low frequency
componentwhile O indicates the high frequency component. The decomposed signal

“Y into level¢ can be expressed by

Y b (o) (2.37)
where’(s an integer.

In ultrasonic NDT, many researchers have applilelwavelet transform to improve
inspection results. Song and Que apptieelwavelet transform as a bapass filter to
reduce noise within the ultrasonic inspection sigt! The interesting thing is they used

an optimal scale of a daughter wavelet to match the central frequency of the ultrasonic
signal, which removed white noise to improve SNR. The optimal scale wavelet transform
method is also proposed to identdywveak déect echo fromwithin noisy signalpt7].

Wang proposed a classification method based on the wavelet transform that is used for
ultrasonic inspeabin of carbon fibre reinforced polynjé8]. Different features relating

to delamination, debonding and void regions in the test sample can be extracted by using

Daubechiesvavelet and then be classified thgbufurther processing. Siqueira et al.
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applied the wavelet analysis method to analyse ultrasonic guided wave signals used in
low-carbon steepipe inspectiofb2]. After employing theDaubechie 3vavelet to filter

the noise signal, the guided waves are able to travel long distances with an acceptable
SNR. An adaptive Morlet wavelet filter was demonstrated by Chen et al. to enhance t
reflected echo from a crack tip in an ultrasofime of Flight Diffraction TOFD)
inspectiof53]. White et al. proposed a clostm analytical solution to parameterize the
wavelet transformed ultrasonic signals and subsequently, implemented statistical analysis
method to evaluate the inspection data, which showed potential for defect

classificatiofi54].

2.3.3. SAFT

SAFT was first applied in the radar field and it has been perfofareaer 30 years in
ultrasonic NOI to improve the detected performanpetermsof horizontal resolution
defectsizingand alscSSNR55][56]. It does not only exist in pulse echodpitch-catch

techniqus, but also can be combinedth the phased array technigu®][57].

The SAFT theory is based on the standard delay and sum approach. Here, a single element
transducer working inglseechomode is used as an example. As showhigure2.17,

the transducer moves horizontally to colleecs@an signals. The echo signals from the
discontinuity in the test object are situated at different time saoigie A-scan signals

due to the differenpropagationdistances betweerthe transducerposition and the

discontinuity. All the information can be superimposed as descrildeguation2.38:
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(2.39)

where”Y 0 is the summed echo signal, 0 is the returned signal fronthe
transducer at positiotando is the time delay for transducer at positiGelative to

central position

A-scans
T = =
o T = = %&‘\\ Echo from
EZ discontinuity
FA

Transducer
Ultrasound
/’ beam
()]

JaN Discontinuity

Figure 2.17 lllustration of SAFT theory

SAFT has been researched in anisotropic and strongly attenuating material. Spies analysed
the methods for modelling of ultrasonic Nn anisotropic medighat wassimulated by

a Gaussian beam and a point source superposition tecfsdfjuéager and Spies did
experiments on carbefiber reinforced composites containing Sidelled Holes(SDH)

and FlatBottom HoleqFBH) to validate the algorithfB9]. In addition Spies and Rieder

used SAFT ima studyof the Probability of DetectioPOD) n a strongly attenuating

material60].
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Furthermoreresearch on SAFT has been implemented using data collected from phased
array transducers because the small simaodifitransducer elemebtings about the wide
beam widthto provide more information for focusing within the synthetic aperture
Boehm et B modelled phased array inspection with differ@mgles of incidence to collect

data for SAFT analydi$9] and providedexperimeral validation. They concluded that
compared to SAFT using a small conventional transducer, the advantage was garch lar

SNR, while the disadvantage was the increased amount of raw data.

Researchers also made comparisons between SAFT, TFM and TOFD. Holmes et al. used
a typical synthetic aperture sonar appro&déngeDoppler algorithmto process pulse

echo data which edd reduce the imaging time compared to TBL. Compared with

TOFD, SAFT is better in the capabilities of detection and sizimgtd its superior spatial

resolutiof62].

The applications i n concr evadages malprasanici o n
imaging processirf§3]. In addition, SAFT in the frequency domain is investigated
including the main aspects of Phase Shift MigratipSM) algorithrf64][65] an d -k ¥

algorithn{66][67].

In the recent years, SAFT algorithm with a virtual source has been researched by many
scholarswith a concept to take advantagelod transduceiocal point either for focused

transducer or phased array transducer working with a focused delay law. Frazier and

p

C

O6Brien proposed a virtual source syntheti

to test wire and cyst objects with different weightfngctiong68]. They proved that the
method could achieve a better resolution and the image SNR could be increased with the
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test object 3, 5 and 7 mm beyond the focal point. Another weightingtheths presented

by Li et al. for virtual source SAFT, which considered the ultrasound energy in frequency
domairj69]. Scharrer et al. showed a new method for data acquisition vehictilel
executing a angularscan at each position emsurethe transducewasfocused at the
surface of the test obj¢€0]. The SAFT processing of the acquired dd¢aonstrated
good performance tdentify the inner structural edges. The applicatioawftual source
SAFT for phased array transduassnfigurationswas introduced by Bae and Jepy.

They utilized the virtualaurce for both forward and back directions and showed the result
of SAFT algorithm for medical uglatimproved the image SNR and penetration depth
but had limitation for moving object&urthermore, a virtual source SAFT methodhia
frequency domain wa presented by Wu et al. for improving tlmage lateral

resolutior72].

2.4. Simulation of Ultrasonic Inspection

The simulation of ultrasonic systems has been the subjextedrch by scholars for many
decad€elg3][74]. Techniques have evolved from analytical solutionsdmputerbased
softwareto analyse the behaviour of ultrasonic waves propagating in one or more media
and interacting with a discontinuity, if it exists. Walvances itomputing effciency,
simulation is a significantly faster process nowadays and therefore can bring about

benefits of time and cost savings when researching a new technique or application.
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2.4.1. Finite Element Method

Finite Element (FE) methods have bestensivelyused fo the analysis of ultrasonic
NDT[75][76][77][78][79][80]. Some FE analysis toolsrqvide efficient solution of
ultrasound relevant problems such as PZFI@rScale Inc, Cupertino, Qi 1][72],
COMSOL (Comsol Inc., Burlington, MAJ3][74], Abaqus(Abaqusinc., Waltham,
MA)[83], POGO (Imperial College LondonLondon, UK]80] and ANSYS (ANSYS,
Inc., CanonsburglUSA)[84][85][86], as well as FE modules used in CIVA (Extende,
Massy FR[87]. In thisSection, the basic concept of FE metblod)y and the advantages

of this appoachareintroduced

The Finite Element method is a numerical solution of the mathematic equations to
physical problems. The basic concept is dividing the whole domain into numerous
subdomains (called finite element), solving the algebraic equatioeach subdomain,
providing relations among the solution at selected points (called nodes) and finally
assembling all the parts into the whole dorf&8i{{89]. The main process can be

summarised ifrigure2.18.
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Divide the whole into finite

elements
I
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Seek a solution for each Derive relations among nodk:
element values of each element

| |
v

Assemble all elements to
whole model

v

(Solution to whole moda

Figure 2.18 Fundamental process of FE method

Firstly, the whole modek represented as many finite elements. This operation is called
discretization of the domain. Secondly, for each element, an approximation of the solution
to elemenequations is calculated for a linear combination of the nodal values. Finally, all
the element equations and solutions are assembled together as a solution of the whole
model. Smaller finite elements can produce higher accuracy, but will result in a longer

simulation time.
There are many advantagediué FE method for engineering applicati{8g):

i itis easy to model complex shapes
1 the model can be composed of different materials

9 various finite element sizes can be ysed
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1 different boundary conditionsan be definefbr different applications

1 modelconfiguration modifications aneery simple

When themeshsize of the modebecomes smaller, the FE model sizereaseswhich

will lead to a norconvergency of the model due to numerical dispersion §jf91].
While a bigger element size also increases simulation error since fewer degails
provided for modellingThere is a tradeff between the simulatioarror and mesh size.

An illustration of therelatiorship between element size and simulation error in FE model
is shownin Figure2.19. Considering the gh frequency simulation requirements in this
Thesis, 3D simulation would lead to extra computational burden and convergence
problens due to small mesh size. Therefore, only 2D simulations were perfohmie:

next Section, hybrid simulation methaasplied in ultrasonic NDT are reviewed.

Simulation
error
A
>
0 .
Mesh size

Figure 2.19 Relationship betweemeshsize and simulation error in FE model

54



2.4.2. Hybrid Simulation

Hybrid simulation methods have begeveloped and used for ultrasonic NDT inspection

scenarios to solve simulation problewhere a single model cannot be used reliably.

Zhang et at. described a hybrid approach to predict the scattering coefficient matrices of
defect$37]. A combination of thé-E package Abaqus atfteKirchhoff model were used

to simulate the interactions between the wave and the defect, vathbased approach

used to model the wave propagation region. This method was able to simulate longitudinal
waves, shear waves and wave mode conversion effects. A generic hybrid model for
analysing the ultrasonic wave propagation in bulk electrodynamicsntvasluced by
Rajagopal et d92]. An interface between two FE mod#dmains (modedid inAbaqus)

was applied through the use of a generic wave propagator. The usefulness of this method
was demonstrated in its application to an ultrasonic wave propagation and scattering
problem. Han et al. presented modelling work of pipe inspection by ngjlezihybrid 2

D acoustic transfer function (ATF) approach to simulate the «estonal area
individually and then assemble the multipeetion§93]. This method was shown to have

an accurate estimation of the longitudinal, torsional and flexural wave modes in the pipe.
A 3D hybrid model was developed by Masmoudi and Castaings to simulateugied
inspection of composite samples, combinaigst 3D simulation in COBOL with the
Kirchhoff integra]94]. Another tybrid simulation combined both FE and Waved Based
(WB) methods fomanalysing poroelastic materigs]. The FEWB modelling technique
contained three parts: FE model, WB model and direct coupling between them. This

approach bendfd from the advantages of the WB method and FE model to improve the
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convergence rates for the model of the analysis of poroelastic materials. Zuo et al.
proposed a SenmfAnalytical Finite Element (SAFE) method coupled with a Perfectly
Matched Layer (PML)d investigate guided wave behaviour in embedded waveguides
with arbitrary crossextion$96]. Shen and Giurgiutiu made use of a Combined Analytical
Finite element model Approach (CAFA) to simulate a Lamb wave damage detection
techniqud7]. This method utilized frequency and direction dependent corvgaliered
coefficients to model the Lamb wave damage interaction, which achieved good
performance in accuracy and efficiency comparing to-dedlle FE simulation and
experiments. Shi et al. presented a hybrid simulation method by using numerical code
combined with boundary integration formulae to calculate the received waves in the time
domain, while the simulation performance is largely depahon the reliability ofthe
coupled numerical integrati{®8]. Dobie et al. proposed a combination of Linear Systems
Model (LSM)[99] and Local Interaoon Simulation Approach (LISA)L00] propagation
model to simulate an acoupked ultrasonic scanning platfofh®1], which provided a
solution for the high computational time associated with complex geometries. An efficient
hybrid FE modelling lining CIVA and Abaqus simulation modules through an interface
was presated by Choi et dl77]. They improved the boundary absorption, meshing
algorithm and computational efficiency of the FE modelling to achieve a fast 3D

simulation in ultasonic NDT.
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2.5. Summary

Ultrasound technology applied in NDT has been reviewed in this Chapter. Ultrasonic
transducer and data acquisition system are the key components for ultrasonic inspection.
Compared to traditional single element transducer, ultraggrased array technology
offers excellent potential through a range of gasicessing signal analysis techniques.
This Thesisfocuses on researching ultrasonic phased array inspection of pressure tubes
and analysing industrial data currently collectedibgle element transducers. The review

of phased array technology and signal processing techniques is considered to show
potential to improve the accuracy of pressure tube inspection. Finally, the simulation of
ultrasonic inspection was reviewed as thid b used for modelling of the pressure tube

inspection.
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Chapter 3

Analysis of Poorly-Focused Ultrasonic

Signal of Pressure Tube Inspection

3.1. Introduction

Ultrasonic inspection can encounter operational challenges when the transducer is not
aligned as expected to the component being tested. In the case of CANDU pressure tube
inspection, this is typically due to the tube dimensional changes. As discu$sstion

1.2.1 a focused transducer is incorporated into the CIGAR sensor head, immersed in
heavy water and used to perform a helical scan inside of the tube, focusing on the tube
inner surface. However, a pootigcused transducer can produce a defocusedan

image which can lead to the oversizing of defects. This effect is worse in the middle of
the tube where sagging causes the biggest difference from the ideal p&iects
beyond a specific dimensional threshold are then sized in more detaghhadime and

cost consuming replica procgk3]. Obviously, more accurate ultrasonic sizing would
reduce the need for replicasheredefect width and depth are the main factors for making

a decision of whether to execute the replica process fr2join terms of the pressure

tube inspection, the ultrasic transducer is fixed on a module inside the tube and moved
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with a helical scan motion. Therefore, it is not straightforward to mechanically adjust the
transducer position to solve the focusing problem. Applying appropriate signal processing
to compendga for the defocusing effect would be a more practical method and provide

more representative information for use in the sizing process.

In this Chapter, signal pegrocessing methods are used on petwtused industrial data

to improve the inspectioncauracy. A Synthetic Aperture Focusing Technique (SAFT)
method is described in Secti@® for correction of the poorfocused Bscan data to
improve the defect width measurement. Moreover, analysis of the effect of the focal length
value on the SAFT algithm performance is also undertaken. In Sec8d) a Wavelet
Analysis (WA) method used to extract precise defect depth information is presented. For
both signal processing approachesiltiple datasets have been applied to validate the
algorithms and irportantly, both of the methods show a clear improvement in the defect

measurement accuracy.

3.2. SAFT Analysison B-scan Image

In the inspection of pressure tubes within a CANDU reactor, ultrasonic single element
focused transducers are employed to colleanabbeam pulsecho data (10 MHz and

20 MHz transducers) and fegkip shear wave pitebatch data (10 MHz transducdis]).

Currently, only the 10 MHz transducers are appligdthe Analystfor defect width
measurement by ulsd nsg zeiintgh eorr tthhedl2padnvpslsiatad de

sizingmethodis visuallyidentifying andooxing a defect for investigation and interpreting
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defect edges by applyiragreyscalalisplay These approaches have limited accuracy due

t o human er mterferenee rspattjvelyithe 20 Méiz transducer provides
higher frequency inspection data and an intuitivecBn image for defect detection and
sizing. It therefore has a huge potential for accurate defect width measurement. However,
the inservice tubalimensional changes led to the transducer being péaelysed with
respect to the tube inner surface which causes poor inspection results. Thus, a SAFT
algorithm is proposed to overcome this system focus challenge to improve the inspection

accuracy.

3.2.1. SAFT Theory

3.2.1.1. BasicSAFT Theory

SAFT theory extends the aperture of a physical source by processing multiple sequential
echo signals. The basic concept of SAFT involves manipulating a single element
transducer across the sample being inspected to calleeiber opulseecho signals.
Importantly, each point in the ROI can be inspected at multiple transducer positions due

to the divergencassociated with theltrasonic beam.

The usual implementation method utilises dedagisum (DAS) in the time domaito
summarize all the signal values on the aperture to one pixel[1@R)jewhich was been
briefly introduced in Section 2.3.3. As showrFigure3.1 (a), a transducer is moved step

by step to collect echo information from point P. The echoes from P can be received at

many transducer positions and relate to different time delays in-8w@iBimage, as
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presented irFigure 3.1 (b). Summing all the pixel values on the aperture to produce a
pixel value at P is called the DAS method and the SAFSc@& imageexecutes tha

process for all the pixels in the image.

The calculation of new pixel valyecan bedetermined usingquation3.1, whered 0

is the echo signalcquired at psition'@’Qs the length of the apertu¢also considered as
the number of transducer positions within the apertures the distance from the
transduceto thetargetpoint at positionQandais thelongitudinalwave velocity in the

medium.

Transducer Moving—»- B-scan Imaging
\ Ultrasound | Pl e | Delay-And-
/7 . Beam L =F <L Sum

(a) (b)
Figure 3.1 SAFT theory(a) inspection data collection; (b) delnd-sumon B-scan

image

f 5 o (3.2)

3.2.1.2. SAFT Theory for Focuse@iransducer

When a focusedransduceilis employed in the SAFT algorithm, the wave propagation
path for delayed time calculation is different from that of an unfoctrsesdducerin
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terms ofa focusedransducerthe ultrasound beam beyond the focal poinitiissed for
synthetic aperture processjig]. AsFigure3.2 (a) shoveg, the wave propagation paths to
P from twotransducepositions are ACP and BDP respectively. Tinee difference can
be calculated from paths CP and,BRce the foasedtransducehas sam@ropagation
distance fromthe transducer surface to tifiecal point. However, for an unfocused
transducerthe wave propagation pathdsterminedrom thetransdicercentrepointto P,

a ndriguBeB.D(b) PTaedifferencebetweenpaths

which areshown asA 6 C6 P 6

ACP and ddarypresénted ifigure3.2 and therefor¢he DAS approacmeeds

to be adjustetb accommodatthe focalpoint plane for focusettransducer applications

——Transducer Moving-»- Transducer Moving—»-

— —-_ ]

M\ A4

\\\ |/ v
NN wf /
\ / / / \ I\ \ Ultrasound
c¥ YD / /cot'pa Beam
7/ X\ / / \ A\
/ /\N d\ / \ O\

,/,/ P '\\\\ / Po \ A\

(@) (b)

Figure 3.2 Wave propagation patlia) focusedransducer (b) unfocusedransducer

The calculation of new pixel valug can bedescribedoy Equation3.2, whereais the
focal length of theransducermndQ is the distance from thiacal point attransducer

position"Qo thetargetpoint.
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(3.2)

3.2.1.3. Focal Length and Synthetic ApertuGairvature

When thetransducerfocal length changes, results intime differencesetweendata
collected at neighbouring position§ince the transducer used four industrial
applicationis reported to have a Focal Length (FL) of 10.4 mm, a selection efj&éal
to 10.4 mm, 12 mm and 13.5 mmusedin this work, asshown inFigure 3.3, in which
thered line indicates the synthetic aperture. When applying SAfie same point of a
B-scan image, a longer focal lengtilue producea shortedengthandhighercurvature
aperture as shown irFigure 3.3 (b) and (c) Here, shorteequates tdess sample points
on the moving axisMoreover, inSection3.2.2.4 the theoretically calculated synthetic

aperturedor different focal lengthvalues are drawn on the-Bcans tdfacilitate visual

comparison.
ey p———— PSS Transducer
\ / \ / \ /
\ / \ / \ /
\ / \ / \ 7/
\/ \ / \ /
/\ A ¥ Focal point
/_\ /_\ 1\
/m\ ,//-\\\ /‘\
(&) FL =10.4 mm (b) FL = 22 mm (c) FL=13.5mm

Figure 3.3 Relationship between focal length and synthetic aperture (red line),
(@) FL = 10.4 mm; (b) FL = 2 mm; (c) FL = B.5mm
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3.2.2. SAFT Processingf Industrial Data

3.2.2.1. Data Acquisition

As previously described, the 20Hz transducer is working in normal beam puts#o
mode, through heavy water, to acquirs@an signals. The data is then utilized to produce

a B-scan image for SAFT processing, which will be further processed using SAFT.

3.2.2.2. SAFT Processing Parameters

Datasupplied by the industrial sponsor fbet20 MHz focusettansducestated it haa
diameter of 6.3 mmand a focus at 10.4 mrDifferentvirtual focal lengths are considered
in the following SAFT processing show the effect of focal lengtfalueto thealgorithm
performance and the inspection systems a sample frequency of 100 Mkath a cable
signal delay of 700 n§.he wave velocity in heavy water is 1420 nTable3.1 lists all

the parametenssedfor SAFT processing.

Table3.1 Parameters for SAFT processing

Parameter Value
Transducer frequency 20 MHz
Transducer diameter 6.3 mm
Transducer focal length 10.4/1213.5mm
Sample frequency 100 MHz

Cable signal delay 700 ns

Wave velocity in heavy water| 1420 m/s
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3.2.2.3. Flowchart

The SAFT algorithm is executed in MATLAB R201§bhe MathWorks, Inc) and the
flowchart is presented ifigure 3.4. Since the transducer is performing a helical scan
inside of the tube to collect data, the tube surface on tb&aB image is not straighi
thesoftware analysis packagd AW (Ontario Paver Generation IncToronto, Canada
used for CIGAR data analysis wave straightening functias typically appliedto align

the Bscan imagepresented to the NDE Analydtlere prior to applying the SAFT
algorithm, the tube surface is straightenedusyng the Random Sample Consensus

(RANSAC) metho{tL03].

I n the inspection syst e mo she KBiscas inhge ndicatesd e
time and the vertical axis indicates the rotational degree. Therefore;st@nBlata is a

2-D matrix with each column showing the echo signal at a specific time and each row
showing time domain signal received at a specifictprsiThe steps of SAFT processing

as illustrated irFigure3.4 are listed as follows:

1 For each columpevaluate if thepixel depthis bigger than focal length. Thexgi
depth is the distance between the target pixel and the transducer surface.

1 If larger, calculate the length of the synthetic aperture according to the transducer
beam width.

{1 Calculatethe shift points withirthe synthetic aperture corresponding to telayked

time. The shift points are all the pixels on the aperture with respect to the central pixel
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(it has a distanc& to the focal point) that can be calculated bYo z "Q

z "(for each transducer positidf’'Qs the sample fragency).

1 For each pixel, sum all the signal values on the aperture and record as the new pixel

value.

After all the pixels on the Bcan image have been replaced by the new pixel values, a

SAFT B-scan image is obtained.

( Original Image )

C Straightening Image)

v

( Start SAFT )

\

\

I I

| Foreach |
column

| Calculate Synthetic Aperture Lengt |

| According to Beam Width |

I I

| Calculate Shift Points Correspondi |

| Delayed Time |

| il - = |

| ( Sum All Signal Valuesn The Apertur Foreach \ |

\ \ as New Pixel Value pixel ) /

AN ~ - - T s/

~_ _S===== _Tl_ _________ Z

(" SAFT image )

Figure 3.4 Flowchart of SAFTalgorithmon inspection datérom afocusedransducer
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3.2.2.4. Effects of Using Different Focal Length Values

Figure3.5 presents £IGAR dataexample ofcalculated apertussoverlaidon a B-scan
imagewith the 3different focal lengtlvalues. In this Bscan example, theopentialdefect

is detectedand thecomrespondingecho signals can be seen as curvedlbeneath the

tube surfacen the greyscale imageThe calculatettansduceapertures armdicated by
thered dotted lines. When using 10.4 mm as focal length value for the aperture calculation,
the apeture length isa reasonablglosematchto thelength of theecho signalbut the
curvature is smaller. While the 12 mm focal length valtezluces amaperture curvature

very well matchedo the echo signaFinally, for the case dhefocal lengthvalueequal

to 13.5 mm, the aperture curvature is larger than the practical one and the length is the
shortestIn Figure3.5 (c), snce the aperturkengthis too short tallustratethe curvature,

an extension of aperture is indicated thwe green dotted lineTherefore, 12 mm is

consideredorrespondo the actual transducer focal length.
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Bscan - Straightening (Original) Bscan - Straightening (Original)

182

182.5

182.5

183

183.5

Rotary/®

184
184.5 184.5

185 185

185.5

185.5
19.4 19.6 19.8 20 20.2 19.4 19.6 19.8 20 20.2

Timelus Time/us

(@) FL=10.4 mm (b) FL =12 mm

(c) FL =13.5mm

Figure 3.5 Calculated aperture onBcanimageby different focal lengthialues,
(@ FL =10.4 mm; (b) FL = 2 mm; (c) FL = B.5mm

3.2.3. Result Analysis of Different Focal Length Values

Figure 3.6 presents SAFT processing results with different focal length values and the
corresponding6 dB defect contouplots The contour plots are based on {6&lB values

of the defect echoe3he propagatiortime for ultrasound reaching the tube surface is
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