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Abstract

Eddy current testing is the non-destructive test method of choice for the inspection of condenser
tubes. However, unplanned shutdowns of power stations, due to unexpected condenser tube failures,
still occur despite rigorous eddy current inspection programs. In addition to the improvement
required in the reliability of inspections, there is also a need to shorten the duration of inspections.
Ultrasonic guided waves have the ability to inspect the full volume of the tube from a single location
and although guided wave techniques cannot determine the remaining wall thickness, it is a potential
candidate to supplement eddy current inspection methods, and bring about an improvement in

inspection reliability and inspection rate.

Inspection methods that use guided waves are complex and require expensive equipment that is not
readily available. The first part of this thesis concerns the use of basic, conventional (bulk wave)
ultrasonic equipment to generate guided waves in plates and tubes. It serves to reinforce the
theoretical concepts of guided waves but also provides an opportunity to perform preliminary tests
prior to more advance testing of condenser tubes. A novel method that exploits the successive group
velocity minima of the S, and A, modes (m =1, 2, 3...) is applied to mild steel plates of varying
thickness to explore guided wave concepts. It was found that a 4MHz shear wave transducer, excited
by a spike generator, produces good directionality, coherence and sensitivity over a distance of
approximately 300mm in plates. A 1MHz longitudinal wave transducer produced equally good results
over a distance of 800mm in copper tubes. Defects with a cross sectional area of the order of 0.4mm?
were detected using this system. These group velocity minima also exist for tubes and it is
recommended that further research be conducted to exploit this novel idea both to develop the

understanding and for potential industrial applications.

Limited research has been conducted that investigates the capability of guided wave inspection
methods to detect defects that represent a wall loss of less than 1% of the tube’s cross sectional area.
Isolated pitting in condenser tubes can achieve through wall depth while still having a wall loss of less
than 1% of the tube cross sectional area. A laser vibrometer outputs a toneburst signal which excites a
transducer to generate the L(0,2) mode at frequencies of 120kHz, 135kHz and 150kHz in 1.8m length
copper tubes. The reflected signals’ axial displacement is measured at 48 nodes around the
circumference of the tube. This aspect of the thesis investigates the interaction of the L(0,2) ultrasonic
guided wave mode with isolated pitting and ammonia grooving defects, simulated by machined holes
and grooves. In particular, the capability of the method to detect pits with a cross sectional area
ranging from 0.2mm? (0.3% of the tube cross sectional area) to 1mm? (1.5%) is investigated in 22mm

OD condenser tubes. The ability to distinguish between pitting and grooving is also explored.

\'



It was found that a 0.2mm? pit could be detected experimentally and that a pit could be distinguished
from a groove using guided waves. The experimental results were supported by the results obtained

from modelling.
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Chapter 1

1.1

Introduction

Background and motivation

In the electric power generation industry, exhaust steam from the turbines is condensed inside a
condenser. The condenser is a heat exchanger that cools the steam and it also serves the
purpose of a large reservoir from where the condensed steam is extracted and returned to a
boiler. The transfer of heat takes place across the surface of thousands of tubes in the
condenser. These tubes are subjected to a harsh environment and require periodic testing to
confirm their structural integrity. Eddy current testing is the non-destructive test method of
choice for the inspection of condenser tubes. There is an abundance of highly skilled eddy
current operators that apply robust, tried and tested procedures. However, unplanned power
station shutdowns in Eskom® due to unexpected condenser tube failures have occurred despite
arigorous eddy current inspection program. At one power station in South Africa, over a period
of 4 months and involving 6 units, 17 individual tube leak events occurred resulting in a loss of
more than 68000MWh over that period. A bar chart of the number of tube leaks at each major
power station over the years 2009 and 2010 is shown in Figure 1.1 [1]. The tube leaks are
widespread and lead to deterioration in secondary system chemistry, which has a negative

impact on the long term reliability of the feed water systems and boiler tubes. The latter aspect

' Eskom is the South African electric power utility with an installed generating capacity of over 40 000MW.

CHAPTER 1 : INTRODUCTION 1



often leads to far more significant production loss and costly repairs. Furthermore, in periodic
inspections, only a small percentage of the total number of tubes in the condenser is inspected,
due to the limited time available. This further increases the probability of unexpected tube
failure because tubes with defects may not all be inspected. These shortcomings have
highlighted the need for an alternative or supplementary non-destructive test method that
would be fast and enable more tubes to be inspected in a shorter period of time. The alternative
method would still need to have a high degree of defect detection capability. Appropriate action

can then be taken timeously to prevent unexpected condenser tube failures.

I
B

Tube leak incidents

Arniol Camien Duwtid Hgndnna Kl Lsthuaksg Matla Maubadf Tusuka

Figure 1.1: The number of condenser tube leaks at various power stations in 2009 and
2010. The 2010 Figures are cumulative to August 2010.

Ultrasonic guided waves have been investigated and may provide the answer as an alternative
or supplementary method of inspecting condenser tubes as noted by several authors [2], [3], [4].
Their findings, whilst promising, have not lead to widespread implementation of ultrasonic
guided waves as a suitable supplementary method of condenser tube testing. Its main
drawback is its inability to determine remaining wall thickness. However, its inherent
advantages are that it can inspect the full volume of the tube from a single location resulting in a
high inspection rate when compared to eddy current testing [5]. The ability to detect defects
that represent a wall loss of less than 1% (in the order of 0.3%) as well as the ability to
characterise defects present in condenser tubes (for example, distinguish between a pit and a
groove) will enhance its usefulness as a screening tool to determine the health of condenser

tubes.
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In addition, several other applications for ultrasonic guided waves have also been proposed [6],
[7], [8]. The long range inspection of piping has been shown to be commercially successful [9]
however the application of guided waves for defect detection remains largely in the research
and development stage. The equipment is expensive and generally there are limited numbers of
skilled personnel to facilitate the study and application of guided waves. Benefit can perhaps be
gained from the use of readily available, conventional (bulk wave) ultrasonic equipment to
generate guided waves for research purposes and to facilitate the study of this complex

technique that has thus far only had limited successful industrial application.
1.2  Ultrasonic guided waves

Ultrasonic guided waves may be regarded as elastic waves that propagate in a guide. They are
different from the typical ultrasonic bulk waves in that an infinite number of modes exist and
their velocity is dependent on frequency and the geometry of the waveguide which, in the
context of this thesis, is either a tube or a plate. The velocity of guided waves as a function of
frequency-thickness for a tube is displayed on a dispersion curve shown in Figure 1.2 (phase
velocity) and Figure 1.3 (group velocity). The dispersion curve is an important concept in the
study of guided waves. It provides valuable insights with regards to the guided wave modes
present at various frequencies, the degree of dispersion of the modes, phase and group
velocities and the effect of plate or tube thickness on velocity. The naming convention

applicable for tubes is [10]:

Longitudinal modes: L(0, m),
Torsional modes: T(0, m),
Flexural modes: F(n, m).

Where n = 1, 2, 3... is the mode of flexing in the cylinder and m = 1, 2, 3... is the mode of
vibration. 0 indicates the axisymmetric mode. The longitudinal modes and torsional modes are
axisymmetric meaning that the wave shape is symmetric around the circumference as it
propagates along the z-axis. The flexural modes on the other hand are non-axisymmetric. A

detailed discussion on dispersion curves is provided in Chapter 2.
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Figure 1.2: Phase velocity dispersion curves for 0.9mm thick, 22mm diameter copper tube.
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Figure 1.3: Group velocity dispersion curves for 0.9mm thick, 22mm diameter copper tube.
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1.3

1.4

Thesis objectives

The objectives of this thesis are as follows:

First, a novel method of generating guided waves using standard, bulk wave equipment is
investigated. Concepts of back wall reflection coefficient and mode conversion, synonymous
with guided waves, are studied by inspecting various thickness mild steel plates, as well as

copper tubes with drilled holes and machined slots, to simulate pits and grooves respectively.

Second, the objective is to assess the capability of the L(0,2) mode to detect isolated pitting
along the length of copper condenser tubes. The pits have a cross sectional area of 0.2mm?
(0.3% of the tube cross sectional area) to 1mm? (1.5%) which is amongst the smallest defects
that have been investigated by researchers in this field [4]. The actual pit dimensions in this
investigation are based on an experimental study of actual pit defects that have occurred in
condenser tubes. The extent to which signal processing and mode separation can improve

defect detection and recognition is also explored.

Finally, the capability of ultrasonic guided waves to go beyond just detection of defects in
condenser tubes has been investigated. In particular, aspects such as the circumferential
location of the defect and the ability to distinguish between an isolated pit and an ammonia
groove are investigated. Here, reflection coefficients of the zero order and first order modes are

studied based both on experimental results and on finite element modelling.
An overview of the thesis

This chapter provides the motivation for this thesis. It highlights the fact that an unacceptable
failure rate of condenser tubes currently exist and that guided waves may be a potential
candidate to improve both the rate and reliability of inspection. It also provides a basic
understanding of one of the most important concepts in guided waves, namely the dispersion
curve (dispersion curves are discussed in more detail in Chapter 2). The objectives of the thesis

are then listed before providing an overview of the remaining contents of the thesis.

Chapter 2 provides the background relevant to the study. There are two main aspects discussed
here, namely condenser tube defect characteristics and the fundamentals (theory) of guided
waves. The section on condenser tube defect characteristics includes photographs of actual
pitting, ammonia grooving and erosion defects. The failure mechanisms and defect geometry is
described, as well as the challenges that the condenser design poses for a guided wave

inspection system. This section provides the basis for the dimensions of the defects used in the
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experimental study and the finite element model. It also provides typical tube plugging criteria.
The section on the fundamentals of guided waves provides the background theory of guided
waves in plates and tubes. The study includes both high frequency (1MHz to 4MHz) guided
waves as well as lower frequency (120kHz to 150kHz) guided waves. It begins with Navier’s wave
equation and goes on to describe various types of guided waves. Dispersion curves for plates
and tubes are then discussed in detail before describing the method for generating guided

waves using Snell’s law.

The literature review is provided in Chapter 3. The review covers research in the field of defect
detection in plates, pipes and tubes using a range of guided wave modes and frequencies. It first
discusses the history of guided waves including the work of pioneers in the field. The principles
of guided wave mode selection, frequency variation and signal analyses are discussed next. The
application of guided waves in industry is then provided which includes a review of the
commercial systems available and some of their important performance characteristics.
Relevant aspects of conventional bulk wave equipment are then described along with the
advantages and disadvantages of guided wave and eddy current testing specifically relating to
the inspection of condenser tubes. Finally, a summary of relevant work pertaining to defect

detection and sizing in plates and tubes is provided.

Chapter 4 presents the experimental work conducted using basic, conventional (bulk wave)
equipment to detect pits and grooves in steel plates and copper tubes. The experimental
program which consists of three studies is provided first. A novel method of generating guided
waves in steel plates using a 4MHz shear wave transducers is described next. This is followed by
a description of the techniques applied to inspect 800mm length copper tubes using a 1MHz
longitudinal wave transducer. The results of the three studies are then presented and discussed.

A summary is provided at the end of the chapter.
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Chapter 5 presents the experimental work conducted using a laser vibrometer at the CSIR®
facilities in Tshwane, South Africa. The experimental details are provided first and include a
description of the equipment layout and defect specifications. The methodology used to inspect
copper tubes, 1.8m long containing pits and grooves is described next. The results of the

experimental work is then presented and discussed before the chapter is summarised.

The procedures, results and discussion of the Finite Element modelling of the interaction of the
L(0, 2) mode with pits and grooves in 200mm copper tube is provided in Chapter 6. The
modelling is done using ABAQUS at the mechanical engineering facilities at Imperial College in

London. A summary of the work is provided at the end of the chapter.

Chapter 7 provides a discussion on the important findings from the research conducted in
Chapter 4 (conventional bulk wave equipment) and Chapter 5 (Laser vibrometer). Where

relevant, reference is also made to the findings from the modelling.

Finally, Chapter 8 provides the conclusions and recommendations for future work.

2 The Council for Scientific and Industrial Research (CSIR) is a South African governmental organisation
tasked with research and development to improve the country’s competitiveness and the quality of life of
its people.
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Chapter 2

2.1

2.2

Background to condenser tube defects

and guided waves

Introduction

When developing an inspection method, it is important that the type of defect and the potential
challenges to the inspection method are understood. The ultrasonic guided wave inspection
method has many variables which can be changed to suit the application and ensure optimum
detectability of the defect. The first part of this chapter describes the defect geometry that can
be encountered in a condenser tube. The important design features of the condenser and
condenser tubes as well as the tube plugging criteria are also discussed. In the second part of
this chapter, the fundamentals (theory) of guided waves are discussed. It provides a theoretical
understanding of the various guided wave concepts and serves as the foundation for the
literature review provided in Chapter 3. The defect geometry used in the experimental work,
discussed in Chapter 4 and Chapter 5, is based on the findings pertaining to the defect geometry

in this chapter.
Condenser design and condenser tube failures

In order to determine the types of failures that occur in condenser tubes, a comprehensive
review of failure investigations conducted over the last 15 years at various power stations in
Eskom was undertaken. In addition, a detailed inspection of the condenser at one of the power
stations was conducted and 10 full length tubes were extracted and both visually inspected and
inspected using eddy current testing. Finally, personnel at the corrosion department in Eskom

as well as the condenser asset management engineers were interviewed.
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Several damage mechanisms that lead to condenser tube defects and condenser tube failures
were identified. The most notable of these damage mechanisms are listed below, along with

their primary defect type listed in brackets [11]:

e Dezincification (pitting and wall thinning)

e Microbiologically induced corrosion (MIC) (pitting)
e Condensate corrosion (grooving)

e Erosion-corrosion (wall thinning)

e Stress corrosion cracking (cracks)

e Under deposit corrosion (pitting)

e Vibration damage (fretting, cracking)

The above list is not exhaustive. A comprehensive account of condenser tube degradation
methods can be found elsewhere [12], [13]. Three of the most common damage mechanisms
affecting the Eskom condenser tubes, and resulting in unexpected failure, are identified and

discussed in this section. These are:

e Wall thinning due to erosion.
e Ammonia grooving

e Pitting due to dezincification and MIC.

Wall thinning (erosion), generally occurs more gradually. Pitting and grooving defect profiles
are investigated to determine their interaction with ultrasonic guided waves. These two defect
profiles are considered an appropriate sample for the initial assessment of the effectiveness of

guided waves as a suitable inspection method for condenser tubes for the following reasons:

e Pitting and grooving are amongst the most common defects experienced in condenser
tubes and are a major cause of tube failures.

e Pitting has a very small cross-sectional area, even once it has reached through wall
proportion. It therefore presents a significant challenge for NDT methods, particularly
for thin wall tubing.

e Grooving has a significantly different profile to pitting. Grooves have shallow depth and
a relatively long circumferential length while pits have negligible circumferential length

but significant depth in relation to through wall thickness.
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These two defect profiles potentially provide bounding cases for condenser tube defects that

are predominantly circumferentially oriented (as opposed to axially oriented). In the next

section, condenser design and tube specifications are discussed.

2.2.1 Condenser design and tube specifications

A large majority of the Eskom fleet use admiralty brass tubes in their condensers with titanium

or stainless steel tubes in the air extraction zone.

tubes are used in some cases.

Typical condenser tube dimensions are as follows:

Copper tubes instead of admiralty brass

Dimension

Size range

Tube length

6.5mto12m

Tube outside diameter

19mm to 25.4mm

Wall thickness

Immto 1.5mm

Tube inside diameter

Approx. 17.5mm to 23.9mm

Table 2.1: The range of tube sizes used in the condensers.

Eskom operates typical steam surface condensers. A typical steam surface condenser is shown

in Figure 2.1.

Non-Condensable
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Figure 2.1: Typical steam surface condenser design [11].
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An inspection of the condenser at a power station was undertaken in May 2010. Figure 2.2 and

Figure 2.3 are pictures of the water box and steam space respectively of the condenser at the

power station.

Figure 2.2: The inside of a water box at a power station. The condenser
was in the process of being re-tubed.

Clearance
fit

Figure 2.3: Condenser steam space showing the tube bundles and
tube support plates.

12

CHAPTER 2 : BACKGROUND TO CONDENSER TUBE DEFECTS AND GUIDED WAVES



The following design characteristics are considered relevant when applying guided waves as a

defect detection method in condenser tubes:

e Tube lengths — high frequency has higher defect detection capability but higher
attenuation [14].

e Accessibility — Access to the tube is through the water box and therefore the internal
diameter of the tube at the tube sheet. The tube end can only be accessed with some
difficulty.

e Tube sheet — the tube sheet provides interference at both ends of the tube. Typically,
the tube is expanded into the tube sheet and leads to ultrasonic coupling between the
tube and tube sheet as well as a change in the tube wall thickness and diameter.
Reflection of the guided waves occur at the tube sheet with some energy loss into the
tube sheet as a result of leakage [15].

e The tube support plates — the tubes rest onto the tube support plates which results in
interference at the support. Reflection of the guided wave occurs at the location of the
tube support plate [2]. The tube support plates present a significant challenge as
interference may not be symmetric leading to non-axisymmetric reflection [16].
Furthermore, a significant percentage of energy may be reflected if the interference
between the support plates and tube is significant.

e Seamless tubes — the tubes do not have bends (except for minimal sagging) and do not

have a welded seam or any other welds.

Other design parameters noted and considered typical of several of the power station designs

that are relevant for the inspection system are given in Table 2.2.

Parameter Measure
Clearance of tube support plate and tube 0.4mm
Tube sheet material Bronze
Tube sheet thickness 32mm —tube expanded
Tube support plate material Mild steel
Support plate thickness 16mm
Distance between support plates 0.8m

Table 2.2: Relevant condenser dimensions and material properties.

The minimum available space perpendicular to the tube sheet in the water box is 0.8m. The

tube bundle support plates (sag plates) provide a clearance fit for individual tubes. All tubes are
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straight lengths (no bends).
2.2.2 Condenser tube damage mechanisms

As discussed in Section 1.2, from the review conducted of the failure investigation data,
interviews with relevant staff and a comprehensive literature review, it was determined that

there are three specific defect types that dominate. These are:

e Pitting due to dezincification and MIC.
e Wall thinning due to erosion.

e Ammonia grooving

Each of these is discussed below:

2.2.2.1 Pitting

Pitting is the most common defect type experienced in admiralty brass tubes. It can occur on
both the inside and outside of the tube. Pitting is due to a variety of reasons; the most common

are listed below [11]:

e Organic debris which decompose to form corrosive concentration of organic compounds
(sulfides).

e Manganese precipitation leading to pitting corrosion.

e Microbiologically influenced corrosion.

e Plug type dezincification which is localised de-alloying of the material by an
electrochemical process.

e Under deposit corrosion due to precipitation, particulate or biological fouling.

e Cavitation and erosion due to high velocity, turbulent flow and entrained bubbles.

The pit morphology and growth rates will vary depending on the underlying cause. Typical

examples of pitting in condenser tubes are given in Figures 2.4 to 2.9 [17], [18], [19].
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External pits

Figure 2.4: External pitting cluster in stainless steel tube [17].

Figure 2.5: Profile of an external pit [17].
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Figure 2.6: Internal pits filled with corrosive product [18].

2/1/2010
-°18:54:20 AM [20.00kV[11.2mm | A+B |40x| ___________Quanta _________|

Figure 2.7: Scanning electron microscope (SEM) image of internal pit [19].
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Figure 2.8: Isolated pit with asymmetrical shape [18].

sl A . e BB e SR e B e B oy o

Figure 2.9: Isolated, symmetrical pit [17].

Pitting was observed at any location along the length of the tube but was more common on the
inside of the tube. When pitting occurred on the inside of the tube, it was more common on the
bottom of the tube while the external pitting occurred more commonly at the top of the tube
[11]. Diameter to depth ratio of the pit of 2.5 to 1 was typically observed however, given the
broad range of underlying mechanisms, this could vary. Through thickness depth could be
achieved while the defect cross sectional area remained below 1% of the tube cross sectional

area [13]. Pitting occurred in clusters and as isolated cases.
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2.2.2.2 Internal Erosion-Corrosion

Erosion-corrosion results in loss in wall thickness that is characterised by the direction of flow.

The causes of erosion-corrosion are as follows:

e Turbulent, high velocity flow usually at the inlet to the tube.

e Excessive cleaning (mechanical or chemical) that results in the removal of the protective
oxide layer.

e Obstruction of the tube or tube profile changes such as sleeves or dents that leads to
turbulent flow at that location.

e Presence of silt, debris or other pollutants in the cooling water that causes abrasion and

accelerated wear.

Depending on the above, wear rates could vary considerably. Examples of internal erosion-

corrosion are illustrated in Figures 2.10 to 2.13 [17].

Figure 2.10: Internal erosion over long length [17].
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Figure 2.11: Internal erosion at different locations along the circumference.

Figure 2.12: Internal erosion at the end of sleeve [17].
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Figure 2.13: Non-axisymmetric erosion over an extended length [17].

The wall loss experienced due to erosion-corrosion can vary in geometry depending on the
underlying cause. Affected areas typically have a longitudinal length (along the tube axis) that is
several times longer than the circumferential length. It can occur at any location along the tube
but is more prevalent at the inlet to the tubes and do not extend around the full circumference.
Erosion can present a complex profile that may present a significant challenge to simulate. An

example of such an erosion defect is shown in Figure 2.14.

Figure 2.14: Erosion - complex profile of cavities.
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2.2.2.3 Ammonia grooving

Ammonia grooving occurs when ammonia condensates collect on the outside of the tubes in
the oxygen rich air extraction zone of the tube bundle. To mitigate this risk, most of the stations
have titanium or stainless steel 316 tubes in their air extraction zone. Typical examples of

ammonia grooving [17], [18], [20] are shown in Figures 2.15 to 2.17.

Figure 2.15: Ammonia grooving at an advanced stage [17].

Figure 2.16: Ammonia grooving at a slight angle to the tube axis [18].

CHAPTER 2 : BACKGROUND TO CONDENSER TUBE DEFECTS AND GUIDED WAVES 21



2
i

.

Length: 786.97

Length: 854 82 pum

Figure 2.17 : Ammonia groove depth 0.7mm [20].

Ammonia grooving typically occurs close to support plates in the air extraction zone and

typically do not extend beyond 50% of the circumference. The axial extent (width of groove) is

usually consistent but may not be perpendicular to the axis of the tube and may instead have a

slight angle (<10 degrees). The axial extent of grooves is typically between 1mm and 2mm.

2.2.3 Tube plugging criteria

An eddy current testing defect classification system applied in Eskom is shown below:

e Class A
e ClassB
e ClassC
e (ClassD

e C(ClassE

0 to 20% wall loss
>20% to 40%wall loss
>40% to 60% wall loss
>60% to 80% wall loss
>80% to 100% wall loss

Common practice in Eskom is to plug tubes that have class D and E defects based on eddy

current test results.

22
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2.2.4 Eddy current test methods

Eddy current testing is the preferred non-destructive test method for inspecting condenser
tubes and heat exchanger tubes in Eskom. It has however not always been effective in
identifying defects timeously and as a result, has led to unplanned plant shutdowns as discussed
earlier. The theory of eddy current testing is outside the scope of this thesis. However, for a
review of the advantages and disadvantages of eddy current testing versus guided wave testing,

see Chapter 3.
2.3 Fundamental theory of guided waves

Non-destructive testing (NDT) using guided waves is significantly more complex than classical
ultrasonic techniques. This is largely as a result of the dispersive nature of the waves but also
due to the influence that the structure’s geometry has on the behaviour of the guided wave and

the fact that multiple modes exist simultaneously [21].

The fundamentals of guided waves in plates, tubes and pipes are discussed in this section. It
outlines the mathematical basis and behaviour of the various types of guided waves starting
with Navier’s wave equation. A thorough review of the mathematical relationships is important
for the understanding of the dispersion curves and the particle motion of the various guided
wave types. Dispersion curves and particle motion is discussed in detail and provides the basis
for selecting the most appropriate modes in defect detection. Finally, methods of generating

guided waves are discussed before conclusions are drawn.

Throughout the text, guided waves in plates are discussed first and the theory extended to

guided waves in hollow cylinders (pipes and tubes).
2.3.1 The wave equation — bulk waves in plates

Navier’s wave equation is given by:

2

u 2
yz(zﬂu)V(Vou)ﬁuV u (2.1)
Where U and V are vectors in three dimensions that represent the particle displacement and
the Laplacian respectively. The density, p, and Lame’s constants, y and u, are the remaining

variables. Equation 2.1 is the basis for the behaviour of all ultrasonic waves. The difference in
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behaviour between the different types of ultrasonic waves depends on the boundary conditions
of the medium or media in which the ultrasonic wave is propagating [22]. What follows is an
abridged derivation of the mathematical equations that describe various types of ultrasonic
guided waves in Cartesian (plates) and cylindrical (tubes and pipes) form. These mathematical
equations are derived with varying degrees of detail by Rose [22], Cheeke and David [23],
Viktorov [24], Achenbach [25], Auld [26] and Gazis [27].

The displacement can be rewritten [24] in the form of potentials ¢ (scalar) and ¥/ (vector) as:

e

U=V0+Vx W or U= grad® +roty (2.2)

Substituting Equation 2.2 back into Equation 2.1 and applying the *Helmholtz identity in vector

analysis we get ( V and { are vectors in three dimensions):

2

0° 0
V[pat—?—(xﬂu)v%}rv{/? atvzl —Wzl//j =0 (23)

The laplacian, V is given by:

o> 8 0

Vie——+—+
x> oy* oz’

The first term consisting of the scalar potential, ¢ is associated with longitudinal waves and the
second term consisting of the vector potential, ¥/ is associated with transverse (shear) waves.

The two terms can be separated as two independent equations which also mean that the
transverse and the longitudinal waves are independent of each other in unbounded media and

can be written as [22]:

? The Helmholtz identity states that a vector field can be resolved into a curl free component and a
divergence free component as given in Equation 2.2.
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a%¢

Pz = +2Vi (2.4)
pSt = uvty (25)

In Cartesian form, with co-ordinates shown in Figure 2.18, the particle displacement equations

are [25]:

e

Propagating direction

Figure 2.18: Cartesian co-ordinate system showing the wave
propagation direction and corresponding particle motion planes.

_ 09 0y, Oy
Uy = 6x+ 3y o (2.6)

— 0% _9Y; | 0Yx
U, = 3y ox + P (2.7)

_ 9% 0%y 3y
u, = az+ o 3y (2.8)

Equation 2.4 and Equation 2.5 defines the bulk wave equations (travelling in the bulk of the
material as opposed to the boundaries or interfaces where the wave is subjected to reflection
and transmission and possible mode conversion) with longitudinal velocity, C, and transverse

velocity, C; respectively.

With reference to Figure 2.18, propagation of the longitudinal (compression) and transverse

(shear) waves occur in the x-direction. There are two shear modes, a shear vertical and a shear
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horizontal mode. The shear horizontal mode has particle displacement in the y direction only
while the shear vertical and the longitudinal waves have particle displacement in the z direction

only. The wave motion is depicted in Figure 2.19 and Figure 2.20 [23].

o

L

Figure 2.19: Shear vertical wave motion [23]. Figure 2.20: Longitudinal wave motion [23].

The velocity of both the longitudinal and shear vertical waves is constant and is given by

Equation 2.9 and Equation 2.10.

E 1 G
&\ 2) ﬁ

o |E__1-v (2.10)
: p L+o)l-2v)

E is Young’s modulus, v is Poisson’s ratio and G is the modulus of rigidity. The shear horizontal
wave is a guided wave having infinite number of modes with only the fundamental mode, SH,

having a constant velocity. SHq is discussed in the next section.

2.3.2 Shear Horizontal modes

Shear horizontal waves is the simplest form of guided waves. The shear horizontal dispersion

equation is given by Equation 2.11 [22].

ol @ (m)z (2.11)
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Where ¢, is the phase velocity and w is the angular frequency. The phase and group velocity for

the shear horizontal wave is given by Equation 2.12 and 2.13 respectively [22]:

fb

T (2.12)
4(fb)2-m2c}

Cp(SH) = 2CT

(2.13)

The notation applied is SH,, where m =0, 1, 2..., is the mode number. SH, is the fundamental

mode and has a constant velocity, i.e. no dispersion such that:

Cg=Cp= Cr

The wave motion for shear horizontal waves is depicted in Figure 2.21 [14] and the phase
velocity dispersion curve is given in Figure 2.22 [28]. Particle motion occurs in the y-direction

only and wave propagation is in the x direction:
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Figure 2.21: Wave propagation motion of SH modes. Particle motion is
restricted to the y-direction only. Wave propagation is the x direction as
shown [14].

The SHy, mode is the subject of great interest and has been studied extensively for the following

reasons (see for example Ratassepp et al [29], Kwun and Kim [30] and Rajagopal and Lowe [31]):
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Figure 2.22: Dispersion curve for shear horizontal waves in
steel plate [28].

¢ It has a constant velocity throughout the frequency thickness range.

e The in-plane particle motion makes it less susceptible to attenuation particularly when
the test material is submerged in fluid or in physical contact with an external object.

e |t is easily generated using magnetostriction and then less susceptible to generating

unwanted modes.

An equivalent mode to SH modes that propagate in hollow cylinders is the torsional mode

discussed later.

2.3.3 Rayleigh waves

Rayleigh waves are surface waves discovered by Lord Rayleigh [32]. They have strong
similarities to the fundamental Lamb wave modes which are discussed in the next section.

Rayleigh waves propagate at a constant velocity, Cz. From Equation (2.2):

—_—

U=V0+VxX W

It can be shown that the Rayleigh equation is given by [24]:

n® —8n* +8(3—2£2 Jy? —16(1—£2)=0 (2.14)
Where
c C
n=—t §=—+
o o
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C; and Cr7 are the bulk wave velocities given by Equations 2.9 and 2.10 respectively. Equation

2.14 has one real root, 7] z. An approximate solution to the Rayleigh equation is given by [24]:

0.87+1.12v
M=
1+ov
and
R 1+v T

The Rayleigh wave decays rapidly (but not to zero) along the z axis from the surface such that

particle displacement is minimal beyond a depth of one wavelength, /IR. Wave motion for a

Rayleigh wave is depicted in Figure 2.23 [23].

The cylindrical Rayleigh waves that propagate in the 0 direction (see Figure 2.25), travels at a
slightly higher velocity [26]. The mathematical derivation is given by Auld [26] and is not

repeated here.

Elliptical motion
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Figure 2.23: Rayleigh wave
particle motion [23].

2.3.4 Lamb Waves in traction free plates

Lamb waves were discovered by Horace Lamb and published in his work, “On waves in an elastic

plate” in 1917. It is often referred to as plate waves or Rayleigh-Lamb waves due to the
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similarities in behaviour between the Rayleigh wave and particularly the fundamental Lamb

wave modes, Agand Sq.

Once again, working from Equation 2.2,

—_—

U=Vg+Vx W

The x and z components of particle displacement are given by Equations 2.6 and 2.8:

g, =9,

oX oz
A
Yooz ox

There is no y component of displacement. The particle displacement is shown in Figure 2.24.
The possible solutions to the partial differential equations are obtained by applying the

transverse resonance principle [26].

#(z)= Asin(k_z)+ A, cos(k, 2) (2.16)

w(z)=B,sin(k,z)+ B, cos(k z) (2.17)

Where k, and k; are the Lamb wave numbers given by:

2
()]
ki=—-p (2.18)
CL
2
[0]
ki =—-pB° (2.19)
c2
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Figure 2.24: Symmetrical, (a), and asymmetrical,
(b), Lamb waves in plates indicating the particle
motion [23].

Applying stress free boundary conditions at the free surface where z =+ b,/ we derive the

2
Rayleigh-Lamb frequency equation [26]:
tanlk, 07) _(k2_ g2 )
t::zk: b//ii = l(llf‘fzkf(i) For symmetric modes (2.20)
k Bo) _
tan( - A) = 4ﬂ2kT kZL For anti-symmetric modes (2.21)
tan(kT %) (k? - p?)

The dispersion curves are obtained from Equation 2.20 and 2.21. The dispersion curves are

discussed in Section 2.3.6. The naming convention for Lamb waves in plates is as follows:

e Symmetrical waves, S,
e Asymmetrical waves, A,.

Wherem =0, 1, 2...

The mathematical relationship for guided waves in hollow cylinders is more complicated and is

discussed in the next section.
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2.3.5 Guided waves in traction free hollow cylinders

The mathematical relationship for guided waves in hollow cylinders is best described by Gazis
[27] but a good account is also provided by Rose [22]. The corresponding analysis for a solid
cylinder (rod) was derived by Meeker and Meitzler [33] but is not the subject of interest in this

thesis. The cylindrical co-ordinate system applied is shown in Figure 2.25.

Figure 2.25: Cylindrical co-ordinate system applied.

Once again, Equation 2.1 provides the basis for the three modes of guided waves in hollow
cylinders discussed here. The longitudinal modes and torsional modes are axisymmetric
meaning that the wave shape is symmetric around the circumference as it propagates along the
z-axis. The flexural modes on the other hand are non-axisymmetric. The assumed particle
displacement components in the radial (r), circumferential (8) and axial (z) directions are given

by [27];
u, = U, cos(nf) cos(wt + kz)
ug = Ug sin(n@) cos(wt + kz)
u, = U, cos(n@) sin(wt + kz)
Where U,, Ug and U, represent functions composed of Bessel functions [34] and functions of r

and n. The wave propagation motion is shown in Figures 2.26 to 2.28 [35]:
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Figure 2.26: Torsional mode, T(0,1), showing particle
motion (UG only) and wave propagation direction
[35].

Figure 2.27: Longitudinal mode, L(0,m), showing
particle motion (Ur and Uz) and wave propagation
direction [35].

The particle motion for the longitudinal mode is restricted to the radial and axial direction. The
particle motion for the torsional motion is in the circumferential direction only and the flexural
mode particle motion is in the radial, circumferential and axial direction. The longitudinal,
torsional and flexural modes are relevant to the inspection of condenser tubes using guided

waves and are discussed further here and in later sections.
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Figure 2.28: Flexural mode, F(n,m) showing particle
motion (Ur, Uz and UB6) and wave propagation
direction [35].

The frequency equation for longitudinal modes up to the 6" order is given by Gazis [27]:

€11 C12 Ci4 (15
€31 €32 C34 (35
Ca1 Ca2 Caya Cug (2.22)
C61 Ce2 Coa Cos

And the frequency equation for torsional modes up to the 6" order:

€23 Co6| _
|Cs3 Cse| =0 (2.23)

Cyj,i,j=1106, is composed of Bessel functions and functions of angular wave number, angular
frequency, longitudinal velocities, transverse velocities and the radial dimensions. These
frequency equations are solved using numerical methods to generate dispersion curves for

guided waves in hollow cylinders, discussed in Section 2.3.6.
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2.3.6 Dispersion Curves for plates and hollow cylinders

Dispersion curves are an essential element in the study of guided waves and provide many
insights into the behaviour of guided waves. In order to plot the dispersion curve, the
frequency equations, namely Equations 2.20 and 2.21 for plates and Equations 2.22 and 2.23 for
cylinders, must be solved. As mentioned previously, the frequency equations cannot be solved
by inspection and is solved using numerical methods. A detailed procedure for solving the
frequency equations is provided by Rose [22]. Various methods and techniques have been
applied to plot dispersion curves in plates and cylinders, see for example Honarvar et al [36],

Kim et al [37] and Hayashi and Rose [38].

Software packages are available to plot dispersion curves for various materials and geometries.
Disperse [39], PACshare (supplied by Physical Acoustics Corporation as shareware) and PCDISP
[40] are three software tools that can plot dispersion curves. The latter two are available for
download from http://www.pacndt.com and http://www.iai.csic.es respectively and have been
used extensively for the plotting of the dispersion curves in the experimental and development
work for this thesis. PACshare can plot dispersion curves in plates for a range of material types.
It has useful zoom functions to obtain accurate data points. It does not provide plots for stress,
displacement or energy distribution. Figure 2.29 and Figure 2.30 are plots of group velocity and
phase velocity respectively for mild steel plate and a frequency-thickness product of 12MHz-
mm. The plots are made using PACshare. Figure 2.31 is a plot of a dispersion curve of group

velocity for copper tubes with an outside diameter of 22mm and a wall thickness of 1mm using

PCDISP.
Group velocity dispersjon
g 5 S 1 52
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’ __,_.—---—-'-‘—""_'-"‘/_'_—_-_'_
; A
- Al % / /
1.5 1 !/ /
1 Hr
i
5 /
] 4
0 |
I'II5 1'5 I? 25 I3 a5 1 ‘IS 5 55 ; &5 l PIS IQ -1 - | as 105 1" 15 1z
Frequency Thickness [MHz mm]

Figure 2.29: Group velocity dispersion curve for 3mm thick steel plate and a
frequency of 4MHz using the PACshare software tool.
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Figure 2.30: Phase velocity dispersion curve for steel plate. Curves plotted using
the PACshare software tool.
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Figure 2.31: Group velocity dispersion curve for 22mm diameter, 1mm wall
thickness copper tube and a frequency of 250kHz.
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The dispersion curve has phase velocity, C, or group velocity, Cy asits vertical axis and the

frequency, f or frequency-thickness, f X b as the horizontal axis. PCDISP can also provide

graphics of the wave form similar to those given in Figures 2.26 to 2.28 and more importantly, it
can provide the particle displacement of the guided wave modes at given frequencies. At
frequencies above 2MHz, curve generation is slow and the L(0,2) and L(0,3) modes ‘cross over’
due to an error in the code. The difference between the group velocity and the phase velocity

gives an indication of the degree of dispersion. When no dispersion is evident then

The relationship between C, and C, according to Rose [22] is

de, T°
C, = cf{cp —(fb)TfE)} (2.24)

Several observations can be made with regard to guided wave behaviour from analysing the
dispersion curves given in Figures 2.29, 2.30 and 2.31. Important observations to note from

Figures 2.29 and 2.30 (guided waves in plates) are:

e There are regions where certain modes have constant group and/or phase velocity, for
example Ag has a group velocity of 3100m/s above a freq.-thickness of 4AMHz-mm. Its

phase velocity, at 3000m/s, is nearly equal to its group velocity indicating negligible
dc,
d(fb)

dispersion. From Equation 2.24, = 0 giving C=C,.

e Below approximately 1.5MHz-mm, only two modes exist namely A, and Sy, They are
easily distinguishable from each other due to the large difference in group velocity
between them. Furthermore, Sy has negligible dispersion in the range 0 to 1IMHz-mm
while A, has negligible dispersion in the range beyond 3MHz-mm.

e Ay and Sy converge as freq.-thickness increases and tend towards cg. In fact, the motion
of Ay and S, combine to form a Rayleigh wave on either the upper or lower surface of
the plate [24]. This re-inforces the description given “Rayleigh-Lamb” waves.

e The symmetrical peak velocities are higher than the asymmetrical peak velocities. The
particle motion at low frequencies being predominantly in the x-direction for

symmetrical modes and in the z-direction for asymmetrical modes.
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e Both the symmetrical and asymmetrical modes (excluding the fundamental modes)
have repeated minima at the same group velocity of approximately 2300m/s. This is an

interesting observation and is explored further in Chapter 4.
Important observations to note from Figure 2.31 (guided waves in hollow cylinders) are:

e There is virtually zero dispersion of the L(0,2) mode beyond 120kHz. The torsional
mode, T(0,1) is not dispersive at all over the full frequency range.

e Below approximately 60kHz, the L(0,2) mode does not exist and the only axisymmetric
modes are the T(0,1) and L(0,1). There is therefore no need to suppress the generation
of L(0,2) mode when generating the L(0,1) or T(0,1) mode at this frequency.

e There are several flexural modes that exist in the 0 to 250kHz range however only one
has a velocity similar to the L(0,2) mode namely the F(1,3) mode.

e At frequencies above 200kHz, several flexural modes show reduced levels of dispersion.

The selection of guided wave or Lamb wave mode is an important factor when designing an
inspection method. Not only must the selected mode be able to detect the flaw, but it must
also be possible to analyse the reflected signal and not get lost in the noise of unwanted modes
either generated unintentionally or occurring as a result of mode conversion. The generation of

guided waves is discussed in the next section.
2.3.7 Generating and receiving guided waves

There are various transducers used to generate guided waves. Electromagnetic transducers and
piezoelectric (PZT) transducers are the most popular. Several authors have also published
works on the use of lasers for the generation and analysis of Lamb waves [41], [42] are two
examples of such publications. The advantages and disadvantages of electromagnetic and

piezoelectric transducers are discussed next.

2.3.7.1 The advantages and disadvantages of electromagnetic and piezoelectric

transducers

The physical phenomena of magnetostrictive and piezoelectricity are very similar and can be
described by similar mathematical equations. There are however differences both in the
construction and application of the two types of transducers. An important difference is the

fact that in electromagnetic transducers, magnetostriction is applied via an air gap between the
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transducer and the test sample (ferromagnetic material such as steel). The induced magnetic
field results in an ultrasonic wave in the test sample. The piezoelectric effect on the other hand
is applied to crystalline material (such as quartz and some ceramics) which is incorporated into
the transducer. The resultant wave is then transmitted into the test piece via a couplant or
displacement (stress and strain) in the case of direct (bonded or dry coupled) coupling. A
piezoelectric transducer requires contact with the test sample whereas electromagnetic

transducers do not require contact.

There are also inherent differences between the relevant ferromagnetic material properties and
the corresponding crystalline material properties. The piezomagnetic and piezoelectric
coefficients for ferromagnetic material and crystalline material respectively result in strains of
the order of magnitude of 10° for magnetostrictive effect and 10° for piezoelectric effect in
ultrasonic wave generation [43]. To generate the magnetic field (magnetostrictive) requires

higher currents than the electric field (PZT).
Electromagnetic transducer main advantages are:

e No physical contact between the test sample and the transducer is required. This
brings with it several advantages such as the ability to automate inspections, no
damage to test sample surface, less requirements for surface cleanliness.

e Different modes of Lamb waves can easily be generated. Electromagnetic
transducers are more suitable particularly for Shear Horizontal (SH) mode ultrasonic

wave generation.
The Piezoelectric transducer main advantages are:

e Itis equally suitable for ferrous and nonferrous material.

e |t utilises less energy and is more compact.

The advantages and disadvantages are tabulated in Table 2.3.
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Advantages

Disadvantages

Electromagnetic

e No contact between test
sample and transducer.

e More suited for some
guided wave modes such
as shear horizontal mode.

Higher power requirements,
less compact.
Less suitable for

materials.

non-ferrous

Piezoelectric

e More energy efficient and
compact.

e Equally suitable for ferrous
and non ferrous materials.

Requires contact to transmit
ultrasonic wave.

Generation of certain guided
wave modes is difficult to
achieve.

Table 2.3: The advantages and disadvantages of electromagnetic and piezoelectric transducers.

Commercial equipment has been designed and developed more recently that makes reception
and analysing Lamb waves much less complex. The available commercial equipment will be

discussed in Chapter 3. The generation and reception of ultrasonic Lamb waves using PZT

transducers and Snell’s law is discussed in the next section.

2.3.7.2 Generating guided waves in plates using Snell’s law

Ultrasonic Lamb waves can be generated by using either longitudinal or shear wave transducers.

Both Krautkramer [14] and Viktorov [24] provide guidance on how to generate Lamb waves.

Viktorov published the “wedge method” depicted in Figure 2.32:

transducer

Figure 2.32: The wedge method [24] of generating Lamb
waves in a plate. The mode generated in the test specimen,
Cp, is determined by the phase velocity of the incident

wave, Ci.
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The stresses in the test specimen vary as 0 varies from 0° to 90° [24]. The maximum stress is
proportional to b up to a maximum value. Furthermore, as the test specimen thickness

increases, the amplitude of the excited wave decreases.

The modes generated in the test specimen are determined by Equation 2.25, Snell’s law:

Ci Cp

sin@;  sin90 (2.25)

With the wedge method, Viktorov was able to selectively generate different Lamb wave modes
by varying the angle of incidence, 8,. The number of modes generated is dependent on the size
of the transducer (a and b) and its frequency spectrum [44]. The ability to selectively generate
specific modes is a prime consideration in the design of transducers for guided wave

applications.

Worlton published a method in 1965 using an immersed plate and PZT transducer as shown in

Figure 2.33 [45]:

Submerged in

transducer water
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Figure 2.33: Worlton's patent to generate Lamb waves.
The test specimen and transducers were submerged in
water to implement Snell's law [45].
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The same equation, Equation 2.25 is applied. In this method, only longitudinal modes can be
generated as shear waves cannot be sustained in water. The longitudinal velocity in water, C; =
1430m/s [14]. Worlton’s publication followed on from Firestone [46] who published a similar

method.

In general, Lamb waves can be generated using a standard longitudinal wave or transverse wave
transducer at an oblique angle. The incident wave undergoes mode conversion and reflection
at the interface resulting in guided waves in the plate. Figure 2.34 provides the angle of
incidence required to generate that particular Lamb wave mode using a transverse wave
transducer [14]. For example, a 45 degree incident shear wave transducer will generate an Al
Lamb wave mode at frequency-thickness of approximately 5MHz-mm as indicated on the

dispersion curve in Figure 2.34 [14].
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Figure 2.34: Dispersion curve for steel plate showing the angle of incidence required to
generate specific modes using a transverse wave transducer [14]. At approximately 5MHz-
mm, a 45 degree shear wave transducer will generate Al at 2300m/s
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2.3.7.3 Generating guided waves in tubes using Snell’s law

The wedge in Figure 2.35 can be suitably adapted to generate guided waves in tubes using
Snell’s law. This is a non-axisymmetric method to generate both longitudinal and flexural
modes [47]. The wedge angle is varied in order to vary the frequency and the modes that are
generated. It was found that the full volume of the pipe is not exposed to the propagating
waves however frequency tuning can be used to obtain complete tube coverage [48]. Also the
wedge can be rotated around the tube if accessibility permits this. The procedure is applied in

Chapter 4.
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Figure 2.35: A wedge fitted onto a tube to generate
axisymmetric and non-axisymmetric guided waves. The
wedge angle can be changed to alter the phase velocity
introduced into the tube and hence change the frequency
and the modes that are generated.

2.3.8 Other guided waves

There are several other ultrasonic guided waves that are not discussed in this thesis. Love
waves, Stonely waves and circumferential guided waves are examples of guided waves that do
not specifically fall into the scope of this thesis and are described by Rose [22]. These waves
have been the subject of research in NDT and circumferential guided waves may have some
relevance in future work on defect detection and sizing in thin walled tubing. Research into
circumferentially oriented guided waves has been undertaken by Zhao and Rose [49], Jezzine

and Lhemery [50] and Van Velsor et al [51].
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Summary

Condenser tube failures can lead to production loss and can cause long term negative effects on
the feed water systems including the boiler tubes. Pitting, grooving and wall thinning are
amongst the most common defect types experienced. Pitting defects typically have an aspect
ratio of 2.5:1 and can reach through wall dimension while still having a wall loss of less than 1%.
Grooves have an axial extent of between 1 and 2mm and usually do not extend beyond 50% of
the circumference. The tube sheet and tube support plates present a challenge to effective
inspection using guided waves. Tubes with localised wall loss greater than 60% are plugged.
Eddy current testing has been found to be in-effective in some instances to identify condenser

tube defects timeously to prevent plant shutdown.

Navier’s wave equation governs the behaviour of all ultrasonic waves. Guided waves are
complex in nature due to their dispersive properties and dependence on the shape of the
medium in which they propagate. Strong similarities exist between the Rayleigh wave and the
fundamental Lamb wave modes, A0 and SO. Dispersion curves are essential in understanding
guided wave behaviour. It is also an essential tool for developing an inspection method utilising
guided waves. In particular, the dispersion curve provides the region (frequency and velocity)
and applicable modes that would be most suited to a specific application. Repeated minima on
the group velocity dispersion curve occur at the same velocity for S.,, A, (m =1, 2, 3...) and
L(O,m) ( m =3, 4, 5...) in plates and tubes respectively. Finally, Guided waves can be generated

using Snell’s Law in plates and tubes.
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Chapter 3

3.1

Literature review: Ultrasonic guided

waves for defect detection and sizing

Introduction

Significant progress has been made in the understanding and application of guided waves and a
wide variety of research has been published that documents the rich potential of guided waves
as an NDT technique, see for example [6], [7], [52], [53]. This chapter provides a review of the
research published in the field of guided waves. It begins with the history of guided waves and
discusses the contributions made by pioneers in the field. The principles employed by various
defect detection and sizing methodologies are discussed next with commentary on the
theoretical basis of these principles. Mode selection, frequency tuning and mode conversion
are amongst those principles discussed. Applications of guided waves in industry remains
limited and the possible reasons for this can be found in the advantages and disadvantages of
guided waves, also documented in this chapter. It then goes on to report on modern day

guided wave inspection systems available commercially.

Important research published in the field of defect detection using guided waves in plates, tubes
and pipes is reported next. In particular, a detailed review of work done by Edalati et al [54]
(plates), Demma et al [55] (pipes) and Vinogradov et al [5] (tubes) is provided. Relevant work on
defect detection in tubes by Vogt et al [2], EPRI [4], Rose et al [15] and Mohr and Holler [56] is

also reviewed.

Finally, a summary is provided at the end of this chapter which includes the contribution made

by this thesis, to the field of guided waves.

CHAPTER 3 : LITERATURE REVIEW : ULTRASONIC GUIDED WAVES FOR DEFECT DETECTION AND SIZING 45



3.2

The history of guided waves

In 1917, Horace Lamb [57] published his work on what was to become known as Lamb waves. It
followed on from the work done by Pochhammer [58] and Lord Rayleigh [59] (Figure 3.1) in
1876 and 1885 respectively. Horace Lamb (Figure 3.2) provided a mathematical description of
Lamb waves. The mathematical link between Lamb and Rayleigh waves was also made.
Practical applications of Lamb waves did not occur until the 1940’s when Firestone patented a
method to generate surface waves [60] and then more specifically patented a method to
generate Lamb waves [46]. These methods were very simple in nature and did not directly

result in practical industry applications.

Figure 3.1: Lord Rayleigh, Figure 3.2: Horace Lamb, born
born 12 November 1842, 29 November 1849, discovered
discovered the Rayleigh Lamb waves [62].

wave [61].

DC Worlton continued the work of Firestone and published several patents in the late 1950’s
and early 1960’s including a method for measuring wall thickness using Lamb waves [63]. The
method, while potentially very accurate, was not robust as it relied on the ability to generate
and measure only specific modes at very high centre frequencies such as 10MHz. The method
used to generate Lamb waves was based on Equation 2.25, as was so often the case back then.
From 1960 to late 1980s very little progress was made in the application of Lamb waves to NDT.
This was largely due to the complexity of Lamb waves and the need for sophisticated equipment
and powerful computers. During this period however, Viktorov [24], Achenbach [25], Auld [26],

Graff [64] and Krautkramer [14] published books that advanced the theory and understanding
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of Lamb waves. In contrast, during this same period, NDT based on bulk waves advanced due to

its simplicity.

Figure 3.3: Prof Joseph Rose Figure 3.4: Prof Peter Cawley, a
published the well-known text, pioneer in commercialising guided
Ultrasonic Waves in Solid Media wave technology, holds several
[66]. patents [65].

In the late 1980’s, there was renewed interest in Lamb waves spurred on by the development of
computers and electronics but also the demand for more advanced NDT methods. In the oil and
gas industry, vast amounts of buried pipe required inspection and existing methods were
expensive and time consuming [53]. In the power generation industry, aging plant required
more sophisticated inspection methods to ensure continued safe, reliable operation [52]. In the
1990’s computer modelling of Lamb waves [39], [68], amongst others, was being done at the
major research institutions. These methods continue to improve and extensive modelling

capability currently exist which is applied in a wide variety of guided wave research applications.

In the last 10 to 15 years, commercial equipment has become available that is quite
sophisticated but expensive. These guided wave inspection systems have been developed by a
limited number of academic and research institutions that are recognised as centres of
excellence in the field of guided waves. Pennsylvania State University, Imperial College of
London and Southwest Research Institute are three such centres of excellence. Two modern day
researchers that have made significant advances in the study of guided waves in defect
detection and sizing are Prof. Joseph Rose (Pennsylvania State University) and Prof. Peter
Cawley (Imperial College, London) pictured in Figures 3.3 and 3.4 respectively. Thus far, limited
real world industrial applications exist that utilise guided wave inspection techniques. Long
range pipe inspections [8], [69], [70] stand out as the most advanced applications of guided

waves and is used routinely. Applications to rail [71], [72] and the inspection of sheet metal
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during manufacturing [14] are other examples of successful commercial NDT applications of

guided waves. Guided wave inspection systems and applications are discussed in Section 3.5.

Most recently, research into structural health monitoring and permanently installed monitoring
devices using guided waves is being conducted [73], [74]. The ability to separate modes [75],
and clever imaging techniques [9], [76], are also current research focus areas. Work also
continues on finding an accurate or universal method of determining defect depth using guided

waves, if this method indeed exists.

3.3 Defect detection and sizing principles using guided waves

The detection and sizing of defects have been researched extensively by several authors;
Alleyne [77], Mohr and Héller [56] and Demma et al [55] are some good examples of this in
plates, tubes and pipes respectively. Several key principles are commonly applied when
implementing guided waves for defect detection and sizing. Some of these principles are

discussed below.
3.3.1 Guided wave mode selection

Certain modes are more effective than others in detecting and sizing specific types of defects

[15]. When selecting a mode the following aspects need to be taken into account:

e The sensitivity of the mode to the defect of interest. This is dependent on the extent

(amplitude) of the particle motion as a result of the guided wave and hence stresses in
the region of the defect [78]. The higher the stresses produced by the Lamb wave in
the region of the defect, the greater the change in reflected signal. For example, the
fundamental modes, Ay and Sy, are more sensitive to surface defects than defects at
the centre of the material cross section. Al and S2 are affected differently compared
to the fundamental modes when interacting with defects [78].

e The dispersive nature of the mode over the frequency of interest. As discussed in

Section 2.3.6, certain modes have zero (or low) dispersion over a limited frequency
range. L(0,2) for example has a region of low dispersion above approximately 120kHz
in @ 23mm outside diameter brass tube. T(0,1) is non dispersive over the full
frequency range. The T(0,1) mode was initially used exclusively by electromagnetic

transducer systems such as the MSsR3030R system (see Section 3.5) due to the ease
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with which these systems could generate this mode. However, PZT systems are now
also generating this mode and it is gaining in popularity. Both the L(0,2) and T(0,1)
modes are studied extensively by researchers. Kwun et al [3], EPRI [4] and Demma et
al [55] are a few examples.

e The ease with which the mode can be generated and received. Unwanted signals as a

result of the unintended generation of other wave modes decreases the signal to
noise ratio and makes analysis of the signals more complex. At low frequencies, it is
easier to generate the fundamental modes only, making analysis simple. The use of
fundamental modes is therefore very popular and has been studied extensively in
plates [77], [79].

e The leakage losses experienced over the length of transmission. Modes that have a

particle displacement with a high radial component of displacement in tubes or high z
component in plates are more susceptible to high leakage loss. SHq and T(0,1) have no
z-component or radial component of displacement respectively and therefore have no
leakage through the transducer contact surface. Attenuation dispersion curves are
provided by Rose [22] for water loaded steel tube. L(0,1) does not propagate well in

water loaded tubes (see Section 3.3.2).

In general, limited use is made of higher order guided waves largely due to the difficulty in
generating single modes in a non-dispersive region and the higher attenuation experienced.
Several unwanted modes may be generated unintentionally leading to a complex reflected

signal.

Flexural (non-axisymmetric) modes, F(n, m) are also not popular due to the difficulty in
generating a unique flexural mode. For example, in order to generate the F(1,3) mode in a
23mm outside diameter brass tube, at approximately 250kHz, where F(1,3) is reasonably non-
dispersive, at least 9 other flexural modes also exist. However, flexural modes are important
when analysing mode converted signals as it not only provides insight into the possible presence
of a defect, but also provides insight into the defect geometry [55]. A comparison of the
characteristics of the L(0,1), L(0,2) and T(0,1) modes is tabulated in Table 3.1. The characteristics
are based on 23mm outside diameter admiralty brass tubes and refer to the dispersion curves

given in Figures 3.5 (phase velocity) and 3.6 (group velocity).
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Parameter L(0,1) L(0,2) T(0,1)
Non-dispersive Below 25kHz Above 125kHz The full range but preferred
range between F(2,2) and F(3,2)
cut-off frequency (65-90kHz).
Attenuation Excellent Reasonably low. Good. Also Immunity to
‘leakage’.
Sensitivity Very low. Approximately 5 Similar to L(0,2)

Wavelengths
>100mm, limited
sensitivity

times shorter
wavelengths with
improved sensitivity.

Ability to generate
the mode on its
own

Easy. Below L(0,2)
cut-off frequency.

Difficult. L(0,1) mode
is also generated.

Simple.

flexural modes that

Flexural modes not

Easily mode converts

Easily mode converts to

can be mode monotonic in this to F(n,3) F(n, 2).
converted range.
Energy High group velocity High group velocity Lower velocity, less energy
indicating high indicating high
energy energy

Table 3.1: Comparison of the L(0,1), L(0,2) and T(0,1) mode in 23mm diameter, 1Imm thick brass tube.

Dispersion curves - 23mm diameter Brass tube
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Figure 3.5: Phase velocity dispersion curve for 23mm diameter admiralty brass tube
over a frequency range of 250kHz.
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Dispersion curves - 23mm Brass tube
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Figure 3.6: Group velocity dispersion curve for 23mm diameter admiralty brass tubes
over a frequency range of 250kHz.

3.3.2 The effects of frequency variation

The effect of frequency variation on the ability to detect and size defects is best seen from the
analysis of the dispersion curve for the material. The sensitivity of guided waves to a particular
defect is dependent on (amongst others) the frequency-thickness product [77]. Varying the
frequency for a given material thickness can enhance the reflected signal significantly [15]. As

the frequency is varied, the following occurs:

e The number of modes vary. There are fewer modes at lower frequencies. At 1 MHz-
mm in steel plate, only AO and SO modes exist. At 4MHz-mm, there are four modes
that exist namely AO, SO, Al and S1 and S2.

e The velocity of the various modes changes. There is a large variation between the
velocity of the modes that exist at certain freq-thickness products which makes it easy

to distinguish between modes. At other frequencies, the velocities may be very

CHAPTER 3 : LITERATURE REVIEW : ULTRASONIC GUIDED WAVES FOR DEFECT DETECTION AND SIZING 51



similar. For example, at 1 MHz-mm, the group velocity in steel for AO and SO is 3200
m/s and 5300m/s respectively while at 2 MHz-mm they are both 3200m/s.

Higher attenuation occurs at higher frequencies but generally better sensitivities are
also achieved with higher frequencies [80]. There is therefore a trade-off between
higher sensitivities and attenuation (ability of the sound wave to propagate over long
distances).

The amplitude of the particle displacement in the r, 8 and z (or x, y and z) directions
across the thickness of the material varies. For example, at frequencies below 50kHz
in brass, the L(0,1) mode’s particle displacement in the radial direction dominates
however, above 50kHz, the radial displacement dominates. High radial displacement
at the surface leads to ‘leakage’ and greater attenuation. The graph of the particle
displacement when a L(0,1) mode propagates at 20kHz and 80kHz in brass tube is
given in Figures 3.7 and 3.8 respectively.

The wavelength changes. The amplitude of the reflected signal from a defect is

dependent on the axial extent of the defect [55].

The location of the defect can be determined by utilising the time of flight of the reflected signal

if the mode and its respective velocity is known. Furthermore, in pipes, the reflection coefficient

over a non-dispersive region of certain modes interacting with through wall defects is found to

be independent of frequency [55].
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Figure 3.7: Particle displacement of the L(0,1) mode in 23mm diameter brass tube
at 20kHz. The displacement in the z-direction dominates and is nearly constant
over the thickness.
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Displacements, mode L(0,1), f = 80 kHz
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Figure 3.8: Particle displacement of the L(0,1) mode in 23mm diameter brass tube at
80kHz. The displacement in the radial direction dominates and is nearly constant over
the thickness.

3.3.3 The analysis of guided wave signals

The interaction of guided waves with defects, discontinuities or notches is studied extensively
by several authors. Of particular interest to defect detection and sizing is the behaviour and
characteristics of the reflected signal, transmitted signal and mode converted signal. Often
these are reported in terms of a reflection coefficient. The reflection coefficient is the ratio of
the amplitude of the incident signal to the reflected signal (or transmitted signal) and is given

by:
R
RC = T X 100%

Where:

R - The amplitude of the signal reflected (or transmitted) from the defect. This could be either

the incident mode, mode converted mode or the transmitted mode.

I - The amplitude of the incident (input) signal. In some cases, the back wall amplitude obtained

in the absence of a defect is used as a substitute for the input signal.
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The reflection coefficient is studied extensively and is a prime parameter used for

characterising defects using guided waves. The significance of the reflection coefficient is

discussed below.

3.3.3.1 The reflection coefficient of the incident mode

It is found that the change in the reflected signal amplitude is proportional to the change in

strain energy caused by the defect [78]. The reflection coefficient of the incident mode can be

affected by the following:

e Changes in frequency (as discussed in Section 3.3.2).
e The axial extent of the defect can result in constructive or destructive interference.
e The circumferential extent of the defect.

e Different incident modes will have different reflection amplitudes.

The reflection coefficient on its own therefore does not provide sufficient information on the
geometry of the defect. A graph of reflection coefficient of the incident mode (L(0,2) in this

case) as a function of defect depth in pipes at various frequencies is shown in Figure 3.9 [81].
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Figure 3.9: Graph showing the relationship between
reflection coefficient and defect depth for axially
symmetric notches [81].
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3.3.3.2 The reflection coefficient of the mode converted signal

The mode converted signal represents the signal from the mode that comes into existence
following the initial incident mode interacting with the defect. Mode conversion is an important
aspect of defect detection and sizing in pipes and plates. An axisymmetric mode, will mode
convert to a non-axisymmetric mode when interacting with a non-axisymmetric defect [82]. The
reflection coefficient of the mode converted signal is affected by the amplitude of the incident
mode and as such is affected in the same way as the reflection coefficient of the incident mode.
Demma et al [55] used the ratio of the reflection coefficient of the mode converted signal to
that of the incident mode to estimate the circumferential extent of defects in pipes. Figure 3.10
is a graph of the reflection coefficient of the F(1,3) mode (mode converted from the L(0,2)

incident mode) as a function of defect depth in tubes.
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Figure 3.10: reflection coefficient of the F(1,3) mode (mode converted
from the L(0,2) incident mode) as a function of defect depth in tubes.
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3.4.

The application of guided waves in industry

Despite the potential benefits that guided waves have to offer, there are limited practical
applications of guided waves, particularly in the power generation industry in South Africa. EPRI
[6] have investigated the use of guided waves for the detection of defects in reactor
containment liner plates, buried (underground or lagged) pipes and heat exchanger tubes.
Although promising results have been obtained with clear benefits, still more work is required
before these applications will become standard applications in the power generation industry.
On the other hand, the use of guided waves in the oil and gas industry for the inspection of

underground and undersea piping is well established as mentioned earlier.

A paper published in 2002 by Rose [7], highlights applications based on guided waves in the
aircraft, oil and gas and power generation industries. A more detailed review of the advantages
and disadvantages of guided waves in inspection systems are provided in Sections 3.4.1 and

3.4.2.

1 Advantages of guided waves compared to conventional NDT methods

The advantages of guided waves compared to conventional NDT methods are as follows:

e Guided waves can propagate along the length of the material being inspected rather
than through the thickness of the material. This phenomena yields many spin-offs as
inspection can be done remotely from a single location. In the nuclear industry, this
means inspections can be done from low radiation dose areas or in less harsh
(temperature and gaseous) environments in other industries. Physical obstacles such
as pipe supports, penetrations, lagging and underground or undersea conditions can
be overcome by performing the inspections in an area that is easily accessible.

e Guided waves can propagate at very low frequencies, have lower attenuation and
therefore can propagate over long distances. In ideal conditions, travel distances of
200m is reported with 10m of propagation in buried pipe conditions [83].

e The full volume of the specimen can be inspected from a single location. The entire
cross section and in the case of cylinders, the entire circumference experiences
particle displacement and therefore the potential to detect a defect exists. A

significant benefit of this is the ability to perform on-line structural health monitoring.
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Given that guided waves have the ability to inspect the full volume from a single

location, high frequency guided waves (4 to 6 MHz range) over a short distance (200

to 300mm) may have higher probability of detection than conventional ultrasonic

pulse-echo techniques in certain applications. High frequency guided waves are

discussed in Chapter 4.

Collectively, advantages mentioned above provide the ability to perform inspections more

quickly and therefore usually less cost.

3.4.2 Disadvantages of guided waves compared to conventional NDT

methods

The disadvantages of guided waves compared to conventional NDT methods are as follows:

e The dispersive nature of the guided waves makes analysis complex. The signals’

coherence, velocity changes and the amplitude changes due to dispersion are illustrated

in Figure 3.11.

Even though the L(0,2) mode has limited dispersion at 120kHz,

significant reduction in coherence and delayed timing between the defect reflection and

backwall on the second instance can be seen. Significant reduction in amplitude is also

noted however this is due more to attenuation than dispersion.
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Figure 3.11: An illustration of the dispersive nature of the L(0,2) mode
propagating in copper tube at 120kHz.
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e The difficulty in generating selected modes at specific frequencies while preventing the
generation of unwanted modes results in the need for expensive guided wave
generators and receivers including transducers.

e Guided wave interaction with defects results in scattering and mode conversion to a
larger extent than bulk wave ultrasonic waves. The resultant signals are complex and

requires careful analysis.

The most significant drawback is that a method to determine defect depth (or remaining wall
thickness) using guided waves has not been developed and proven. In particular, no research
could be identified where the guided wave testing method (even for detection only) has
undergone a performance demonstration type of assessment. Small volume defects such as
pitting are particularly difficult to detect before it has achieved through wall dimensions in
tubes [84]. Furthermore, the overwhelming majority of the research conducted to investigate
guided wave inspection methods were performed in the laboratory using machined notches or
modelling as opposed to real defects which suggest that the technique has not yet progressed
into the field where more complex defects and external interferences will be encountered.
These disadvantages, while quite significant should not detract from developing new inspection
methods. The power generation industry in particular can benefit from several potential guided

wave applications that can improve plant reliability.

3.4.3 Comparison between eddy current testing and guided wave testing of

condenser tubes

Eddy current testing of condenser tubes and heat exchanger tubes in general is very popular
and has improved significantly over the years [85]. The use of different eddy current coil types
in combination provides very reliable defect detection and sizing [86]. It has been reported that
the inspection rate of condenser tubes using guided waves is up to 8 times faster than eddy
current testing [87]. Table 3.2 and Table 3.3 highlights the advantages and disadvantages of

guided waves and eddy current testing respectively.

58 CHAPTER 3 : LITERATURE REVIEW : ULTRASONIC GUIDED WAVES FOR DEFECT DETECTION AND SIZING



Guided wave inspection

Primary advantage

Implication for condenser tube inspection

Inspection is conducted
from a single location.

Less suceptible to the condition of the tube
such as scaling and dents which cause physical
obstruction.

Less time consuming since the time for the
transducer to travel the length of the tube is
not required.

There is less variation in the setup (e.g changes
in fill factor, travel speed or magnetic field) and
therefore more consistent and repeatable
results can be achieved.

The full volume of the
tube is inspected.

Several modes can be generated along the full
volume of the tube which heightens defect
detection capability.

Mode control can be accomplished with a single
transducer — there is no need to change
transducers.

Primary disadvantage

Implication for condenser tube inspection

Remaining wall thickness
cannot be determined.

Additional inspection is required following
initial screening.

New technique in its
development stage.

Very few experienced operators.

High cost of capital investment required.

Off the shelf solutions are not available and
would need to be developed.

Guided waves are
complex in nature.

The presence of tube sheets and tube support
plates can increase the complexity of the
reflected signals making analysis difficult.

Table 3.2: The advantages and disadvantages of using guided waves for defect detection in

condenser tubes.

Eddy current testing

Primary advantage

Implication for condenser tube inspection

It can determine
remaining wall thickness
directly.

Tube plugging criteria can be applied based on
inspection results.

The technique is well

developed.

Highly trained personnel are readily available.
Equipment and procedures are available and
robust.

Primary disadvantage

Implication for condenser tube inspection

The probe must travel
the distance of the tube.

The tube must be cleaned which is time
consuming.

Minor obstruction such as dents prevent
inspection and can cause eddy current
equipment damage.

The inspection itself is time consuming.
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3.5

e Manual eddy current | e Poor fill factors and incorrect probe speeds can

inspection is prone to result in defects not being detected.
operator errors and | e Interference from electromagnetic sources
inappropriate practices. reduces defect detection capability.

e Multiple probes must be | ¢ This increases the duration of testing
applied to enhance the
reliability of  defect
detection and sizing.

Table 3.3: The advantages and disadvantages of using eddy current for defect detection in
condenser tubes.

Guided wave inspection systems

Commercial equipment available for generating guided waves for industrial applications is
available from several suppliers. It is sophisticated and robust but prohibitively expensive.
Costs range from approximately R5000 to rent a basic system for 1 day to R800 000 to purchase
the basic system. Furthermore, many guided wave applications are still in their development
phase and further research is required for specific applications such as condenser tubes. Given
that guided wave inspection systems have only recently been developed, strong ties with their
development sources and/or academic institutions still exist. Research by these institutions is
often strongly biased towards the guided wave testing systems of which they have a commercial
interest. A market survey was conducted to assess the available guided wave inspection

systems available. Five commercial products were identified. These are (in no particular order):

e The MsSR3030R system is based on magnetostriction transducers and was developed
and manufactured by South West Research Institute (SWRI) in San Antonio, Texas, USA.
It is supplied by Guided Wave Analysis LLC. It is also used extensively by EPRI in its
research.

e The Wavemaker G3 system is based on PZT transducers and is developed and supplied
by Guided Ultrasonics Ltd in Nottingham, UK. It builds on the development made by
Imperial college, London and maintains close ties with that institution.

e The Teletest Focus Flaw detector is based on PZT transducers and is developed by The
Welding Institute (TWI) and supplied by Plant Integrity Ltd in Cambridge, United
Kingdom.
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e The Ritec RPR4000 system is developed by Ritec Inc and supplied by Ritec Inc in
Warwick, USA. It can be used with electromagnetic or PZT transducers. It is used
broadly for research purposes and is suitable for laboratory use only.

e The Temate system is developed and supplied by Innerspec Technologies. It is

developed for use with EMAT transducers. Innerspec technologies is situated in Virginia,

USA.

Photographs of some of the products available from the vendor websites and product manuals

are provided in Figures 3.12 to 3.15 for illustration:

Figure 3.12: The MSsR3030R along with the in-bore transducer
is developed by SwRI. It generates the T(0,1) mode and has a
250kHz bandwidth and 2 channels [88].

Figure 3.13: The Teletest test set supplied by Teletest and
supported by TWI. It is based on PZT transducers and is
designed to generate the L(0,2) and L(0,1) modes [89].
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Figure 3.14: Guided Ultrasonics Limited Wavemaker G3
with in-bore transducer. It utilises PZT transducers and
has 32 channels [90].

Brush Rings
For Concentric Location

Air Inlet

b I a
|
Machined Flexible “Ring” Arrays Each Recesses For
Aluminium Body Membrane Containing 8 transducers Sealing Clips

Figure 3.15: Typical in-bore transducer used for tube inspections. Two rings of
transducers are used to manipulate the modes generated as well as eliminate the
backward generated signal. The transducer is dry-coupled to the inside of the tube.

In South Africa, a limited number of contractors have purchased guided wave equipment and
are providing pipe inspection services. De-tect and Steeltest are amongst those providing a

guided wave inspection service for pipes using guided waves while the CSIR conducts research

on guided waves in rails [91].
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There are several important considerations when selecting an ultrasonic guided wave inspection
method/system that is suitable for the detection of defects in condenser tubes. Some of the

characteristics of such a system are discussed in Sections 3.5.1 to 3.5.4.

3.5.1 Transducer specifications for guided wave applications in tubes

There are several aspects of the transducer that require careful consideration. These are listed

below:

e The transducer type. Piezoelectric is preferred over magnetostrictive and EMAT due to
the benefits listed in Section 2.3.7.1.

e The physical dimensions of the transducer. The smallest internal diameter of the
condenser tube is 17mm. The ability to fit two rings each of 8 or more transducers on
the inside of the tube is a significant challenge. Such a transducer is not available
commercially as a standard, off the shelf product.

e The ability of the transducer to generate the modes of interest, particularly L(0,1), L(0,2)
and T(0,1) modes. The advantages and disadvantages of each of these modes are
discussed in Section 3.3.1. While the transducer is designed to generate these modes,
its ability to sense the flexural modes, F(n,m) is essential for defect detection and sizing.
The number of transducer elements in the transducer ring should be greater than n
where F(n,m) is the highest order flexural mode within the frequency range of interest
[21].

e The transducer bandwidth and centre frequency. The transducer frequency must be
matched to the intended input frequencies to prevent the generation of unwanted
modes and noise. Typically, the number of cycles of the input tone burst signal can be
increased to improve the frequency response of the transducer to match that of the
input signal. This however will increase the dead zone [2].

e The footprint (area that the transducer is in contact with the test specimen). A larger
footprint enables more energy to be absorped or released [24]. There are physical
constraints to the number of discrete transducers that can be fitted in the inside of the

tube as mentioned earlier in this section.
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3.5.2 The signal-to-noise ratio of the guided wave inspection system

The signal-to-noise ratio (SNR) is a measure of the amplitude of the signal from the defect in
relation to that of the background (unwanted) reflections classified as noise. The achieved signal
to noise ratio is dependent on several factors both dependent and those that are independent
of the guided wave system itself. SNR is more suited to describe the degree of
electrical/instrument noise however it is a useful concept for determining the degree to which
the defect can be recognised. SNR, in the context of signal recognition is explored in Chapter 5.
In guided wave applications, the SNR is often lower than the expected norm of 3 to 1 [92] due to
the number of guided wave modes that may be generated unintentionally particularly at higher
frequencies. The SNR is calculated using Equation 3.1 [14].

SNRgz = 20log, (222) (3.1)

Anoise

An example of a guided wave application using high frequency shear wave transducers on 3mm

steel plate is shown in Figure 3.16 along with the calculation of SNRg. Applying Equation 3.1,

8
SNRdB = 20l0g10 (Z)

SNRyz = 6dB

Signal from
defect, 8 units.

Figure 3.16: The reflection obtained from a
defect in a 3mm steel plate. The guided wave
was generated using a 4MHz, 45° shear wave
transducer.
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3.5.3 The frequency range of the generator and transducer

Higher frequencies have higher sensitivity to defect detection (smaller defects can be detected)
however the drawback is higher attenuation. Condenser tubes in the power generation
industry are typically greater than 6m long while through wall pitting can have a cross-sectional
area of approximately 1% of the tube cross-sectional area. This represents a Imm diameter pit
in a Imm wall thickness tube with an outside diameter of 25.4mm (1 inch). Attenuation and

sensitivity must be carefully balanced when selecting an ultrasonic inspection frequency.

Lower frequencies also tend to increase the deadband. For the same number of cycles in a
toneburst, a lower centre frequency will take longer to discharge during which time the
transducer is unable to measure the received signals that may exist due to defects in the dead

zone.
3.5.4 The flexibility of the analysis and control software

The extent to which the output of the generator to the transducer can be controlled, and the
extent to which the input signals received by the transducer can be captured, are important
considerations. The control software must have the ability to vary the input signal frequency
and duration as a minimum while the analysis software must enable analysis of the received
signal in the time domain and frequency domain. The ability to transfer captured data to other

software packages (such as MATLAB) for further analysis is an added advantage.

Other aspects that require consideration when selecting a commercial guided wave system

include cost, quality and capability to deliver the product within the timeframes required.
3.6 Conventional bulkwave ultrasonic inspection systems

Conventional, commercially available ultrasonic equipment is fundamentally different from the

modern guided wave equipment due to the following key aspects:

e Bulkwaves consist of primarily two wave types, transverse and longitudinal, both of
which has a constant velocity and no dispersion. There is therefore no need for the
wave generator to have frequency variation capability.

e Conventional systems typically generate a voltage spike containing a broad range of

frequencies which excite transducers of known centre frequencies.
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e The through thickness volume is inspected as opposed to the length of the specimen.
Propagation distance is therefore much shorter making attenuation much less of a

concern. Frequencies in the MHz range can therefore be applied to improve sensitivity.

Conventional systems are therefore typically unsuitable for guided wave applications due to the
short range and the high frequencies generated as well as the inability to vary frequency.
However, without the ability to limit the number of wave modes and with frequencies in the
MHz range, the generation and analyses of guided wave signals using conventional bulk wave
ultrasonic test equipment and transducers is a complex but an instructive exercise. Research
utilising conventional equipment is not reported on, for reasons as explained above. A novel
approach to the inspection of thin walled plates using high frequency guided waves is presented
in Chapter 4. High frequency guided waves generated using readily available bulk wave test
equipment may provide an alternative to classical pulse echo bulk wave testing where there is a

need to improve the probability of detection while reducing the inspection duration.

3.7 Defect detection and sizing using guided waves in plates

Guided waves and their interaction with defects in steel plates have been studied in detail by
Alleyne [77]. He found that the sensitivity of specific wave modes to particular notches was
dependent on mode order, frequency-thickness product, mode type and notch geometry. His

study was based on A, Sp and A; modes interaction with machined notches in steel plates. He
also found that detection was possible when %L =~ 40 . This means that defect depths (d) of less

than 0.1mm could be detected in plates below the Al cut-off frequency of 1.6MHz in steel

plates. The calculation is as follows:

cr 5850
f x40 1.6E6 x 40

A~ ang - d 0.09
~ 70 and ~d = ~ 0.09mm
He also suggested that monitoring the amplitude of transmission beyond the defect could

provide a method of defect sizing.

Edalati et al [54] studied the interaction of the A1 and S1 modes with notches of 0.2 to 1.2mm
depth in 2mm thick aluminium plate. They exploited Snell’s law relation proposed by Worlton

[45] and given by Equation 2.25 to generate the graph of incident angle (6, the wave angle in
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the Perspex) versus frequency-thickness product. The angle at which the A1 mode can be

generated can be calculated as follows:

Frequency-thickness product: 2MHz X 2mm = 4MHzmm.
Phase velocity at 4MHzmm of Al in Aluminium, C, = 6100m/s.

Longitudinal velocity in Perspex, C,, = 2730m/s.

Cm . Cm . 2730
- 5 B, = sin1(22) = sin~ (—): 26.6°
= sing, P <cp> " \6100

This agrees with the graph produced by Edalati shown in Figure 3.17. They used the relation

given in Equation 3.2 to locate the defect.

Lg =V Xtyf

Where:

V¢ = group velocity

Tof = time of flight of the Lamb wave.

Ly, Ly, = location of defect and the back wall.

Aluminium (C = 6400 mi's, C.= 3170 mfs)
75
60
o
T 45
¥ S0
% 0 -
[==]
15 +
0
0 2 4 B a8 10
(b) fd, MHz. mm

Figure 3.17: Graph of incident angle of
longitudinal wave and frequency-thickness
product [54].

(3.2)
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Finally they proposed the 6dB drop method for determining the defect surface length similar to

that used for conventional pulse-echo techniques.

Hee Don Jeong et al [79] investigated the optimum frequency and incident angle to generate A,
and S, Lamb waves with which to detect machined defects of various diameters in 2.4mm thick
steel plate. It was found that 840kHz was the optimum frequency at an incident angle of 30°
(So) or 85° (Ao). This serves to confirm the effect of frequency on detection capability. A large
variation (17%) was obtained between the expected group velocity and the experimental group

velocity for Sy which was not explained by the author.

3.8 Defect detection and sizing using guided waves in pipes and

tubes

Guided waves in cylindrical structures are much more complicated than guided waves in plates
[22]. The fundamentals of guided waves in cylindrical structures were formulated by Gazis [27].
In his work, he describes the behaviour of longitudinal, torsional and flexural waves from a

mathematical perspective.

Guided waves for pipes and tubes are grouped because the physical/mathematical behaviour is
the same (both cylindrical objects). There is however significant practical considerations that
may necessitate a different approach to the inspection of thin walled (less than 2mm) surface
condenser tubes compared to long length schedule 40 pipes. These practical considerations are

listed below:

e Wall thickness — Condenser tubes are typically less than 2mm thick. Pipes on the other
hand are usually > 5mm thick. Much higher sensitivities are therefore required for
condenser tubes.

e Flange connections — There are no flanged connections on tubes which hinder
transmission.

e Welded connections — There are no welded connections or seams on tubes however
tube to tube sheet welds are used in some cases.

e Accessibility — The condenser tube is accessible from the inside (in-bore transducer),

whereas pipes are typically accessible from the outside.
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e leakage — Condenser tubes may be submerged in water/fluid and therefore have
ultrasonic energy ‘leakage’ on the external surface of the tube. Pipes on the other hand
may be filled with liquid and/or be submerged in fluid or lagged/buried. Pipes can
therefore be subjected to ‘leakage’ on neither, one or both surfaces.

e Supports — sag plates (tube support plates), baffle plates and tube support sheets
provide interference due to the stresses on the external surfaces. These are similar to
supports provided for pipes however, in the case of tubes, sag plates often have a

clearance fit and therefore immune to interference.

Demma et al [55] provide a guide for interpreting corrosion measurements using guided waves
in steel pipes 2” to 24”. They analysed pipe size, defect size, guided wave mode and frequency
on the reflection of guided waves from notches and present a map of the reflection coefficient
as a function of the circumferential extent and defect depth. Their work is based on the use of

L(0,2) and T(0,1) mode and is limited to frequencies for which the modes are non-dispersive.

The study was based on finite element predictions only though and like so many of the research

papers, only theoretical defects are studied. Several findings of note are made namely:

e The zero order reflection coefficient between 30kHz and 65kHz is essentially constant for
through thickness depth circumferential cracks and is in fact proportional to the
circumferential extent.

e The axisymmetric mode incident on an axisymmetric feature (circumferential notch) results
in axisymmetric reflection while an axisymmetric mode incident on a non-axisymmetric
feature (part circumferential notch) results in non-axisymmetric reflection.

e The circumferential extent of a defect can be estimated by evaluating the ratio between the
first order (mode converted signal) and the zero order signals. The ratio was found to be
insensitive to defects with circumferential extents less than 15%.

e The axial extent of the defects has a significant effect on the reflection coefficient for part
depth defects. The reflection coefficient increases monotonically from 0% to approximately
25% axial extent and then reduces again to a minimum at a relative extent of around 45%.

o The reflection coefficient increases with pipe thickness while defects on the outer wall of the
pipe produce a bigger reflection than defects on the inner wall [93]. The implications for
condenser tubes are that, at 1mm wall thickness, they can have significantly lower reflection

coefficient than the reflection coefficients reported in this study. Also, external pitting, if
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detected, can have a higher reflection coefficient than an internal pit of the same cross
sectional area.

e A map, as shown in Figure 3.18 is provided to determine defect size.

0 5 10 -S| RS - IR
100 IBRERRERRARENRUREARARALY
[ ‘ ‘ ]| ‘ | |
| | \ | {
90 | \ 11 \ \ \
| |‘ \ \ \
80 . RRARARRRAN \ \
S | AL BRATATALATAAANARARSRANAN
e 70 f| | LRRLRL R
-y \ AN
= 60 | \ O, \ N\
g “ lnnng
= VOO
o 0] \ NN N——
4 '} ‘ 227\ N —
= 40 : 5% N
-.—-E ‘ 900-‘% \\ :
| AR, 1
é’ 30 R 59‘0.1'4‘ % e ~
‘ ! I 4 ——
20 \, @
R ®
10 | Y. e —
0| - = - —
0 5 10 15 20 25 30 35 &0 45 50
Relative circumferential extent C (%)
__

Figure 3.18: Map to determine defect size once the zero
order reflection coefficient and the ratio of first order to
zero order is calculated. The circumferential extent is
obtained from this ratio [55].

Applying these principles to admiralty brass condenser tube with OD 23mm, a frequency higher
than 75kHz (1.7MHz-mm) and 125kHz (2.8MHz-mm) would be suitable for T(0,1) and L(0,2)

modes respectively. The effect on axial extent will be negligible based on the following:
A= C/f =3650/150 000 = 24.3mm.

The reflection coefficient will be a minimum when:

Amin =0.45X24.3=11mm

amax = 0.25 X 24.3 =~ 6mm

Ammonia grooving defects are characterised by axial extents between 0.5mm and 2mm which

represent a relative extent between 2% and 8% (0.5/24.3 X 100% and 2/24.3 X 100%).
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Vinogradov et al [5] studied guided waves in 0.75” carbon steel heat exchanger tubes with
artificial flaws to simulate erosion. Magnetostrictive sensors were used with a frequency
ranging from 18 to 48kHz. The cross-sectional area of the defects studied were all greater than
1% of tube cross-sectional area. This was one of a series of papers involving the use of guided
wave inspection of heat exchanger tubes from 2002 to 2009. The work was done in conjunction

with EPRI and IHI Southwest Technologies. The main findings were as follows:

e Amplitude response increased dramatically for constant depth and increasing axial extent.
The L(0,1) mode was used at a frequency of 32kHz. These findings are found to be in line
with that of Demma et al.

e Vinogradov goes on to propose a formula for cross sectional area, D as follows:

A
D= flaw

X Ky X 100%
Aend

Where:
Asw = response amplitude
A.nq = backwall echo

Kax = correction factor

The relationship provides the size of the defect cross sectional area. It does not provide the
remaining wall thickness, the basis upon which tube plugging is made. It is reported that an
effective size greater than 1.5% can be detected using 250kHz L(0,2) mode guided wave. The
effective size, ES is defined as:

_ cross — sectional area of defect

S= _ x 100%
cross — sectional area of tube

Mohr and Holler [56] studied the L(0,2) and T(0,1) modes (they referred to T(0,1) as T(0,0)) at
frequencies up to 1325kHz in austenitic tube. Defects with a depth Of 0.05mm (5% of depth)
were detected. Minimum SNRys of 6 was achieved at 1325kHz and an attenuation of 1.1dB/m.
They also found that the T(0,1) mode was more sensitive than L(0,2) mode to longitudinal

(axially oriented) defects .
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3.9

Summary and contribution to the field of guided waves

Guided waves are inherently complex and classic ultrasonic NDT based on bulk waves have
dominated the industry due to their relative simplicity. The guided wave modes, A0, SO and SHO
(plates) and L(0,1), L(0,2) and T(0,1) (pipes and tubes) have been extensively researched. There
is limited application of guided wave testing in industry beyond the current area of long range
inspections of pipes. In particular, the application of guided waves for the inspection of heat
exchanger tubes, remain in the developmental stage. A method to determine defect depth
(remaining wall thickness) in plates or condenser tubes does not exist. Research is being
conducted for applications in the power generation and oil and gas industries amongst others.
Very limited research has been conducted on the interaction of guided waves with defects
having a cross sectional area less than Imm?. In particular, no such research could be identified
where copper tubes were used which is highly attenuative. Furthermore, no research could be
identified that involved the experimental measurement of multiple nodes on small bore tubing
containing such small defects. The number of suppliers of guided wave equipment is limited and
the equipment still remains in a development stage for many applications. No research could be
identified that exploit the repeated minima at constant group velocity of S,,, A, (m =1, 2, 3...)

and L(0O,m) where m=3,4,5....

Given the findings of the literature review, this thesis has contributed to the field of guided

waves in the following way:

e A method using basic ultrasonic equipment was developed which exploits the group
velocity minima at 2300m/s in steel plate.

e Copper condenser tubes containing pit defects with a cross sectional area as small as
0.2mm? were inspected using guided waves.

e Elements of the work undertaken by Alleyne [21] and Demma et al [55] were extended
to tubes containing defects with a circumferential extent less than 10%.

e Experimental measurements of the axial displacement of the L(0,2) mode were taken at
48 nodes which enabled the zero order and first order modes to be separated for

analysis.
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Chapter 4

4.1

Conventional equipment experimental

details and results

Introduction

This chapter investigates the use of conventional ultrasonic NDT equipment to generate guided
waves for research purposes. The use of equipment that is readily available to generate guided
waves can be of great benefit, as commercial equipment is expensive and still in its
development phase for many guided wave applications. It may also stimulate interest and
accelerate development of industrial applications more quickly than has been the case thus far.
However, the presence of multiple modes due to the high, broadband frequencies synonymous
with this type of equipment necessitates careful analysis of received signals. This makes the use

of such equipment more complicated but also very instructive.

The chapter begins by describing the equipment setup and calibration. The material and test
sample specifications are then provided. Both steel plates and copper tubes, each with pits
(drilled holes) and grooves (machined slots) were inspected, so their specific dispersion curves
are also provided for ease of reference. The experimental program and methodology is
described next and consists of a three step approach, identified as study 1, 2 and 3. Finally the
results are provided for each of the studies and then discussed before the chapter is

summarised.
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4.2 Equipment setup and calibration

This section describes the ultrasonic flaw detector, transducers, material specification, test

samples and calibration setup.
4.2.1 Conventional Ultrasonic flaw detector

A Krautkramer USN52L ultrasonic test (UT) set is used to excite the transducers in all the

experiments conducted in this chapter. The UT set is pictured in Figure 4.1.

Figure 4.1: Conventional ultrasonic test
set, USN52L.

The important parameters relevant to the experiments are given below [94]:

Frequency range: 1 of 4 filters can be selected. 0.4 MHz to 10 MHz (broadband), 2 MHz
to 8 MHz (midrange, centre at 4 MHz), 0.3 MHz to 4 MHz (low range), 3 MHz to 10 MHz
(high range).

e Pulse type: 600V spike

e Repetition rate: low (1 pulse every 1.1ms) or high (1 pulse every 2.2ms) option.

e The ultrasonic velocity can be varied depending on material, from 0 to 9999m/s.

e The range is adjustable from 5mm to 5000mm.

e |t has 4 damping resistor options, 50Q, 75Q, 150Q and 1000Q.
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The frequency bandwidth generated by the UT set is shown in Figure 4.2.
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Figure 4.2: USN52L frequency bandwidth output measured using a spectrum
analyser.

4.2.2 Transducers

Standard, bulk wave ultrasonic transducers that were used in the experiments are listed in Table

4.1 along with their calibration data.

Transducer Damping Delay Zero Filter Velocity Index
Freq. (MHz)/ (Q) (ps) (ps) (MHz) In steel. (mm)
angle in steel)
1/45° 150 0 14.2 0.3-4 5850 20
1/00 150 0 2.3 0.34 5850 n/a
1.8/700 1000 0 11.0 0.34 5850 28
1.8/600 1000 0 11.0 0.3-4 5850 30
2/450 1000 0 4.76 0.3-4 3240 115
2/600 1000 0 4.76 0.34 3240 13
4/450 1000 0 7.60 0.4-10 3240 4
4/700 1000 0 7.60 0.4-10 3240 4

Table 4.1 : Conventional ultrasonic transducers and their settings applied in the experiments.

The transducers and UT set were calibrated using the IIW-2 calibration block pictured in Figure
4.3. The transducers are reasonably broadband. The 1.8MHz, 70 degree and 60 degree

longitudinal wave transducer specifications are given in Figure 4.4 and Figure 4.5 [95].
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Figure 4.3: Calibration block, 1IW-2, used
for the calibration of the transducers.

. Type VRYTD
2dB/Div Order no. 57665
Crystal size 10:22 mm
\"\ Frequency 1,8 MHz l
J.'r Beam angle T0° mm
F II'. Bandwidth 1..25MHz 0
JI,"I( ll', Operating range 15 .. 100 mm 10
fi II: Focal distance 35 mm 20 —
J | Echo width 3mm 30 10mm
I Contact area 53,529 mm 40
0-4 MHz Remark VRY 70, suitable for excitation of creeping waves
in mild steel
—

Figure 4.4: Bandwidth of the
VRY60 and 70 degree transducers
[95].

Figure 4.5: VRY60 and 70 degree transducer
specifications [95].

The 4MHz, 45° 60° and 70° transducers are manufactured by Vincotte (AIB). Their
specifications are given in Figure 4.6 and Figure 4.7. Their crystal sizes are 8X9mm.

Unfortunately, not all the transducer specifications were available.

N Fg =40+03 MHz Element size = 8x9+ 0.1 mm
- BWyg =355 ™% WH =3 +£0.1 mm
| SR(a0) =556 dB Ns =17+3 mm
Zg =98 £25 Q EP =l4+1  mm

Inductive PD =77+0.25 ps

L [\ A o =45 3 \‘c.’ m(dB) =-45£10 dB

j\q A W ¥ =0 £l ° R(mm) =15+5 mm

"0 MHzDY Qi.gdgp =3.3+04° T =.20—>+60 °C

Figure 4.6: Bandwidth of the AIB Figure 4.7: Specifications of the AIB Vincotte
Vincotte transducers (450, 60° and transducer range (450, 60° and 70°) used in the

70°) used in the experiments. experiments.
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4.3 Material and test sample specifications

The material properties of the materials used are tabulated in Table 4.2. The equations [96] to

calculate the parameters in Table 4.2 are provided in Appendix A.1.

Material Type | Poisson’s |Velocity (Shear)|Velocity (long)| Density Young's Modulus of
ratio (m/s) (m/s) (kg/m3) | modulus (GPa) | rigidity (GPa)
Mild steel plate 0.3 3230 5850 7800 210 80
(various
thickness)
Copper tube (0.9 0.34 2260 4660 8900 110 45

and 1mm thick)

Admiralty Brass 0.34 2120 4430 8530 110 41
tube
Perspex N/A 1430 2730 N/A N/A N/A
Oil (couplant) N/A N/A 1740 N/A N/A N/A

Table 4.2: The specifications of the materials that were used in the calculations [96], [14].

Mild steel plate test samples and copper tube test samples were used for the experiments in
this chapter. Detailed drawing of the mild steel test samples are contained in Appendices A.2
(grooves) and A.3 (pits). Similarly detailed drawings of the copper tube test samples are

contained in Appendices A.4 (grooves) and A.5 (pits).
4.4 Dispersion curves for mild steel plate and copper tubes

The phase velocity and group velocity dispersion curves for the mild steel plate are given in
Figure 4.8 and Figure 4.9 respectively. The curves were generated utilising PACshare©
dispersion curve software version 1.00. The wave mode of interest is calculated using Equation
2.25. Figure 4.10 and Figure 4.11 are the phase and group velocity curves respectively for

0.9mm thick, 22mm diameter copper tubes. The curves were generated using PCDisp.
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Copper tube 0.9mm thick, Z2mm diameter
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Figure 4.10: Phase velocity dispersion curves for 0.9mm thick, 22mm diameter copper tube.
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Figure 4.11: Group velocity dispersion curves for 0.9mm thick, 22mm diameter copper tube.
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4.4.1 Experimental program and methodology

Three studies were conducted to determine the viability of using the basic bulk wave ultrasonic
equipment to generate guided waves in pipes and tubes. The test program objectives are as

follows:

First, a range of standard bulk wave transducers were excited using the USN52L to identify a
transducer that could generate a particular mode or modes of guided waves in various thickness

plates. Special attention was given to the group velocity minima at 2300m/s.

Second, the most suitable combination of transducer and wave modes identified in the first
step, was evaluated by determining its detection capability. Steel plates of various thickness,

containing pits and grooves, were inspected.

Third, the wedge method [47] shown in Figure 4.16 was applied to copper tubes containing pits

and grooves. Again its detection capability was assessed as a means of evaluating its viability.

The above approach exploited the use of Snell’s law, Equation 2.25 to generate guided waves in
both plates and tubes. The three steps and their methodology are described in more detail in

Sections 4.4.2, 4.4.3 and 4.4.4.
4.4.2 Generating guided waves in plates — study 1

Here, two methods were applied, both of which were essentially the same but differing in their
intention/approach. In the first method, an attempt was made to generate specific modes
although additional modes would be unintentionally generated. In the second method, the
intention was to generate multiple modes which have the same group velocity. This was done
by exploiting special regions, the group velocity minima, on the group velocity dispersion curve.

The first method is outlined below (see Figure 4.12):

e The phase velocity for each of the transducers was determined using Equation 2.25.

e The frequency-thickness region based on the transducer bandwidth was then
determined.

e The applicable mode and its group velocity could then be obtained from the dispersion

curve.

Table 4.3 lists the transducers that were used to generate the selected modes of interest, the
plate thickness, their phase velocity (calculated) and the expected group velocity (from

dispersion the curve) in metres per second.
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Transducer Angle in Angle in |Calc. phase| Possible Plate Group velocity
perspex steel velocity Modes thickness (m/s)
VRY70, 1.8MHz long 26° 70° 6227 A2 6 3680
Al 1.3 3800
2MHz, 45 shear 18.2° 45° 4578 s2 6 2290
2Mhz, 60 shear 22.5° 60° 3741 S0 13 1810
Al 3 2510
4MHz, 45 shear 18.20 45° 4578 S2 3 2290
4MHz, 70 shear 24.5° 70° 3448 Al 2 2880
s1 3 2960
A2 6 2985

Table 4.3: Calculated phase velocities and expected modes generated for each transducer.

An example is illustrated, in Figure 4.12 for the VRY70 transducer, which generates the Al and
S1 modes at a phase velocity of 6227m/s. Its bandwidth is 1IMHz to 2.5MHz which translates to

a frequency thickness region from 1.3MHz-mm to 3.25MHz-mm for the 1.3mm thick plate.
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Figure 4.12: An illustration of the expected modes and group velocities obtained
from the dispersion curves. The VRY70 generates the Al and S1 modes.

For method 2:

e Three phase velocities were generated in 2mm plate using three different, standard
transducers (Figure 4.13).
e The modes generated in each case were then identified based on their group velocity

obtained from the UT set.
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The expected modes generated are listed in Table 4.4 along with the calculated phase velocity,

frequency thickness (frequency thickness region) and group velocity. The measurements were

Phase Graph - dispersion curve steel plate
10 b 1 \
g k 3\ ‘ B X4
3 i Al N
. \ \\
N\
—7 \ X 2 = \ : M,
e “k M e, B T
% E o S —1— —_— —— : ~\t_—r_ e —
B 2 v \ \\ e | _‘} -~ =
2 PN e :
o 4 N\ =S— [ ——— =y
i N
& 3 \"h__
Al
4
0 1 ] ¥ v I
0 1 2 3 4 5 B 7 g 3 10 11 12 13 14 15
Frequercy*T hickness [MHz mm)
Gioup Graph - dispersion cuive steel plate
10
3
]
o 7
£
| 24
>
2 5 F?i\\ ~— —
o ° A | ™
= ™~ P A
g 4 V-‘_ \ r’/ T ; [ ""é-‘d\
> 3 = 3 > — ?_/—Q ! ‘%1= - =
Y AW 7 s e o s o ma
2 ¥ s ( 2 /I /
1*( L \Z , ’ | — v
i L j é 4
0 I : - I : 63 & !” I
0 1 2 3 4 5 & 7 2 9 10 11 12 13 14 15
Fiequency' Thickness [MHz rm)

Figure 4.13: Multiple modes generated in 2mm plate using 4MHz, 45 degree
transducer. Interestingly, all modes have a group velocity at a minima of
approximately 2300m/s..

taken as shown in Figure 4.14. The transducer was positioned at a known distance from the
edge of the plate and the UT set velocity adjusted until the back wall (BW) echo reflected the
correct, known distance. The group velocity was then recorded and compared to the expected

group velocity.
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Transducer Calculated phase Frequency Possible Group velocity at phase
velocity thickness Modes velocity frequency

(m/s) (MHz-mm) (m/s)
VRY70, 1.8MHz long 6227 3.6(2to5) Al 3802
s1 3783
2Mhz, 60 shear 3741 4(3tob5) SO 1816
Al 2500
4MHz, 45 shear 4578 8(7.4108.6) S1 2300

Table 4.4: The expected modes generated in 2mm steel plate using standard transducers.

27.07.2010

Figure 4.14: Setup of study 1. The generation
of various modes using standard ultrasonic
test equipment and transducers.

A photograph of the signal obtained was taken for illustration purposes and to compare the

quality of the signal responses.
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4.4.3 The interaction of the selected guided wave modes with defects in

plates — study 2

Three sets of tests were conducted as follows:

e 1.6mm thick steel plate with 1.5mm diameter holes and varying depth.
e 3mm thick steel plate with 5mm and 15mm grooves, each of varying depth.

o 3mm thick steel plate with 1.5 and 2.5mm holes, each of varying depth.
The procedure applied is listed below:

e  The transducer was positioned 200mm from the plate edge with no defect in its path
and the velocity set at 2300m/s.

e  The backwall was maximised to 100% full screen height by adjusting the gain on the
USN52L.

e  This backwall amplitude, in the absence of any defects, was taken as the incident signal.

e  Each defect was then inspected in turn and the reflected signal from the defect, Ry, the
reflected signal from the backwall, Rgw and any mode converted signal, R, was
recorded.

e No changes were made on the gain.

The setup is illustrated in Figure 4.15. The frequency thickness region of interest was 5.9MHz-

mm to 6.9MHz-mm which included the S1 mode at a group velocity of 2300m/s.

Figure 4.15: Typical setup of USN52L, steel plate and
45 degree shear wave transducer for study 2.
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4.4.4

The interaction of guided waves modes with defects in tubes — study 3

The wedge method, illustrated in Figure 4.16 was applied as follows (T1 to T17 are indicated on

drawings in A.4 and A.5):

The T1 defect (0.25mm depth, 1.5mm diameter drilled hole) was detected with the wedge
positioned 250mm away from the defect, using the 1MHz longitudinal wave transducer.

With the defect at the top, the L(0,2) reflection coefficient was measured for T5, T6, T7 and
T8, each 3mm diameter drilled holes increasing in depth from 0.25 mm (T5) to through wall
depth (T8).

The reflection coefficient of a 360° groove (axially symmetric defect, T17), 0.5mm depth and
1.5mm axial extent was measured.

Again with the defect at the top, the L(0,2) reflection coefficient was measured for T13, T14,
T15 and T16, each being 20mm long grooves, increasing in depth from 0.25mm (T13) to
through wall depth (T16).

The phase velocity of L(0,2) mode in 0.9mm copper tube at 1MHz is between 3800m/s and
3900m/s (from Figure 4.10). The wedge angle, 6, is given by Equation 2.25 and the expected

group velocity is between 3800 and 3500m/s, given the transducer bandwidth:

0 =5in™(2730/3860) = 45°

Figure 4.16: The wedge method used to generate the
L(0,2) mode in study 3.
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4.5

Results and discussion

The results and discussion for studies 1 to 3 are presented in Sections 4.5.1 to 4.5.3:

4.5.1 Results and discussion for study 1

The results obtained for the first method are listed in Table 4.5.

Transducer calc phase Identified |group velocity| Actual group |error between| comment on
velocity (m/s)| Modes at phase velocity (C) | (C)and (A) signal
velocity freq (m/s) (good/OK/bad)
(A) (m/s)

VRY70, 1.8MHz 6227 A2 3680 unclear n/a bad
long Al 3800 3660 -140 OK
2MHz, 45 shear 4578 S2 2290 2293 3 OK
2Mhz, 60 shear 3741 SO 1810 1780 -30 bad
Al 2510 2480 -30 OK

4MHz, 45 shear 4578 S2 2290 2314 24 good
4MHz, 70 shear 3448 Al 2880 2953 73 OK
s1 2960 3015 55 good

Table 4.5: The actual group velocity of guided wave modes generated using the first method. The
difference between the expected and actual group velocity as well as the quality of their signals is

shown.

Table 4.5 provides the identified modes for each transducer along with the calculated phase

velocity. The actual group velocity is compared to the expected group velocity and the error is

included in the table. A comment on the quality of the signal which is based on the ability to

recognise the intended mode is also given. Sample signals obtained are listed in Figures 4.17 to

Figure 4.21.

Figure 4.17: A1 mode generated using the VRY70
transducer on 1.3mm plate at a phase velocity of
6227m/s. The peak at the expected distance of
200mm is well defined but a leading peak is also

present.
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Figure 4.18: S1 generated using 70 degree, 4
MHz shear wave transducer on 3mm plate.
A well-defined signal is obtained
corresponding to a peak at 200mm and a
velocity of 3015m/s. This compares well
with the expected velocity of 2960m/s.

Figure 4.19: S2 and possibly A2 modes
generated at 2314m/s using 4MHz, 45
degree shear wave transducer on 3mm
plate. The well-defined signal corresponds
well with the expected velocity of 2290m/s.

Figure 4.20: SO mode generated using 60
degree, 2MHz shear wave transducer on
1.3mm plate. Two well defined peaks exist,
one of which correspond to 1780m/s that co-
insides with the expected distance of 200mm
and 1810m/s.

Figure 4.21: S1 generated using 4MHz, 45
degree shear wave transducer on 2mm plate.
The actual group velocity of 2290m/s compares
well with the expected group velocity of
2300m/s. It is possible that both S1 and Al are
generated provided the bandwidth is sufficient.

The results for the second method are tabulated in Table 4.6. The signal obtained from the

4MHz, 45° transducer is shown in Figure 4.19. A well-defined signal is obtained which represent

the S1 mode given a frequency thickness region of 7.4MHz-mm to 8.6MHz-mm.

8

0o
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Transducer calc Freq- Modes group Actual error comment
phase thick velocity at group between on signal
velocity | (MHz- phase velocity (C)and (good/OK/
(m/s) mm) velocity freq (C) (m/s) (A) bad)
(A) (m/s)
VRY70,
1.8MHz long 6227 3.6 Al 3802 3620 -182 bad
S1 3783 4690 907 OK
2Mhz, 60
shear 3741 4 SO 1816 1820 4 bad
Al 2500 2965 465 bad
4MHz, 45
shear 4578 8 S1 2300 2290 -10 good

Table 4.6: The actual group velocity of guided wave modes generated using the second method. The
difference between the expected and actual group velocity as well as the quality of their signals is
shown.

Several of the transducers produced well defined signals at group velocities that corresponded
well with the expected group velocities. Figures 4.18, Figure 4.19 and Figure 4.21 illustrate such
examples. However, in most cases, unexplained signals were also present making the use of
these transducers unsuitable in these specific applications. Figure 4.17 and Figure 4.20 illustrate

such examples.

Of particular significance was the ability of the 45 degree, 4MHz, shear wave transducer to
generate well defined signals of the Al, A2, S1 and S2 signals in the plates ranging from 1.3mm
to 6mm thick. The repeated group velocity minima of approximately 2300m/s which co-insides
with a phase velocity of 4578m/s, as generated by this transducer, is the basis for these well-

defined signals.

The 45° 4MHz shear wave transducer provided excellent agreement with the expected mode
velocities. This transducer generates several modes depending on the plate thickness (frequency
thickness region) that co-inside with a group velocity minimum of approximately 2300m/s. This
makes it a unique angle and phase velocity at which to generate more than one mode at the

same group velocity provided that the transducer is sufficiently broadband.
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Several other modes could be identified with accuracy of less than 5% from the expected

velocity. However, the coherence of their signals and the presence of unidentified signals make

the use of these unacceptable.

4.5.2 Results and discussion for study 2

4.5.2.1 Holes of 1.5mm diameter and varying depth in 1.6mm plate

The S1 mode was generated in 1.6mm steel plate, containing partial through wall drilled holes,

at a group velocity of 2300m/s using the 45 degree shear wave, 4MHz transducer. The results

for these inspections are best reviewed by analysing the signals obtained. These are given in

Figures 4.22 to 4.25.

Figure 4.22: Signal response obtained
from 1.2mm depth hole in 1.6mm plate.
Well defined Rd was obtained but barely
any mode converted signal.

Figure 4.23: Signal response obtained
from 0.8mm depth hole in 1.6mm
plate. Well defined Rd was obtained
but barely no mode converted signal.

Diameter: 1.5mm

Depth: 1.2mm

Mode conversion: Poorly defined mode converted

signal.

Rew: Approximately 60%.

Rg4: 8 divisions.

Diameter: 1.5mm

Depth: 0.8mm

Mode conversion: Poorly defined mode converted

signal.

Raw: approximately 96%.

Rg4: 7 divisions.
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Diameter: 1.5mm
Depth: 0.5mm

Mode conversion: clearly visible.

Rew: approximately 98%.

Rg4: 5.5 divisions.

Figure 4.24: Signal response obtained
from 0.5mm depth hole in 1.6mm
plate. Reduced Rd but still visible and
clearly defined mode converted signal.

Diameter: 1.5mm

Depth: 0.2mm

Mode conversion: clearly visible.

Rpw: approximately 100%.

Rg4: 7.5 divisions.

Figure 4.25: Signal response obtained
from 0.2mm depth hole in 1.6mm plate.
Rd approx. 7.5 divisions. A clearly defined
mode converted signal was present.

The reflection of S1 from the defect initially decreased from 7.5 divisions at 0.2mm depth to 5.5
divisions at 0.5mm depth but then increased to 7 and then 8 divisions for 0.8mm and 1.2mm
depths respectively. At 0.8mm (50% depth), the S1 reflection was clearly visible and well
defined. The mode converted signal diminished as the defect depth increased. The back wall

amplitude decreased with each increase in depth but decreased significantly after 50% through

wall depth.

4.5.2.2 Slots of 5mm and 15mm length and varying depth in 3mm plate

The next set of results was obtained from the inspection of grooves in 3mm steel plate. The
axial lengths of all grooves were constant at 1.5mm. The S2 and A2 modes were generated at a

group velocity of 2300m/s. The results are tabulated in Table 4.7.
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slot slot dB of BW echo | Reflection Mode cross- slot depth Mode
depth | width reflected (% FSH coefficient conv. sectional (% thick) conv.
(mm) (mm) | signal from Raw) (% Ry) signal area RC

defect present (mm2) (% Rm)

0.25 5 8.5 69 17 14.5 1.25 8.3 29%
1.5 5 45 69 90 9 2.5 50.0 18%
2.75 5 52 90 104 0 3.75 91.7 0%
3 5 60 100 120 0 15 100.0 0%
0.25 15 29.5 80 59 25 3.75 83 50%
1.5 15 52 17 104 10 7.5 50.0 20%
2.75 15 57 27 114 12 11.25 91.7 24%
3 15 60 26 120 0 45 100.0 0%

Table 4.7: Inspection results for grooves of varying depth and length in 3mm plate with S2 and A2
modes.

Reflection coefficient, Rd - Grooves

140
120
100 -
80
60
40
20

o

0 0.5 1 1.5 2 2.5 3 3.5

Depth of groove (mm)

Reflection coefficient, Rd (%)

5mm grooves 15mm grooves

Figure 4.26: Reflection coefficient obtained from grooves in 3mm steel plate subjected to

S2 and A2 modes. The reflection coefficient increases monotonically for both groove

lengths as the depth increases
The reflection coefficient, Rd obtained from 5mm and 15mm long grooves in 3mm steel plate is
shown in Figure 4.26. The reflection coefficient should be less than 100% by definition however,
due to factors such as variations in coupling efficiency and variations in the direction of the
transducer (i.e. scatter which occurs when the transducer is not perpendicular to the defect),
the reflection coefficient exceeded 100%. Nevertheless, the reflection coefficient increased

monotonically with depth for both the 5mm and 15mm grooves. The reflection coefficient for

the 15mm groove was higher than that for the 5mm groove. This was expected as the cross
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sectional area was larger for the 15mm groove. Their reflection coefficients converged as the

depth increased.

Reflection coefficient, Rm - Grooves

60
50 H\

40

. N

20 \ /“\\

10
0 T T T T X

0i0 20.0 40.0 60.0 80.0 100.0

% Reflection coefficient, Rm

-10

% through wall depth of groove

5mm groove ====15mm groove

Figure 4.27: Reflection coefficient for mode converted signal, Rm obtained
from grooves in 3mm steel plate subjected to S2 and A2 modes. The
reflection coefficient decreases to zero when the groove is through wall

The mode converted reflection coefficient decreased from 50% to 0% and 30% to 0% for the
15mm and 5mm grooves respectively. Again, this was an expected result as the through
thickness asymmetry decreased to zero once the groove reached through wall depth. The

reflection coefficient, Rm is shown in Figure 4.27.

4.5.2.3 Holes of 1.5mm and 2.5mm diameter and varying depth in 3mm plate

The next set of results was obtained from the inspection of drilled holes (pits) in 3mm steel
plate. There were two different diameter holes, 1.5 and 2.5mm. Again, S2 and A2 modes were

generated at a group velocity of 2300m/s. The results are tabulated in Table 4.8.
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Hole Hole dB of refl. BW echo % RC, Cross- hole depth Mode
diameter depth signal from (% FSH) Rd sectional area (% thick) conv. RC

(mm) (mm) defect (mm?2) Rm
1.5 0.25 2 94 4 0.375 8.3 30
2.5 0.25 0 85 0 0.625 8.3 29
1.5 15 5.5 90 11 2.25 50.0 18
2.5 15 6 96 12 3.75 50.0 16
1.5 2.75 7.5 66 15 4.125 91.7 14
2.5 2.75 8.5 64 17 6.875 91.7 14
1.5 3 7.5 63 15 4.5 100.0 0
2.5 3 10.5 40 21 7.5 100.0 0

Table 4.8: Inspection results for pits of varying diameter and depth in 3mm plate with S2 and A2 modes.

Refletion coefficient, Rd (%)
N
(O}

Reflection coefficient, Rd, R;,, - Pits
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Figure 4.28: Comparison of the reflection coefficient, Rd and RBW for pits. Rd
increases consistently while Rgy, decreases significantly after 50% depth.

The reflection coefficient for the 1.5mm pits increased from 4% to 15% while that for the 2.5mm

pits increased from 0 to 21% (see Figure 4.28). A value of zero for the reflection coefficient

(undetectable) for 2.5mm pits at 0.25mm depth was recorded. A reduction in the back wall

reflection and a mode converted signal was clearly present. The back wall reduced significantly
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after 50% through wall depth had been reached. For a frequency of 4MHz, the wavelength
based on the group velocity of 2300m/s was 0.575mm. This is short enough to be affected by
the changes in pit diameter and can be a contributing factor to recording a lower reflection

coefficient than the 1.5mm diameter pit at 0.25mm depth.

Reflection coefficient, Rm - Pits

25 K
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10 *\
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w
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mode converted reflection coeff (%)

Through wall thickness (%)

=¢=—Mode converted RC, Rm

Figure 4.29: The reflection coefficient of the mode converted signal, Rm for pits. The
reflection coefficient reduces to zero for both the 1.5mm and 2.5mm pits.

Pits of 1.5mm diameter and varying depth were detected consistently using a 45 degree, 4MHz
shear wave transducer and a spike generator. The defect was detected (recognised) by
reduction in back wall echo, the presence of mode conversion and the S1 reflection from the
defect. The reflection coefficient for grooves was significantly higher than that for pits given the
larger cross-sectional area. The mode converted signal amplitude decreased as the through wall
depth increased (i.e. as the asymmetry decreased) for both the grooves (Figure 4.27) and the

pits (Figure 4.29).
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4.5.3 Results and discussion for study 3

The L(0,2) velocity obtained was approximately 3575m/s, well within the expected range. The T1
defect was clearly visible at location 200mm as shown in Figure 4.30 with the L(0,2) mode
generated using the wedge method. The back wall was accurately located at 250mm. The
detection limit for the wedge method applied in this experiment was better than 250um or
approximately 25% of wall thickness. Significant noise however existed in the 0 to 100mm range

due to the reflections from the wedge itself. This can be reduced through improved wedge

design.

Figure 4.30: The wedge method limit of detection. 1.5mm diameter, 0.25mm depth hole detected at
200mm using the L(0,2) mode.

The signals obtained from a symmetric defect (T17), 360° circumferential length, 0.5mm depth
and 1.5mm axial width is shown in Figure 4.31. The reflection coefficient for the L(0,2) mode is
34/48 = 71%. The reflection coefficient was large as expected with significant back wall

reflection amplitude reduction.
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Figure 4.31: Signal obtained from a symmetric defect
(T17) subjected to L(0,2) mode at 3575m/s, 250mm
from the edge of the tube. The L(0,2) mode is
generated using the wedge method.

The reflection coefficient of an axisymmetric defect (T17) was high at 71%. Mode converted
flexural modes are not expected for axisymmetric defects [82] however several indications of
flexural modes were identified. These were as a result of the wedge method of generation. The

wedge generation method itself is non-axisymmetric and generates flexural modes [47].

The measured reflection coefficient for the drilled holes and the grooves are given in Table 4.9

and Table 4.10 respectively.

Tube depth (mm) diameter L(0,2) Input Reflection
(mm) reflection coefficient

5 0.25 3 5 48 10%

6 0.50 3 5.5 48 11%

7 0.75 3 13 48 27%

8 through 3 14.5 48 30%

Table 4.9: Reflection coefficient for drilled holes of T5, T6, T7 and T8 obtained

using the wedge method.
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4.6

Tube depth (mm) Circumf. L(0,2) Input Reflection
length reflection coefficient
13 0.25 20 22 48 46%
14 0.50 20 10.5 48 22%
15 0.75 20 43 48 90%
16 through 20 42 48 88%

Table 4.10: Reflection coefficient for grooves in T13, T14, T15 and T16 obtained
using the wedge method.

The reflection coefficient for the drilled holes was less than that obtained for grooves. This was
expected as the cross sectional area of the grooves were larger than that for holes for the same
depth and axial extent. This is illustrated in Figure 4.32. Furthermore, the reflection coefficient

increased significantly beyond 50% of defect depth in both cases (grooves and pits).

Pits and Grooves in 3mm plates

100%
80% S .
60% /

o n /
20% \-I/ —

O% T T T T 1
0 0.2 0.4 0.6 0.8 1

through wall depth (mm)

L(0,2) reflection coefficient (%)

== pits =l=grooves

Figure 4.32: Reflection coefficient for drilled holes (pits) is less than that for
grooves due to the increased cross sectional area for grooves for the same
through thickness depth.

Summary

It is reported that, if %L ~ 40, where A, is the Lamb wave length and d is the defect depth, then
detection of the defect is possible in plates [77]. At 4MHz, this translates to defect depths of
around 15um. In this study, it was demonstrated that defect depths of less than 200pum (1.5mm

diameter) could be detected using standard bulk wave equipment to generate the S2 and A2
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modes. Furthermore, the defect cross sectional area is less than 0.4mm? The drawback is the
high attenuation that is experienced at such high frequencies. However, several NDT
applications do not require long range propagation. Long range propagation is one of guided
waves advantages that have been explored successfully as discussed in the literature review.
Another advantage is its ability to inspect a large volume from a single location. This coupled
with excellent sensitivity can significantly improve the probability of detection over distances of
approximately 300mm. Further research into industrial applications for this method is

warranted.

The directionality, coherence and sensitivity obtained using standard bulk wave equipment
makes it suitable for research purposes in certain applications. Some of the theoretical concepts
pertaining to the behaviour of guided waves could be demonstrated using this method. These

are:

e Thereis a reduction in back wall reflection as the reflection from a defect increases.
e A mode converted signal is present when an asymmetrical defect is encountered.

e The reflection coefficient, Rd is sensitive to cross sectional area and not defect depth.

The bulk wave equipment was also applied to tubes where a modified , wedge method, was
used similar to that employed by Rose et al [47] but here, a standard bulk wave generator and
transducer was used. Again, theoretical concepts could be explored and confirmed such as

those listed above.
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Chapter 5

5.1

Laser vibrometer experimental details

and results

Introduction

Access to the condenser tubes for inspection is only via the condenser water box (see Figure
2.2). The steam space (Figure 2.3), whilst accessible, only provides access to the tubes on the
outside of the tube bundle. Inspections therefore need to be performed from the inside of the
tube or the tube edge. The tube end is expanded into the tube sheet so access to the tube edge
is challenging but not impossible. A transducer ring can be fitted to the inside of the tube (see
Figure 3.15) but physical constraints limit the number of individual transducers (nodes) that can
be fitted. These are some of the practical challenges that would need to be resolved in
developing a guided wave inspection technique for condenser tubes. In this study, PZT
transducers were fitted to the end of the condenser tubes to generate the L(0,2) mode. A Laser
vibrometer was used to measure the displacement at 48 nodes on the transducer. The
capability of the L(0,2) mode to detect pitting and grooving over a range of depths, including
defects that represent a cross sectional area as small as 0.2mm? was investigated. Guided waves
have already been proposed as a screening tool for heat exchanger tubes [2], [5]. However,
guided wave technology is not routinely used in industry to inspect condenser or heat exchanger
tubes, partly due to the challenges discussed earlier. Eddy current testing (ECT) is the preferred
method of non-destructive testing of condenser tubes and heat exchanger tubes in general. The
method is routinely applied in the power generation industry as discussed in Chapter 2.
However, benefits can be derived from a guided wave inspection technique that is potentially

faster and more reliable. Even marginal improvements in the time taken to inspect each tube
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5.2

5.2.

can lead to significant improvement in inspection duration due to the volume of tubes in
condensers. The need to clean the condenser tubes prior to ECT further enhances the need for
an alternative that could inspect the full volume of the tube from a single position. The benefits

and limitations of ECT are discussed in more detail in Section 3.4.3.

The chapter begins with a description of the experimental details. The main objectives,
equipment setup and a description of the defect geometry are then provided. The relevant
group velocity dispersion curve is also given which is followed by the experimental methodology
used in the tests. Selected results are presented and discussed before a summary is provided at
the end of the chapter. The test facilities were provided by the South African Council for

Scientific and Industrial Research (CSIR).

Experimental details

In this section, the setup of the equipment is described as well as the geometry of the defects.

The methodology applied is also provided.

1 Equipment setup

The setup of the equipment is shown in Figure 5.1. The laser vibrometer produces the
toneburst output to the power amplifier which was used to excite the transducer. Damping was
applied to the transducer to improve its performance at the centre frequencies of interest.
Damping was also applied between the tube and the surrounding environment to prevent
unwanted vibration. Each tube had its own transducer fitted to the end of the tube as shown in
Figure 5.1. The transducer remained bonded to the tube throughout the experiment, from initial
(no defect) until through wall defect depth had been achieved. Instead of multiple, separate
transducers that were excited using multiple channels, in this setup, a single transducer was
used and the displacement at 48 positions on the transducer was measured using the laser
vibrometer. The input to the transducer was kept constant, however minor variations in the

input signal between measurements were noted (see Appendix A.8).
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PZT transducer bonded to copper Displacement measuring
tube points on transducer.

Power amplifier Laser scanning head
PSV 400

Vibrometer OFV-5000

Figure 5.1: The laser vibrometer outputs a toneburst signal which
excites a transducer. The displacement at 48 points on the
transducer is measured using a laser.

5.2.2 Defect description and dispersion curves

Two defect types were investigated, namely, ammonia grooves and isolated pitting. In each
case, the defect was located at 1.1m along the tube length, away from the transducer. Drawings
of the condenser tube test samples are given in Appendix A.6 (grooves) and A.7 (pits). The
material specifications are listed in Chapter 4, Table 4.2. The defect geometry for the groove
and pit defects is shown in Figure 5.2 and Figure 5.3 respectively and is summarised in Table 5.1

and Table 5.2 respectively.
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Figure 5.3: The pit defect has a diameter of
1mm. The depth varies from Omm to 1mm
(through wall) depth.

Figure 5.2: The groove defect has a
circumferential extent of 10mm and the
axial extent is 1.5mm. The depth varies
from Omm to 1mm (through wall) depth.

Pit defect dimensions (Tube 22)
depth (mm) 0.2 0.4 0.5 0.6 0.8 1
diameter (mm) 1 1 1 1 1 1
x-section area (mmz) 0.2 0.4 0.5 0.6 0.8 1
Wall loss (%) 0.3 0.6 0.8 0.9 1.2 1.5

Table 5.1: The dimensions of the pit defect.

Groove defect dimensions (Tube 23)
depth (mm) 0.3 0.5 0.8 1
Circumferential length (mm) 10 10 10 10
Axial width (mm) 1.5 1.5 1.5 1.5
x-section area (mmz) 3 4.9 7.7 9.5
Wall loss (%) 4.5 6 11.7 14.5

Table 5.2: The dimensions of the groove defect.
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The group velocity dispersion curve for 22mm outside diameter, 1mm thick copper tube is
shown in Figure 5.4. The dispersion curve is based on a density of 8900kg/m> and a Young’s
modulus of 110GPa. As can be seen from the slope of the curve (see Equation 2.24), the
dispersion of the L(0,2) is negligible (not zero) over the range from 120kHz to 150kHz. The F(1,3)
mode however is highly dispersive in this region while the F(2,3) only occurs beyond

approximately 135KHz.
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Figure 5.4: Group velocity dispersion curve for copper tube, 1mm thick and 22mm outside
diameter.

5.2.3 Methodology

The transducer input signal was generated by the laser vibrometer and is shown in Figure 5.5. It
consisted of a 5.5 cycle tone burst enclosed by a Hanning window. The defect was always

located on the axis of nodes 5, 21 and 37 for both the groove and the pit. The node locations
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and numbering is illustrated here in Figure 5.6. At each node, the time varying displacement was

captured after 20 measurements and averaged.

Data was obtained for three centre frequencies namely 120kHz, 135kHz and 150kHz. The
displacement of the transducer was measured using the laser vibrometer at 48 locations (nodes)
on the transducer face (axial, z-axis displacement) as pictured in Figure 5.1. Particles excited by
the L(0,2) mode and its family of flexurals, F(n, 3) modes have a dominantly axial displacement
compared to the L(0,1) mode which is dominantly radial. This setup is therefore suitable, if not
ideal, for studying the L(0,2) mode’s interaction with the defects. The data was captured,

manipulated and analysed in MATLAB, as discussed in Section 5.3.

Laser vibrometer tone burst output: 150KHz, 55 cycles Defect

\ '\ \ S location

Voltage (V)
o
<\

1 L L L n L L
1] 05 1 15 2 25 3 35 4
Time (s)

Figure 5.6: Measurement node
locations on the transducer face.
48 nodes arranged in 3 circles with
the defect located at nodes 5, 21
and 37.

Figure 5.5: An example of the
150kHz, 5,5 cycle tone burst output
from the laser vibrometer.

Although measurements were taken at 16 equally spaced locations around the 3 circles, only
one set of 16 measurements is needed for the purpose of this study. The outer nodes (nodes 33
to 48) were used in this study unless otherwise stated. The variation in displacement between

the three circles, each with 16 nodes is not explored in this thesis.

5.3 The results and discussion

Figure 5.7 is a graphical illustration of a typical set of data obtained for each defect depth. The
graph represents the reflected signals obtained for the 120kHz input signal in tube 23 (groove
defect) at 50% through wall depth. It consists of a plot for each of the 48 nodes and extends

over 3.2ms, sufficient to include three back wall reflections.
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Figure 5.7: Graph illustrating the typical data obtained from all 48 nodes for each defect
depth. This graph represents the displacement as a function of time for the groove

defect (T23) at a defect depth of 0.5mm.

Significant dispersion is experienced beyond the first back wall reflection and is more severe at
120kHz. The F(1,3) mode is more dispersive at 120kHz where the ratio of group velocity to

phase velocity is 61% (2945/4824) compared to that at 150kHz where the ratio is 78%

(3442/4396).

The L(0,2) reflection from the defect and the mode converted reflected signal, F(1,3) is
illustrated in Figure 5.8 for the same defect depth. The time period of most interest is from

0.6ms to 0.8ms and most of the graphs will zoom in on this time period which contains the

L(0,2) and F(1,3) reflections from the defect.
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B T23 at 120KHz: groove of 0.5mm depth
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Figure 5.8: Graph illustrating the typical data obtained from all 48 nodes for each defect depth.
This graph represents the displacement as a function of time for T23 at a defect depth of
0.5mm for the period up to the first backwall reflection only.

A data set as illustrated graphically in Figure 5.8 was obtained for each defect (data point) listed
in Table 5.1 (pitting — tube 22) and Table 5.2 (grooving — tube 23). In addition, two copper tubes,
T20 (pit — 2mm, 100% depth) and T21 (groove — 10mm circumferential length, 100% depth)
were also tested at 120kHz, 135kHz and 150kHz. These tubes were 1.6m long, 22mm outside
diameter and 1mm thick. A complete set of graphs for T22 and T23 is contained in Appendix
A.10. It includes plots of all 16 nodes as well as a plot of the first order and zero order for each
defect depth. An animation of the reflected signal is provided by the laser vibrometer and the
author of this thesis has also compiled a MATLAB routine to animate the experimental data.

The MATLAB code is included in Appendix A.11.
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5.3.1 Incident mode and defect location

The incident mode could be confirmed as the L(0,2) mode by comparing its group velocity

obtained from the dispersion curve (Figure 5.4) to the velocity, C,,,,4. calculated as follows:

2XL

—_— A
(Tpw—Ty) (5.1)

Cmode =

Where:
Cmode 1S the velocity of the mode generated .
Tgw is the time at which the €, 4. reflected signal from the backwall occurs on the graph.

T; is the time at which the input signal is generated.

The defect could be located as follows:

D, = %(TdL(O,Z) —T1)Cri02) (5.2)
Where:
D, is the distance of the defect from the transducer (meters) .
Tar(0,2) is the time at which the L(0,2) reflection from the defect occurs on the graph.
T; is the time at which the input signal is generated.

Cr(0,2) is the velocity of the L(0,2) mode at the relevant frequency taken from the dispersion
curve, Figure 5.4.

The F(1,3) mode converted signal from the defect could then be expected at the following time:

Dp Dp

Traz =T + (5.3)

Cro2) Cr@a3)
Where:

Tr(1,3) is the time on the graph at which the F(1,3) mode converted signal from the defect
occurs.

Cr(1,3) is the velocity of F(1,3) and is obtained from the dispersion curve (Figure 5.4) at the
relevant frequency.

T; , Tgy and the calculated velocity, Cpog4e is listed in Table 5.3 for each defect depth, and at

each frequency, for T22 and T23. C(j,04e Was calculated for each of the frequencies and
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compared to the L(0,2) velocity, Cy, 2 taken from the group velocity dispersion curve. At each
frequency, the difference between Cp,p4. and Cp g2y was less than 1.5% which confirmed that
the L(0,2) mode was indeed the incident mode. The difference between Cpoq. and Cp(g2) is
mainly due to the difference in the material properties and particularly Young’s modulus used in
the calculation of the dispersion curves. The difference between Cp,pqe and Cpg2) was well
within 1% for T23. A complete table of results for T22 and T23 is provided in Appendix A.8 and

A.9 respectively.

T22
Frequency | Ave. velocity, Cii02) Difference
(kHz) Crnode (M/s) (m/s) (%)
120 3875 3825 1.3
135 3917 3862 1.4
150 3924 3881 1.1
T23
Frequency | Ave. velocity, Cii02) Difference
(kHz) Crmode (M/s) (m/s) (%)
120 3850 3825 0.7
135 3868 3862 0.2
150 3885 3881 0.1

Table 5.3: Comparison of the calculated and expected L(0,2) mode velocity at
120kHz, 135kHz and 150kHz.

Frequency Cio2) Cr1,3) T (us) Taci02) Te,3) Dy (m) D, error
(m/s) (m/s) (ms) (ms) (actual) (%)
(m)

120kHz T23 at | 3825 2945 96.1 0.672 0.759 1.1014 1.1 0.128
50% depth

135kHz T22 at | 3862 3270 89.1 0.650 0.695 1.0831 1.1 -1.537
50% depth

150kHz T22 at | 3881 3443 87.9 0.649 0.687 1.0888 1.1 -1.017
60% depth

Table 5.4: Defect location, Dp and the defect location error at the three sample points of 120kHz (T3 at
50% depth), 135kHz (T22 at 50% depth) and 150kHz (T22 at 60% depth).
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The location of the defect based on the L(0,2) mode and the mode converted, F(1,3) mode at
three sample points, was calculated and tabulated in Table 5.4. The error was again found to be
small at less than 2%. The error was mainly due to the difference in C,,0q. and Cpg2) as
discussed earlier. The graphs of the sample points are given in Figure 5.9 (120kHz, T23 at 50%
depth), Figure 5.10 (135kHz, T22 at 50% depth), and Figure 5.11 (150kHz T22 at 60% depth).
Some variances were however noted between the velocities in T22 and T23 as reported in Table
5.3 and both the zero order and first order modes were affected. The variation in the copper
tube material characteristics between T22 and T23 is the main reason for this and is typical of
anisotropic material. This argument is supported by the large variation in attenuation obtained

between the two tubes (see Section 5.3.2.2).

x10° Groove at 120KHz and 50% depth
L(0,2)=4.3nm F(1,3) =3/65nm
at0.672ms at0.7586ms
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-145)

Time (s) x10*

Figure 5.9: Graph of L(0,2) reflection and the mode converted F(1,3)
reflection from the defect. The graph is for T23 at 120kHz and 50% depth.
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Figure 5.10: Graph of L(0,2) reflection and the mode converted F(1,3)
reflection from the defect. The graph is for T22 at 135kHz and 50%
depth.
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Figure 5.11: Graph of L(0,2) reflection and the mode converted F(1,3) reflection
from the defect. The graph is for T22 at 150kHz and 60% depth.
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As expected, both the L(0,2) and F(1,3) reflections from the groove were significantly larger
(higher displacement amplitude) than that for the pit. The dispersive nature of the F(1,3) mode
at 120kHz is evidenced by the long duration of the F(1,3) signal as shown in Figure 5.9. The
135kHz signal in Figure 5.10 was typical of the noise experienced with reflections from the pit

defect.

5.3.2 Defect detection

The graphs of the displacement at all 48 nodes for the pit (T22) at 150kHz and 0 to 40% defect
depth are given in Figure 5.12. The scales are the same for comparative purposes and variances
in the input amplitudes are insignificant. The L(0,2) mode reflected from the 0.4mm depth pit is
clearly visible (detectable), particularly when compared to the graph for 0% depth. At 40%
depth, an amplitude of 214E-12m, i.e 214 picometers (pm) was obtained for the L(0,2) reflection
while F(1,3) reflection is 237pm. The graphs consist of an in-phase, L(0,2) reflected signal as well
as an out-of-phase, F(1,3) mode converted signal. The presence of the out-of-phase, F(1,3)

mode in itself suggest the presence of a non-axisymmetric defect [82].
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A

{ {
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o
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Figure 5.12: Graph of the L(0,2) and F(1,3) modes reflected from pit defects of 0%, 20% and
40% depth and 150kHz. The L(0,2) mode displays an in-phase signal while the F(1,3) mode
displays an out-of-phase signal.
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The L(0,2) reflected signal at 150kHz for the 20% defect depth was detectable without any signal
processing although it was only marginally detectable. A Imm diameter flat bottomed hole with

a depth of 0.2mm represents 0.3% of the tube cross-sectional area.

The signal-to-noise ratio (SNRyg) in decibels (dB) is given by [14]:

SNRyz = 20log;o (222) (5.4)

noise

Where:
Agignar is the amplitude of L(0,2) reflection from the defect.

Apoise is the amplitude of the noise in the vicinity of L(0,2) reflection.

The L(0,2) SNRy for the 20% to 80% pit depth are given in Table 5.5. The noise level was
reasonably constant at less than 151pm for varying depths. The SNRys increased from a low of
1.8dB for 20% pit depth to 8.5dB for 80% pit depth. At pit depths greater than 40%, the F(1,3)
signal had a higher amplitude than the L(0,2) mode and therefore had a higher SNR. This
suggests that the F(1,3), mode converted signal may be easier to recognise than the L(0,2) mode
in certain cases. This appears to be contradictory to the findings of Demma et al [55] namely
that the ratio of F(1,3)/L(0,2) < 1. There is no contradiction since Figure 5.12 and Figure 5.13 are
the results obtained before any signal processing had been done. The ratio of the first order to

zero order is indeed < 1, shown graphically in Figure 5.19.

L(0,2) reflected signal to noise ratio - no signal processing
Data point Wall loss Amplitude of L(0,2) Amplitude of SNRgs (dB)
T22 at (%) reflection from defect. noise (pm)
150kHz (pPm) (Asignal) (Anoise)
20% 0.3 185 151 1.8
40% 0.6 214 151 3.0
50% 0.8 218 151 3.2
60% 0.9 293 151 5.8
80% 1.2 400 151 8.5

Table 5.5: The L(0,2) SNRdB values for 20% to 80% pit defect depth.

The graphs of the displacement at all 48 nodes for tube 22 (pit) at 150kHz and 50% to 100% pit
depth are given in Figure 5.13. The scales are the same for comparative purposes and variances
in the input amplitudes are insignificant. The L(0,2) and F(1,3) reflections were both clearly

detectable for all the defect depths and their amplitude increased monotonically. The F(1,3)
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SNRgg for 20% to 80% pit depths are given in table 5.6. The SNRgs increased from a low of 1.4dB

for 20% pit depth to 9.8dB for 80% pit depth.

F(1,3) reflected signal to noise ratio - no signal processing
Data point Amplitude of F(1,3) Amplitude of SNRgz (dB)

T22 at reflection from defect. noise (pm)

150KHz (pm) (Asignal) (Anoise)
20% 178 151 1.4
40% 237 151 3.9
50% 283 151 5.5
60% 388 151 8.2
80% 465 151 9.8

Table 5.6: The F(1,3) SNRyg values for 20% to 80% pit defect depth.
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Figure 5.13: Reflection of the L(0,2) mode and F(1,3) modes for T22 (pit). The pit defects are

clearly detectable.
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Similarly, graphical representation of the L(0, 2) and mode converted, F(1,3) reflection from the
groove (T23) is given in Figure 5.14 . Once again, the scales are the same for comparative
purposes and variances in the input amplitudes are insignificant. In this case, the frequency is
for 135kHz and defect depth up to 50%. The groove defects were all clearly detectable and both
the L(0,2) and F(1,3) reflections increased monotonically for all the defect depths measured. A
30% depth groove represents a cross sectional area of 4.5% of the tube’s cross sectional area.
Two bad data points, which were each caused by a bad reflection point on the back of the

transducer, are noted on the graph of the 30% groove depth.

o 10° Tube T23, Frequency 135KHz, Depth 0%
[ [ [ [

Noise = 122pm
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x 107 Tube T23, Frequency 135KHz, Depth 30.%

Displacement (m)

Time (s) -4
x10° Tube T23, Frequency 135KHz, Depth 50.%

T
F(1,3) = 2.46nm

Displacement (m)
o
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Figure 5.14: Graph of the L(0,2) and F(1,3) displacement for groove depths of 0%,
30% and 50% at 135kHz. The L(0,2) and F(1,3) reflections are clearly visible.

The L(0,2) SNRgys increased from 20dB for 30% groove depth to 28dB for 50% groove depth,
significantly larger than the SNRgs for the pit. The F(1,3) SNRyz does not increase in the same manner
as that for the pit. While the F(1,3) SNRg; for the pit increased beyond that of the L(0,2), no such
increase was noted for the groove. Basic signal processing can significantly improve the SNR. Figure
5.15 is the mean displacement (sum of all 48 nodes divided by 48) for T22 at 150kHz and 20% depth.

The signal to noise ratio improves from 1.8dB to 3.3dB. Taking the mean value eliminates the out-of-
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phase components of noise as well as the higher order modes leaving the zero order mode. This is

the subject of the next section.
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mm T T T T T T T

—mean
4

X 0.0006484 threshold
¥: 41046011

X:0.0006156
Y:2.822e-011

Displacement (m)
(=]
E—
=

X:0.0002816

Y:-3.139%-011 X:0.0006449
Y:-4.141e-011

-4

[ [ [ [ [ [ [
2 3 4 5 6 7 8 9 10

Time (s) x10"

Figure 5.15: The mean displacement based on all 48 nodes for T22 at 150kHz and
20% depth. The SNR is significantly improved as the out-of-phase and higher order
modes are eliminated.

5.3.2.1 Signal processing and mode separation

Zero order, axisymmetric modes can be extracted by summing up the displacements at N
equally spaced locations around the circumference while non-axisymmetric modes can be
extracted by a weighted sum of the displacement at each of these positions. More generally,
the particle displacement at an arbitrary circumferential position, 6 can be determined by the

function [21], [75]:

+00
w(®) = Z A, einf

n=-—oo

Where:

A,, is the amplitude of the n™ circumferential order
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The above equation was based on studies where the radial displacement was measured on the
outer circumference. In this study, the axial displacement is measured however mode

separation is applied in the same manner as follows:

U = = Th% 1 u(N) (5.5)
U, =—Y16 u (N)cos (n (N—e)) (5.6)
nT e eN=12 21 :

The Equation 5.6 assumes that the mode’s maximum displacement (position of the pit or centre

of the groove) occurs at the reference (6=0). A more generalised equation is given by:

U, = 11—62,1\,6;1 u,(N)cos (n (g + (Z))) (5.7)

Where:

U, is the displacement amplitude of the zero order mode, L(0,2).

U, is the displacement amplitude of the higher order modes, 1, 2, 3...

u,(N) is the axial displacement measured at node N.

N is the number of nodal points around the circumference, 3 sets of 16 points.
6 is the angular position of the node from the reference. See Figure 5.20.

¢ is the angle between the reference and the defect.

For the modes of interest, L(0,2), F(1,3) and F(2,3), the axial displacement dominates the radial
displacement in the frequency region 120kHz to 150kHz. This is in contrast to the L(0,1) mode
and its flexural counterparts, F(1,1) and F(2,1) where the radial displacement dominates. The
zero order (L(0,2)) and the first order (F(1,3)) signals are analysed for the sample points selected
previously namely, T23 at 120kHz and 50% depth, T22 at 135kHz and 50% depth and T22 at
150kHz and 60% depth. These are given in Figures 5.16, Figure 5.17 and Figure 5.18
respectively. Neither the zero order nor the first order modes are normalised, i.e., they have not
been divided by 16, the number of points summed. The T(0,1) and L(0,1) modes do not appear
on the graphs. This is due to the method of measurement i.e. only axial displacement is
measured. The L(0,1) mode has a very small axial component while the T(0,1) mode only has a 6

component.

118 CHAPTER 5 : EXPERIMENTAL DETAILS AND RESULTS — LASER VIBROMETER



x10° Tube T23, Frequency 120KHz, Depth 50.%,

T X 0.0006719 T T T T

5 ¥:4.433e-009 X:0,0007551
Y:3.6786-009

Displacement (m)
o
P
t

Time (s)

x10° Tube T23, Frequency 120KHz, Depth 50.%, order 1, angle =0
6 T T T T T

*0000759
Y: 2.539e-008
NN
NI LN g
/\/\‘H‘!‘\‘\“\HJ“/
| A

v
o
U\

U]

Displacement (m)

Time (s)

Figure 5.16: The 16 displacements of the outer circle nodes for T23 at 120kHz and 50% depth
as well as the zero order (L(0,2) in blue) and first order (F(1,3) in red) modes reflected from the

defect.
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Figure 5.17: The 16 displacements of the outer circle nodes for T22 at 135kHz and 50% depth
as well as the zero order (L(0,2) in blue) and first order (F(1,3) in red) modes reflected from the

defect.
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Figure 5.18: The 16 displacements of the outer circle nodes for T22 at 150kHz and 60% depth
as well as the zero order (L(0,2) in blue) and first order (F(1,3) in red) modes reflected from the
defect.

In each of the three examples, the following is noted:

e The zero order, corresponding to the L(0,2) mode compares well with the expected
defect location.

e The first order, corresponding to F(1,3), the mode converted reflection from the defect,
also compares well with the expected defect location.

e At 120kHz, F(1,3) is quite dispersive and this shows in the shape (length) of the F(1,3)
reflection which is much longer than that for the 135kHz and 150kHz signals.

e The ratio of the first order to zero order reflection is larger for T22 (Pit) than for T23
(groove). The results for T22 and T23 at 150kHz is graphed in Figure 5.19. A more

detailed analysis of this phenomena is provided in Chapter 6.

It was found that the ratio of the F(1,3) mode converted signal reflected from the defect to the
L(0,2) reflection from the defect was reasonably independent of defect depth for both the pit
and the groove. The ratio of the first order mode converted signal to the zero order signal is

inversely proportional to the circumferential length [55].

The L(0,2) mode, mode converts to the F(1,3), F(2,3), F(3,3) family and so on. However, 150kHz
is below the cut-off frequency of F(3,3) while F(2,3) is highly dispersive below 150kHz.
Furthermore, due to the low velocity of F(2,3), the time period of interest is in the region that
shares several other possible reflected modes. Little benefit was therefore obtained from

analysis of higher order modes besides the benefit in determining the circumferential location of
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the defect as discussed in Section 5.3.3. In addition to the L(0,2) mode, unwanted modes are
also generated which further complicates the analysis beyond the back wall reflection of the
L(0,2). Finally, it was found that the higher order modes did not resolve completely, i.e. some
‘leakage’ remained after applying Equation 5.6 and Equation 5.7. This was mainly due to the
excitation and measuring points being off the same transducer (they are not from discrete

transducers) and therefore the individual measurements were influenced by each other.

Ratio of mode converted F(1,3) to L(0,2)
1.0
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e=g==T22 at 150KHz ==l==T23 at 150KHz

Figure 5.19: Graph of the ratio of F(1,3) reflection to L(0,2) reflection
versus defect depth for T22 and T23 at 150kHz.

5.3.2.2 Attenuation of the L(0,2) mode

The attenuation of the ultrasonic guided wave is an important consideration to determine the
capability of the guided wave to inspect the full length of the condenser tube. Table 5.7 and

Table 5.8 lists the attenuation for T22 and T23 respectively. The attenuation is calculated as

follows [14]:
_ BW amplitude )
A=20 loglo (input amplitude (58)
attenuation (T22 at 0 depth) 150kHz
input(A0) 1st BW 2nd BW 3rd BW
displacement (m) 4.77E-06 1.68E-06 1.09E-06 7.22E-07
change in intensity 9.1 -3.8 -3.6
Attenuation to first BW (dB/m) -2.5 -1.1 -1
Attenuation overall (dB/m) -1.5

Table 5.7: The attenuation for T22 over three back wall echos.
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attenuation (T23 at 0 depth) 150kHz
input(A0) 1st BW 2nd BW 3rd BW
displacement (m) 7.41E-06 6.08E-07 3.35E-07 1.85E-07
change in intensity -21.7 -5.2 -5.2
Attenuation to first BW (dB/m) -6.0 -1.4 -1.4
Attenuation overall (dB/m) -3.0

Table 5.8: The attenuation for T23 over three back wall echoes.

The attenuation was found to be 1.5dB/m for T22 and 3dB/m for T23 at 150kHz. An attenuation
of 1.6dB and 2.5dB was obtained at 120kHz for T22 and T23 respectively. A test of several of the
copper tubes yielded a range of attenuation values between -1.3dB/m and 3.2dB/m at 150kHz

using this procedure. At such high attenuation, inspection of tubes greater than approximately 2

meters long will be a challenge.
5.3.3 Circumferential location of the defect

Having obtained the axial location of the defect, the circumferential location can be estimated

by determining the location of the maximum amplitude reflection from the first order, F(1,3)

mode [21].

Defect
location

('8
33

Figure 5.20: Setup of the reference angle, node angle and defect
angle. The defect for T22 and T23 is located at 90° from the
reference.

The first order mode will give two maximum values, 180° apart. The F(1,3) reflection from each
node as a function of the angle from the reference node is given in Figure 5.21 for T22 at
150kHz, 60% depth. Node 33 was used as the reference which is the default reference of the
laser, see Figure 5.20. The maximum displacement was obtained at 90° and 270° from the

reference as shown. All measurements for T22 and T23 provided a similar result, i.e. two peaks,
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180° apart and 180° out of phase. This is again illustrated in Figure 5.22 for the case, T22 at
135kHz and 80% depth. Here it can be seen that the peaks actually occur at 112.5° (maximum)
and 292.5° (minimum). This is as a result of the 22.5° (360/16) accuracy provided by the sixteen

measurement points and the fact that the pit was not always perfectly at the top (90°) position.
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350~
[TTTITTTTTR
X 0.0008985
v 2825
300 e wgonsss 2200 Ml o oosass
w370 N v 270
Z: 2.506e-009 | I -2.604e-009
¥ 00007023
Y. 20
250 I 24042-009

angle (degrees)
N
(=)
(=]

150
¥ 00008988
Y1125
¥ 0.0006953 I 2B58e-009
.90 FITTTTE v: oo
100 I 2 506-008 ‘ 7.2 604-009
T B
¥ 00007023
Va0
L -2.404e-009
50
0 i
6.7 6.8 6.9 7 7.1 7.2 .
time (s) %10

Figure 5.21: Maximum reflected signal for F(1,3) as a function of the defect angle for T22 at
135kHz and 80% depth. Two peaks occur, at 112.5° and 292.5°, 180° out of phase.

The nature of ammonia grooving is such that it will occur on the outer surface, at the top of the
tube. With the above information, a reasonable conclusion can be drawn that the centre of the
defect is at 112.5° as opposed to 292.5° from the reference, provided of course that the defect is
indeed an ammonia groove. Pitting on the other hand is more unpredictable. Pitting generally
occur where the chlorides are deposited. This is most likely to occur at the top, outer surface or
the bottom, inner surface of the condenser tube. It can however occur anywhere on the
circumference of the tube. The same conclusions therefore cannot be drawn for pitting as for
grooving. By analysing the higher order modes and increasing the number of measurement
points, the circumferential location can be determined more accurately but this analysis is

outside the scope of this thesis.
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Tube T22, Frequency 150KHz, Depth 60.%, order 1
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Figure 5.22: Maximum reflected signal for F(1,3) as a function of the defect angle for T22 at
150kHz and 60% depth. Two peaks which are 180° out of phase occur at 90° and 270°.

5.3.4 Reflection coefficient of the L(0,2) mode

The reflection coefficient (RC) was calculated for the L(0,2) reflection from the defect, for both
the groove and the pit, each defect depth and each frequency. The RC for the L(0,2) mode was

calculated as follows:

48
u N
D o2 ™)

48
Z N=1 ur0,2)pw(N)

RCL(O,Z) =

Where,
Uz 0,2)(N) is the L(0,2) reflection from the defect measured at node N.
Up0,2)gw (V) is the L(0,2) reflection from the backwall for no defect, measured at node N.

N is the number of nodal points around the circumference, 48 points.

The graph of the RC for L(0,2) reflection from the pit is given in Figure 5.23 while that for the
groove is given in Figure 5.24. Each graph provides the RC at 120kHz, 135kHz and 150kHz. It
was found that the RC for both the pit and the groove increased monotonically as depth

increased. Furthermore, the RC for the pit which varies from 0.12% to 0.83% is significantly
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smaller than that for the groove which varies from 4.6% to 24.4%. This suggest that the
correlation between RC and defect depth is not as representative as RC and cross sectional area

since a through wall depth pit can have a smaller RC than a 30% defect depth groove.

L(0,2) Reflection coefficient - Pit defect
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Figure 5.23: The reflection coefficient for L(0,2) reflection from the pit defect at

varying depths for 120kHz, 135kHz and 150kHz.
The RC for both the pit and the groove showed a larger increase from 50% to 100% depth than
from 0% to 50% depth. The largest increase from 0 to 50% depth for the pit was 34% of the
total RC and occurred at 120kHz. The largest increase from 0 to 50% depth for the groove was

41% of the total RC and occurred at 150kHz. The RC as a function of defect depth is relatively

L(0,2) Reflection coefficient - Groove defect
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Figure 5.24: The reflection coefficient for L(0,2) reflection from the groove defect at
varying depths for 120kHz, 135kHz and 150kHz.
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insensitive to the three frequency variations.

5.3.5 Reflection coefficient of F(1,3) mode

The graph of the RC for F(1,3) reflection from the pit is given in Figure 5.25. The graph of the RC

for F(1,3) reflection from the groove is given in Figure 5.26. Each graph provides the RC at

120kHz, 135kHz and 150kHz. It was found that the RC for both the pit and the groove increased

monotonically as depth increased. Furthermore, the RC for the pit which varies from 0.09% to

0.55% is significantly smaller than that for the groove which varies from 2.1% to 13.1%. Based

on Figure 5.19, where the ratio of first order to zero order reflection was found to be

independent of defect depth, the difference in RC for the pit and the groove is more

representative of their difference in circumferential extent. The pit had a circumferential extent

of Imm compared with a circumferential extent of 10mm for the groove.
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Figure 5.25: The RC for F(1,3) reflection from the pit defect at varying defect depth for
120kHz, 135kHz and 150kHz.
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F(1,3) Reflection coefficient - Groove defect
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Figure 5.26: The RC for F(1,3) reflection from the groove defect at varying defect
depth for 120kHz, 135kHz and 150kHz.

5.4 Summary

Pit defects that represent a wall loss of less than 1% could be detected in copper condenser
tubes as described in this experiment. There was a monotonic increase in zero order RC and first
order RC for both the pit and the groove. The SNRy can be improved through signal
manipulation but attenuation limits the length of the copper tube that can be reliably inspected.

One can distinguish between isolated pitting and grooving by analysing:

o The magnitude of the RC.
o The circumferential location of the defect.

o The F(1,3)/L(0,2) ratio.

The remaining wall thickness cannot be determined, however the value of guided waves as a
screening tool for condenser tubes is enhanced by its ability to detect defects that have a cross

sectional area as small as 0.2mm? and provide intelligence on the defect type.
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Chapter 6

6.1

Modelling the interaction of the L(0,2)
mode with isolated pitting and grooving

defects in copper tubes.

Introduction

Finite element (FE) modelling has been used successfully to investigate the interaction of guided
waves with defects [16], [38], [93]. Various commercial software packages are available such as
CIVA, COMSOL and ABAQUS. In this study, ABAQUS 6.7-1 was used to model the interaction of
the L(0,2) mode with pitting and grooving defects of varying depth in 1mm thick copper tubes
typically used in heat exchangers. Guided waves have been proposed as a screening tool for
heat exchangers due to its ability to inspect the full volume of the tube from a single location.
Studies in thin walled tubing have focussed on defects with cross sectional wall loss of greater
than 1%. In this study, pits that represent a wall area loss as low as 0.3% are investigated.
Furthermore, the ability to distinguish between pitting and grooving is investigated as this can
provide valuable information on further action to be taken, for example, in condenser health

programs.

This chapter begins with a description of the model parameters used. The focus is on comparing
selected modelling results with those obtained experimentally. The results of a sample point for
a groove and a pit is selected and their L(0,2) and mode converted, F(1,3) reflections from the
defect are displayed and discussed to confirm defect location and model length. The ratio of the
mode converted, F(1,3) signal to the L(0,2) signal is also investigated. Finally, the zero order and

first order reflection coefficients are discussed for both grooves and pits.

This particular work has been conducted in collaboration with A Galvagni at Imperial College

London, whose support is gratefully acknowledged.
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6.2 Description of finite element model

6.2.1 Finite element model of the copper tube

Figure 6.1 presents the model used in this study. It consists of a three-dimensional mesh
representing a copper tube, 0.2m long and 22mm outside diameter and 1mm thick (Note: The
drawing is not to scale). The material properties applied are Young’s Modulus of 110GPa and a

density of 8900kg/m?>.
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Figure 6.1: Finite Element model of the tube. Tetrahedral elements of 0.2mm were used.

The mesh consisted of regularly spaced hexahedral elements referred to as C3D8 or C3D8R

elements in ABAQUS 6.7-1. The mesh size applied is given in Table 6.1.

Mesh size
Axis Element dimension
z-axis (tube length) 0.2mm
r- axis (tube radius) 0.2mm
©-axis (tube circumference) (360/346) degrees

Table 6.1: Summary of the mesh size applied to the finite element model.

A 50ns time step was applied.
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6.2.2 The defects

Two defect types were investigated namely, ammonia grooves and isolated pitting. In each
case, the defect was located at 0.1m (halfway) along the tube length. The defect dimensions for

the pit and the groove is given in Table 6.2 and Table 6.3 respectively.

Pit defect dimensions
depth (mm) 0.2 0.4 0.6 0.8 1
diameter (mm) 1 1 1 1 1
x-section area (mm?) 0.2 0.4 0.6 0.8 1
Wall loss (%) 0.3 0.6 0.9 1.2 1.5

Table 6.2: The dimensions of the pit defect.

Groove defect dimensions
depth (mm) 0.2 0.4 0.6 0.8 1
Circumferential length 10 10 10 10 10
(mm)
Axial width (mm) 1.5 1.5 1.5 1.5 1.5
x-section area (mm?) 2 3.9 5.8 7.7 9.5
Wall loss (%) 3 6 8.8 11.7 14.5

Table 6.3: The dimensions of the groove defect.

The defects were modelled by simply removing nodes to obtain the appropriate size

defect. The defect location is shown in Figure 6.2.

Defect

location

2 21/346
9
1

Reference, 0°

Figure 6.2: The defect and measuring
node locations for the FE model.
There are 346 nodes and the defect
was located at 90° from the
reference.

6.2.3 The applied force

A time varying force of 1uN was applied axially for 5,5 cycles enclosed by a Hanning
window. The axial displacement was monitored at 346 equally spaced nodes around the
circumference of the tube. Three centre frequencies of 120kHz, 135kHz and 150kHz were

applied for each of the defect depths.
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6.3 Results and discussion

6.3.1 Incident mode and defect location based on L(0,2) and F(1,3)

reflections

Equations 5.1, 5.2 and 5.3 were applied to confirm the L(0,2) mode and the defect location. The
results are summarised in Table 6.4 for the sample plots given in Figure 6.3 (groove defect at

120kHz and 40% depth) and Figure 6.4 (pit defect at 150kHz and 80% depth).

Frequency Ci02) Cr13) T (us) Taci02) Te,3) D, (mm) D, error

(m/s) (m/s) (us) (us) (actual) (%)

Groove, 120kHz

at 40% depth 3825 2945 24.2 76.3 84.8 99.6 100 -0.4

Pit, 150kHz at
80% depth 3881 3443 19.3 78.2* 76.0 102 100 11.5

Table 6.4: Summary of the results from Figure 6.3 and Figure 6.4 confirming location of the defect, Dp
based on L(0,2) mode. Excellent agreement was obtained between expected and measured results for
the groove defect.

Equations 5.5, 5.6 and 5.7 was applied to generate the zero order and first order graphs given in

Figure 6.3 and Figure 6.4 with N = 346 nodes.
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Figure 6.3: The L(0,2) and mode converted, F(1,3) modes for the groove defect at 40%
depth and 120kHz. To facilitate scaling, the zero order mode is the sum of 16 equally
spaced nodes while the first order is the weighted sum of all 346 nodes.
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X102 Pit at 150KHz, 80% depth, zero order 346 nodes
2 ) T T
|
0 [n

|
N A WA RPN x\/l\
|

Displacement (m)
rlky

2 /W YA VA A

3 / X: 7.203€-005

Y:-2.5230-012 X: 7.847€-005
Y:-2.7850-012

0 0.5 1 5
Time (s) x10*

x10™ Pit at 150KHz, 80% depth, zero and first order. First order scaled to 5X
[

X:7.601e-005
Y: 26220012
A\ NTAYA ~ N /X A
\/ / \ / 4 / Y \ \ A ¢
X 1930.005 X:0.000126
L e Y:-6.107e-012 |
g | Y:-6.727e-012

[,

o
Sl
T

Displacement (m)
o

<}
o

Time (s) x10™

Figure 6.4: The L(0,2) and mode converted, F(1,3) modes for the pit defect at 80% depth and
150kHz. An offset for the zero order mode of roughly 2.1pm was noted.

Excellent agreement was obtained between the model’s defect location, D, and the calculated
D, based on the L(0,2) and F(1,3) velocities obtained from the dispersion curve (Figure 6.4) for
the groove defect. The results were consistent for all frequencies. For the pit however, a zero
offset which varied with frequency was noted. Figure 6.5 illustrate this phenomenon. The
offset was estimated to be -2.7pm (120kHz), -2.4pm (135kHz) and -2.2pm (150kHz). The offset
was large enough to affect the location of the absolute maximum signal and hence the defect
location. For example, when correcting for the offset, the zero order maximum was at 68.5us
whereas it was at 78.2us without correction. Now, it could not be at 78.2us due to the known
location of F(1,3) which was unaffected by the zero offset and occurred at 76us. A correction
was therefore required. The FE results for the pit need to be viewed with caution in the light of
these findings. The offset however only affected the zero order (see Figure 6.3 and Figure 6.4)
and since the nature of the error appeared to be a zero offset rather than a random error, some
benefit could be derived from further analysis of the FE results for the pit. The offset was due to

the input force having an overall negative sum.
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Figure 6.5: An illustration of the zero offset experienced with the zero order results for pit defects.
An off set of -2.7pm, -2.4pm and -2.2pm was estimated at 120kHz, 135kHz and 150kHz respectively.

It was also found that the 0.2mm and 0.4mm depth pits were not detectable without signal

manipulation. The 0.6mm pit however was clearly detectable even without signal manipulation.

6.3.2 Ratio of the mode converted F(1,3) reflection to L(0,2) reflection from

the defect

The ratio of the mode converted, F(1,3) reflection to the L(0,2) reflection from the defect was
found to be inversely proportional to the circumferential extent and was independent of defect
depth [55]. In Demma’s study, it was found that the ratio was insensitive to circumferential
lengths less than approximately 15%. In this study, the circumferential length was 14.5% (10mm)
for the groove and 1.5% (1mm) for the pit. The results are presented in Figure 6.6 and Figure 6.7

for the pit and groove respectively.
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Figure 6.6: The ratio of the mode converted, F(1,3) reflection to the L(0,2) reflection from
the defect for both the FE (dotted) and experimental results for the pit defect. Significant

differences at low defect depths exist between the FE and experimental results.
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Figure 6.7: The ratio of the mode converted, F(1,3) reflection to the L(0,2) reflection from the
defect for both the FE (dotted) and experimental results for the groove defect. There was

good agreement between FE and experimental results.
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Figure 6.8: The corrected ratio of the mode converted, F(1,3) reflection to the L(0,2)
reflection from the defect for both the FE (dotted) and experimental results for the pit
defect. Differences between the FE and experimental results decreased considerably
after applying corrections for the offset.
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Figure 6.9: The bar chart of incidences of the ratio of the mode converted,
F(1,3) reflection to the L(0,2) reflection from the defect for pits (purple)
and grooves (green) incorporating FE and experimental results.

For both the groove and the pit, the ratio obtained from the FE model increases as defect depth
increases. This is consistent for all three frequencies. For the pit however, the difference
between the FE and the experimental results is significant particularly at low defect depths. One
of the reasons for the large variation is the offset discussed in Section 6.3.1. Correcting for the
offset, reduced the difference considerably as shown in Figure 6.7 but remained large for defect

depths less than 50%.
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The scatter for the groove was less than that for the pit. Figure 6.9 shows the number of
incidence of a particular ratio of F(1,3) to L(0,2). For the pit, a median of 0.7 was obtained while
a median of 0.5 for the groove was obtained. The large scatter gives an indication of the

confidence in the results.

6.3.3 Circumferential location of the defect

The circumferential location could be located in the same manner as discussed in Section 5.3.3.
Two peaks were obtained, 180° apart and 180° out-of-phase for the first order mode as shown
in Figure 6.10. Here the defect was located 90° from the reference and two peaks were located

at 90° and 270°. To reduce the burden on computer memory, only every 21 data point (not all
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Figure 6.10: The circumferential location of the defect is at 90° or 270° where two
maxima are obtained for the F(1,3) reflection from the defect.

346) were plotted resulting in reduced accuracy with peaks indicating at 87.40 and 262.2

degrees.
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6.3.4 The reflection coefficients — L(0,2) mode

The graph of the FE and experimental L(0,2) reflection coefficient (RC) for the pit defect is given
in Figure 6.11. The FE RC differs roughly by an offset of between 1% (120kHz) and 2% (135kHz)
from the experimental results obtained. This is significant given that the experimental maximum
RC was very low at 0.825%, obtained for the pit at 135kHz and 100% defect depth. The
difference between the FE and experimental results reduced considerably after a correction for
the offset was applied as discussed in Section 6.3.1. The corrected graph is shown in Figure
6.12. The RC increased monotonically in all cases (FE and experimental at all frequencies) for
the pit. While this is not surprising, given a constant axial extent, it does suggest that an increase
in cross sectional area of 0.3% is consistently detectable. At such low RC’s, SNR is an important
consideration. As discussed in Section 5.3.2.2, signal processing and the evaluation of both the
L(0,2) and mode converted, F(1,3) reflected signals significantly increased the SNR and the

probability of detection.
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Figure 6.11: The FE (dotted) and experimental L(0,2) reflection coefficient for
the pit defect. A large difference between the FE and experimental results
exist.

The graph of the FE and experimental L(0,2) reflection coefficient (RC) for the groove is given in
Figure 6.13. An L(0,2) RC of 24.4% at 100% defect depth and 120kHz is obtained for the
experimental results while a RC of 19.2% is obtained for the corresponding FE result. Here the
RC’s are much larger than that obtained for the pit. This is expected given the much larger cross

sectional area of the groove defect compared to the pit defect, roughly 10 times larger.
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Figure 6.12: The corrected FE (dotted) and experimental L(0,2) reflection
coefficient for the pit defect. The large difference between the FE and
experimental results is reduced after correcting for the offset.
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Figure 6.13: The FE (dotted) and experimental L(0,2) reflection coefficient for
the grooves defect. The difference between the FE and experimental results is
greatest at 80% defect depth.

Despite considerable improvement between the FE and experimental results for the pit
following correction for the offset, large difference still remain between both the FE results at
the three frequencies and between the FE results and the experimental results. Some of the

differences experienced in the RC results are explained by the following:

e The defect model is based on a ‘square’ hole which will have less scatter than a round hole

and therefore greater L(0,2) reflection than the experimental case.
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e The length of the model is 200mm, 1600mm shorter than the tube used in the experiments.
The model defect is 1000mm closer to the applied force (input signal) than the actual defect.
Greater attenuation will therefore be experienced in the experimental setup than in the case
of the model.

e The number of measuring nodes for the FE model is 346, 298 more than the experimental
setup. A higher number of measuring nodes serve to provide a more accurate result
provided that they remain equally spaced. In the case of the experimental setup, an increase
in the number of bad data measuring nodes could negate the accuracy obtained by an

increase in data measuring nodes.

6.3.5 The reflection coefficients — F(1,3) mode

Once again, the F(1,3) RC for the pit defect is very low, ranging from 0.05% (FE, 20% depth at
120kHz) and increasing to 0.6% (FE, 100% depth at 150kHz). There was good agreement
between the FE and the experimental F(1,3) RC results for the pit and the groove, given in
Figures 6.14 and 6.15. In all cases, the increase from 50% depth to 100% depth is higher than
that from 0 to 50%.
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Figure 6.14: The FE (dotted) and experimental F(1,3) reflection coefficient for the
pit defect. There is good agreement between the FE and experimental results.
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6.4

The pit FE results for the L(0,2) reflection was affected by a zero offset error and therefore these
results must be viewed with caution.
phenomenon, the magnitude of the reflection amplitudes for grooves are much larger and
therefore the effect on its results is negligible. The first order (and higher order) results are

unaffected. The FE results do however confirm the conclusions drawn from the experimental
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Figure 6.15: The FE (dotted) and experimental F(1,3) reflection coefficient for the
groove defect. As for the L(0,2) RC for the groove, the largest difference
between the FE and experimental results exist at a defect depth of 80%.
Summary

results obtained namely:

Defects with a cross sectional area of 0.2mm? could be detected.
There is a monotonic increase in the zero order and first order RC for both the pit and the
groove.
One can distinguish between the pit and the groove defect on the basis of its circumferential
location, magnitude of the RC and the magnitude of the ratio of the mode converted, F(1,3)

and the L(0,2) mode.

The groove results, whilst also affected by this
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Chapter 7

Discussion

7.1 Introduction

There are two main parts to this chapter. First, a discussion of the experimental results
obtained from the use of conventional (bulk wave) ultrasonic equipment to generate guided
waves in steel plates and copper tubes containing pits and grooves is provided. The main
objective here was to determine the viability of using such readily available equipment to study
guided waves for research purposes. Frequencies of 1MHz to 4MHz were applied using standard
ultrasonic transducers. An important phenomenon identified is the successive group velocity
minima that occur at 2300m/s in steel plate and this is discussed first in the early part of the
chapter. Mode recognition and noise is then discussed, together with this method’s defect
detection capability. The limitations of the procedure is then discussed and finally the relevance

of this work to the experimental work performed using the laser vibrometer is discussed.

In the second part of this chapter, the experimental results obtained from the interaction of the
L(0,2) mode with pits and grooves in condenser tubes is discussed. In this case, frequencies of
120kHz, 135kHz and 150kHz is applied. The main objective was to determine the capability of
the L(0,2) mode to detect pit defects with a cross sectional area as low as 0.2mm? and to
distinguish between pit defects and groove defects on the basis of the signal obtained from the
interaction of the L(0,2) mode with these defects. Here, defect detection capability is discussed
first followed by signal processing and mode separation. A discussion on defect sizing is also
provided before the limitations of this work are discussed. A summary is provided at the end of

the chapter.
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7.2

7.2,

Discussion on the results obtained using the conventional

equipment

The use of existing, standard, bulk wave equipment to generate guided waves for basic research
purposes was demonstrated. Basic concepts of mode conversion and back wall reflection
coefficients synonymous with guided waves were explored in plates and tubes using this

equipment. The implications of results obtained are discussed below.
1 Group velocity minima

It was found that the 45°, 4AMHz shear wave transducer produced coherent, well defined signals
of the A1, S1, A2 and S2 modes depending on the plate thickness, see Figure 4.17. The 45° shear
wave transducer produced a phase velocity of 4578m/s in steel plate. This phase velocity
corresponds to a group velocity minimum of 2300m/s for all modes beyond the fundamental
modes, A0 and SO. So depending on the frequency bandwidth and plate thickness several guided
wave modes can be generated at the same group velocity. There is great benefit in being able to
generate several modes at the same group velocity minimum. First, minor variations in
frequency-thickness product will not affect the group velocity as the group velocity is constant
over a short period where the minimum occurs. Second, multiple modes generated that have
the same group velocity will not contribute to the coherent noise that typically occurs when
many modes are generated unintentionally, each of which have a different velocity (see for
example Figure 4.18). Third, since multiple modes are present, the sensitivity to defects of

various position and orientation is enhanced [78].

Furthermore, it is interesting to note that the shear wave velocity in steel of 3240m/s would
travel the same lateral distance (displacement) in roughly the same time as the A1, A2, S1 and
S2 modes at their group velocity minimum of 2300m/s. That is, for the 45° shear wave
transducer, an effective velocity of 2291m/s (3240/v2) is achieved. This is within 0.5% of the
guided wave group velocity. The signal response for the 4MHz 45°, shear wave transducer can
therefore also be that of a shear bulk wave that skips along the plate length. This is quite unique
in that an operating point is experienced where both the bulk wave and the Lamb wave modes
‘co-exist’. This approach could possibly provide advantages over manual bulk wave pulse-echo
inspection methods as the technique could inspect a larger volume from a single location and
therefore improve the probability of defect detection. The characteristics of this technique,
which excludes the fundamental modes, may be more suited to detecting defects that occur in

the volume of the material rather than surface breaking defects.
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Similar success (well defined, coherent guided wave signals) is obtained with the 70° degree
shear wave transducer (see Figure 4.16) at a phase velocity of 3448m/s and a corresponding
group velocity of roughly 3000m/s. This is not due to the presence of the group velocity minima
but the “skipping” bulk wave discussed earlier. The corresponding effective velocity of the shear
bulk wave skipping at an incident angle of 70° is 3240%*sin(70) =3044m/s. This is within 2% of the

guided wave group velocity.

The group velocity minima described here is also present in tubes and pipes and can provide
similar benefits. This is illustrated in Figure 7.1. The repeated minima occur from L(0,3) mode.
As for plates, this warrants further investigation as a possible application for improving

detection capability over shorter lengths in, for example, boiler tubes.
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Figure 7.1: Repeated minima for copper tubes, 22mm diameter,
1mm thick is obtained from L(0,3) onwards. The group velocity
dispersion curve is generated using Disperse [39].

7.2.2 Mode recognition and noise

There are several reasons for the inaccuracies and so called ‘unexplained’ signals that make
some of the transducer’s unsuitable to generate the selected guided waves. The incident
velocity, the angle of incidence and the frequency of the ultrasonic wave are crucial to
determining the phase velocity and hence the selected guided wave mode to be generated. The

incident velocity, angle of incidence and the frequency is affected by the transducer’s
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bandwidth, beam spread, near zone effects and coupling efficiency amongst others. A detailed
discussion of the extent to which these phenomena contribute to the noise and unexplained
signals is outside the scope of this thesis, but it is clear that they do not affect the 4MHz
transducer to such a large extent but could very well be the cause of the noise experienced with
the other transducers. This is supported by the fact that the 2MHz, 45° shear wave transducer
which also produce a group velocity of 4578m/s do not perform as well as the 4MHz, 45° shear

wave transducer when operating at the same frequency-thickness product.

The results obtained for the 1.8MHz longitudinal wave transducer was particularly poor (see
Figure 4.15). The longitudinal bulk wave mode converts easily to a bulk shear wave at the plate
boundary which in turn can generate unintended guided wave modes. Shear waves are less

susceptible to this and could readily skip along with minimal bulk wave mode conversion.

The use of standard bulk wave transducers limits the range of incident phase velocities that can
be produced. Standard shear and longitudinal wave transducer angles are 0°, 45°, 60° and 70° in
steel. The 2MHz, 60° shear wave transducer produce a phase velocity in steel of 3741m/s. This
corresponds to a group velocity region of SO that is highly dispersive in 1.3mm plate and
therefore this is not an ideal region (see Figure 4.18). Perspex wedges can be used to vary the
angle and hence change the mode generated as discussed in Section 2.3.7.2 (in plates) and

2.3.7.3 (in tubes).

The wedge method applied to the tubes generate flexural modes as well as the L(0,2) mode.
The Perspex wedge used resulted in significant noise in the region from 0 to 100mm as shown in
Figure 4.28 and Figure 4.29. This is due to the wedge design. Unwanted reflection is obtained

from the Perspex boundaries which can be reduced through improved design.
7.2.3 The detection of defects

The presence of a defect can be recognised from the presence of a mode converted signal, the
reflection of the incident mode or a reduction in the amplitude of the back wall echo. Together,
the analyses of these three parameters enable defect depths of 0.25mm in 3mm thick steel
plate, 0.2mm in 1.6mm thick steel plate and 0.25mm in 0.9mm thick copper tube to be detected
using the basic conventional ultrasonic equipment. Figure 4.20 to Figure 4.23 obtained using
the 45°, 4MHz shear wave transducer to inspect for 1.5mm pits in 1.6mm plates provides an

excellent illustration of the behaviour of these three parameters which are discussed below.
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7.2.3.1 The mode converted signal

With a pit depth of 0.2mm, a well-defined mode converted signal is present and the reflection of
the incident mode is present. The back wall echo dominates as expected. At a depth of 1.2mm,
the mode converted signal is no longer clearly visible but the amplitude of the reflected signal
has increased slightly, while that of the back wall has reduced to nearly 50% of its original
amplitude. The mode converted signal which is produced as a result of the asymmetry present
in the cross-section of the plate diminishes as the defect reaches through wall depth.
Essentially, the degree of asymmetry decreases as the defect depth increases. Figure 4.25 and
Figure 4.27 both also illustrate this fact. The reflection coefficient of the mode converted signal
decreases to zero once through wall depth has been achieved for both the groove and the pit.
This is contrary to the mode converted signal in tubes where a through-wall pit or groove does
not result in the mode converted signal diminishing to zero. Mode conversion for tubes is
discussed in more detail later. There are several modes that can be mode converted from the
incident, S1 mode that is generated from the 4MHz shear transducer in 1.6mm plate. The AO,
Al, A2, SO, S2 and S3 are all present in the frequency-thickness region of 6MHz-mm to 7MHz-
mm. While this can be viewed as a drawback given the potential for noise and potentially false
indications, it can also be seen as improving the probability of generating a mode converted

signal if a defect is present.

7.2.3.2 The incident mode

The amplitude of the reflected signal is dependent on several factors as discussed in Section
3.3.3.1. The reflection coefficient of the incident signal (S2 and possibly A2 modes) for grooves
of 5mm length and 15mm length converges as defect depth increases (see Figure 4.24). The
reflection coefficient for the pits remains significantly less (20% once through-wall depth has
been reached) compared to grooves (120% once through wall depth has been reached). This is
true for both plates and tubes. The amplitude of the reflected incident mode is strongly related

to the cross sectional area of the defect.

7.2.3.3 The back wall echo

In Figure 4.20, the back wall echo amplitude of the incident mode reduced by nearly 50%
despite only a marginal increase in the amplitude of the incident mode reflected from the
defect. The amplitude of the back wall reflection is therefore also an important parameter to
monitor when inspecting for defects in plates or tubes. The back wall amplitude decrease

sharply after 50% defect depth has been reached. This is illustrated by Figures 4.20 to Figure
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4.23 and Figure 4.26. For this setup, the rate at which the back wall echo amplitude decreases
may provide insight into the depth of the defect. This however is not a universal rule as
different modes will react differently to different defect geometries. Furthermore, guided
waves, which typically propagate over long distances, may encounter several discontinuities that
are not defects along the way which may result in reduction in the amplitude of the back wall
echo. Dispersion and attenuation are other factors that could affect the amplitude of the back
wall echo. Nevertheless, further investigation into this phenomenon is warranted for specific

applications.
7.2.4 Limitations of procedures used

Although several concepts were successfully studied using the basic ultrasonic equipment there
are limitations that need to be considered. First, coupling of the transducers to the test sample
introduces variations between measurements as the coupling is not always 100% efficient. This
is one of the main reasons for obtaining a reflection coefficient greater than 100% (see Figure
4.24). Second, the manual manipulation of the transducers is not ideal as the reflection
amplitude is sensitive to the angle of the guided wave to the defect. Scatter and a consequent
reduction in the reflected signal are observed when even minor changes are experienced in the
angle between the incident mode and the defect. This is more pronounced for pits as expected
because of the limited cross sectional area as well as the ease with which the incident wave
scatter from the circular face of the pit. Third, a maximum plate thickness of 6mm was inspected
using this method. While theoretically it should be possible to use this method on any plate
thickness or pipe thickness, the transducer energy input and transducer frequency applied will
limit the maximum thickness. Finally, the higher frequencies applied here result in high levels of
attenuation. A length of 300mm for steel plates could be inspected while a length of 800mm of
copper tube could be inspected using these methods. The value of the method is therefore not
the ability of guided waves to travel long distances but rather that material can be inspected for

defects from a single location.
7.2.5 Relevance to the work done using the laser vibrometer

Although the objective of the tests were to determine the viability of using the basic ultrasonic
equipment for research purposes, the tests conducted also provided an opportunity to study the
interaction of guided waves with pits and grooves. The tests using the basic ultrasonic
equipment therefore served as a preliminary study to identify opportunities to improve the test
methods and procedures but also to identify areas requiring more detailed investigation. The

defect location along the tube was only 50mm away from the tube end for the preliminary
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studies. This was not ideal to study the reflection of the incident mode and the mode converted
mode while not interfering with the back wall echo signal. The defect was therefore moved to a
location of 1100mm away from the transducer for the tests using the laser vibrometer. Another
improvement identified in the preliminary studies was to leave the transducer bonded to the
tube rather than transfer it between tubes. This reduced the variability introduced between
measurements due to changes in the coupling effectiveness. Noteworthy examples of findings
from the preliminary studies that required more detailed investigation using the laser
vibrometer was the effect that the circumferential location of the defect had on the reflected
signal and the large variation between the L(0,2) reflection coefficient of the pit compared to
that of the groove. Both these findings were analysed in detail in the subsequent tests and is

discussed later.

7.3 Discussion on the results obtained with the laser vibrometer

The interaction of the L(0,2) mode with pitting and grooving defects in condenser tubes was
studied to determine its capability to detect defects with a cross sectional area from as low as

0.2mm?. The results of this study are discussed below.
7.3.1 Detection of defects that represent a wall loss of less than 1%

Defect detection is essentially about the recognition of the signals associated with the three
parameters namely mode conversion, the incident mode and back wall echo as discussed in
Section 3.3.3 and again in Section 7.2.3. Pit defects are challenging to detect at an early stage
because of their small circumferential extent (typically less than 2.5mm once through-wall). The
cross sectional area of the pit can be as low as Imm? once through-wall has been achieved.
Tubes are plugged if the through-wall loss is greater than 60% (0.6mm depth in the case of an
isolated, Imm diameter pit in a 1mm wall thickness tube) as there is a high probability that the
tube would fail before the next opportunity to inspect the tube. Since tube failure could result in
the shutdown of the power station to effect repairs, such defects must be detected with a very
high degree of reliability. This was accomplished by analysing the mode conversion, incident

mode and the back wall echo signals, which is discussed below.

7.3.1.1 The mode converted signal

The pattern obtained from the reflection of the mode converted signal is recognisable from the
incident mode by its out-of-phase component. Figure 5.12 illustrates this for the pit defect. An

out-of-phase component (F(1,3) mode) is clearly visible when the defect has reached 40% depth.
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The presence of the mode converted signal indicates the presence of a non-axisymmetric defect
[82] but in practice, a non-axisymmetric feature other than a defect can also result in an out-of-
phase, mode converted signal. This complication can, to a large extent, be overcome by
obtaining a baseline measurement to identify all the out-of-phase reflections caused by the
design features of the condenser discussed in Chapter 1. Subsequent measurements can then be
compared to the baseline to determine if any new mode converted signals are present. Still,
new mode converted signals may not be due to defects but instead caused by characteristics
that occur during the service life of the condenser, such as surface scale and sagging of the tube
plates onto the sag plates (tube support plates). So, while the presence of the mode converted
signal exists and can be clearly recognised for pit defects with a depth of 0.4mm, in practice the

mode converted signal may increase the probability of a false positive result.

7.3.1.2 The incident signal

The degree to which the incident signal reflected from the defect can be recognised (and hence
the degree to which the defect can be detected) can be measured in terms of the concept of
SNR. The signal to noise ratio obtained for the pit at 150kHz is given in Table 5.5. The signal to
noise ratio for the pit at 0.2mm depth is very low at 1.8dB. It improves marginally to 3.2 at 50%
depth but shows a significant improvement at 60% depth with a SNRys of 5.8dB. The SNRys was
improved by simple signal processing as illustrated in Figure 5.15. A SNRy, of 3.3dB for 0.3% wall
loss (0.2mm depth) and 10.8dB for 0.9% wall loss (0.6mm depth) could be achieved with this

setup.

7.3.1.3 The back wall echo

The concept of the back wall echo in this study is similar to that in the preliminary study. The
larger the defect’s cross sectional area, the larger the reduction in back wall echo amplitude.
The main difference is the extent of the attenuation experienced given the longer tube lengths.
Attenuation is discussed later. Furthermore, while the study was based on a pulse-echo
arrangement, a pitch catch arrangement can improve the attenuation and provide an alternative
signal to that of the back wall namely the transmitted signal. This arrangement warrants further

investigation.

7.3.1.4 The effect of frequency variation

The reflection coefficients of the zero order and first order for both the pit and the groove do

not show a large degree of dependence on the frequency variation between 120kHz, 135kHz
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and 150kHz. The effect of frequency variation is discussed in Section 3.3.2. At these frequencies,
the axial extent of the pit and groove defects (a < 2mm) is much less than the L(0,2) wave length
(A=25mm ) i.e. a << A. So it is not expected for the frequency to have significant effect on the
reflection coefficient. This is true in practice for the defects of interest. The effect of frequency
on the reflection coefficient increases as defect depth increases and is larger beyond 60% defect
depth. One could then argue that the degree of sensitivity of these defects to frequency

variation can also provide insight into changes in the defect depth.

7.3.1.5 Attenuation

The high rate of attenuation (up to 3dB/m at 150kHz) experienced is synonymous with copper
and brass tubes and will limit the length of tube that can reliably be inspected for pit defects.
The problem can be alleviated to some extent by suitable amplification while inspection from
both condenser water box ends in a pitch catch arrangement will also improve the situation.
The use of even higher centre frequencies to further improve sensitivity and engage higher

order flexural modes will further increase attenuation.

7.3.1.6 Visualisation and signal recognition

To the trained eye, the difference between a zero order and a higher order mode may be
recognised in an animation of the reflected signal. The laser vibrometer provides such an
animation capability and one has also been developed by the author using MATLAB. This
provides another tool for defect recognition. The displacement of the transducer, bonded to the
edge of the tube, is animated thus providing a visual model of the reflected signals received by
the transducer. The code which is used to animate the displacement of the transducer is

provided in Appendix A.11.

The mode separation techniques applied by Alleyne et al [21] is also applied to the data
obtained in this study. The ability to separate the zero order modes from higher order modes
makes pattern recognition significantly easier. This is best illustrated by Figure 5.15 and Figure
5.17. In Figure 5.15, the F(1,3) mode is eliminated by simply adding the signals obtained at each
of the 48 nodes. Out-of-phase, flexural modes are therefore eliminated leaving the zero order
modes only. This leads to an improvement in the signal-to-noise ratio. In Figure 5.17, the
reflection of the first order mode indicated in red is separated from the zero order mode
indicated in blue by the techniques discussed in Section 5.3.2.1. The zero order modes and first

order modes can therefore be studied separately.
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7.3.2 Criteria to distinguish between pits and grooves

There are 3 geometrical differences between pits and grooves that can be used to potentially

discriminate between these defects. These are:

The circumferential extent — The pit defect is typically less than 2mm in diameter
(circumferential extent) while the groove can extend to around 150° (approximately
30mm). It was found that the F(1,3)/L(0,2) ratio is inversely proportional to the
circumferential extent even at small circumferential extents. The groove, with a
circumferential extent of 10mm and a F(1,3)/L(0,2) ratio of 0.4 can be distinguished
from a pit with circumferential extent of 1mm and a F(1,3)/L(0,2) ratio of 0.7 based on
150kHz.

The cross sectional area — The groove defect has a large cross section even at small
defect depths. It can be assumed that at 30% depth, a groove can have a
circumferential extent of atleast 10mm. For such a groove defect, an RC greater than
4% (L(0,2)) and 2% (F(1,3)) was obtained. This is more than three (3) times higher than
that for the pit where an RC less than 1% (L(0,2)) and 0.6% (F(1,3)) was obtained for a
through wall defect. It is possible that in the initiation phase of a grove defect, an RC
similar to that displayed by a pit defect could be obtained in which case, a pit can be
suspected when in fact a groove is present. In this study, defects with an RC less than 2%
(L(0,2)) and 1% (F(1,3)) are identified as pit defects. Similar criteria can be established in
practice. This assertion must be viewed with caution as it is based on the comparison of
isolated pitting with ammonia grooves. The presence of multiple pits or erosion can
dramatically change the RC. Nevertheless, multiple pits and erosion have their own
‘signatures’ that can potentially be used to distinguish them from isolated pitting. This
however is not the subject of this thesis.

Circumferential location — Ammonia groove defects, by their nature, typically occurs at
the top of the tube, on the outside. Pitting on the other hand occurs anywhere around
the circumference and on the inside or outside of the tube. The first order mode can be
used to reliably determine the plane along which the defect is located. This is then
sufficient to determine the location of the groove as it will be on top. Higher order
modes are required to determine the location of the pit defect. While possible, it has
not been further explored in this thesis. In both cases (pit and groove), the accuracy to
which the circumferential location can be measured is dependent on the number of

transducers located around the circumference (It is also dependent on the ‘engagement’
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of the higher order flexural modes). In practical terms, this is a significant challenge

given the tube internal diameter.
7.3.3 Defect sizing

One of the primary objectives of inspecting condenser tubes is to determine whether the tube
needs to be plugged to prevent tube leaks. The tubes are plugged based on remaining wall
thickness; however guided waves cannot determine remaining wall thickness directly. The
amplitude of the reflected signal is dependent on the axial extent, circumferential extent and
the depth of the defect. Figure 5.23 shows the reflection coefficient of the zero order mode for
pit defects. Simplistically, if a reflection coefficient between 0.4% and 0.5% is obtained, then
from the graph, 60% through-wall depth has been reached and the tube must be plugged.
However this is based on the assumption that the axial extent and circumferential extent of the
defect has not changed and the increase in amplitude is brought about by the increase in defect
depth only. Now the axial extent of isolated pitting and ammonia grooving should not affect the
amplitude of the reflected signal (see Section 7.3.1.4) so this aspect can be ignored. The
circumferential extent can be determined from the ratio of the mode converted F(1,3) to L(0,2)
reflection [55]. However, this ratio is insensitive to small circumferential extents. Pit defects fall
into this category as their circumferential extents is typically less than 4% and is 1.5% in this
study (1mm/(22*pi)). Nevertheless, Figure 5.19 suggest that if a region of negligible dispersion is
used (L(0,2) at 150kHz) then a reasonable approximation to the circumferential extent can be
obtained even at such low circumferential extents. The ratio of F(1,3) to L(0,2) at circumferential
extents below 5% warrants further investigation but would require some optimisation of the
modelling procedures applied in Chapter 6. Should this be possible, then the approach applied
by Demma et al [55] could be applied here with some degree of uncertainty in measurement as
in the case of the work done by Demma et al and suggested by Figure 6.9. A specific study is
required to determine the degree of uncertainty. It will not be possible to determine defect
depth per se but may provide enough insight to categorise the signal response into one of two

categories namely, defect > 60% through wall depth or defect < 60% through wall depth.
7.3.4 Limitations

This study is only applicable to isolated pitting and grooving defect types. While it is clear that
the amplitude of the reflected signal is sensitive to the cross sectional area of the defect (as
opposed to the defect depth, see Figures 5.23 and 5.24), several other parameters also affect
the amplitude of the signal. The defect axial extent, the presence of other defects and tube

supports amongst others, will affect the amplitude of the reflected signal. Again, many of these
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limitations can be overcome by baseline measurements as discussed in 7.3.1.1 but it is
important to note that one cannot simply take the reflection coefficient obtained from
condenser tubes containing other defect types (e.g erosion or multiple pitting) and compare it
to the reflection coefficient graphs obtained in this study. Furthermore, the effect of the
condenser design parameters that could affect the guided wave signal (see Section 2.2.1) has

not been considered here in this study.

Another important limitation is the high rate of attenuation. The L(0,2) mode has been applied
at frequencies above 120kHz as it is increasingly dispersive below 120kHz. The higher frequency
however results in a higher attenuation as copper is very attenuative. The length of tube that
can be inspected is therefore limited to approximately 2m. Condenser tubes are typically in
excess of 6m long although there are many heat exchangers in the power generation industry
that have the same copper or brass tubes that have a length of less than 2m. The value of the
guided wave however is diminished as its ability to travel over long distances is diminished.
Improvements in, for example, signal generation, amplification and the transducers can
significantly enhance the propagation distance and also bring about an improvement in signal-
to-noise ratio. In practice, the T(0,1) mode can be applied instead of the L(0,2) mode. In this
case, the frequency can be reduced until the sensitivity is enough to detect 20% depth pits and

F(1,2) and F(2,2) modes are present. This corresponds to a lower limit of approximately 80kHz.
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Chapter 8

8.1

8.2

Conclusions and recommendations

Introduction

This thesis concerned the detection of defects in plates and tubes using ultrasonic guided
waves. Particular emphasis was placed on their application to condenser tubes. It started
out by studying the geometry of defects that commonly occur in condenser tubes, and was
followed by a study of the theoretical fundamentals of guided waves. A broad literature
review was conducted which highlighted some of the important research conducted in this
field, but also identified the areas that required further research. Preliminary studies were
conducted using basic bulk wave equipment to detect pits and grooves using guided waves.
This was followed by the detection of pits and grooves in copper tubes using a laser
vibrometer. Finite element modelling using ABAQUS was then undertaken to confirm the
results obtained with the laser vibrometer. Finally, the findings of the preliminary studies
using bulk wave equipment and the experimental work conducted using the laser

vibrometer were discussed in detail.

This chapter provides the conclusions from the work undertaken in this thesis as well as

recommendations for further research.
Conclusions

The conclusions drawn from the preliminary studies, using basic bulk wave equipment is as

follows:

e The repeated group velocity minima of the S,, and A, modes (m =1, 2, 3...) in plates
can be exploited using basic bulk wave equipment. This method provides good

directionality, coherence and sensitivity over distances of approximately 300mm
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and a frequency of 4MHz. Defects with a cross sectional area that is less than

0.4mm? was detected using this procedure.

e The repeated group velocity minima also exist for the L(0,m) modes form =3, 4, 5...
in tubes. This can be generated by applying Equation 2.25 to the wedge method
described in study 3 (Chapter 4).

e Standard, bulk wave ultrasonic equipment can be used to conduct basic research
and study guided waves in plates and tubes. Three studies are conducted which

demonstrate the viability of using such equipment.

The conclusions drawn from the experimental results obtained from the interaction of the L(0,2)

mode with pits and grooves, measured using the laser vibrometer, are listed below:

8.3

e Isolated pit defects with a cross sectional area of 0.2mm? representing a wall loss of
0.3% of the tube’s cross sectional area can be detected using the L(0,2) mode in

copper tubes that are less than 2m long.

e Isolated pits can be distinguished from grooves based on their defect location,
magnitude of their reflection coefficients and the ratio of the mode converted,

F(1,3) reflection from a defect to that of the L(0,2) mode.

Recommendations

e The wedge method should be applied to tubes (e.g carbon steel boiler tubes) at

frequencies that would exploit the repeated group velocity minima that occur for the
L(0,m) modes for m = 3, 4, 5... This method may have the potential to be more reliable

in detecting defects such as creep and pitting, common in boiler tubes.

e Further evaluation of the capability of basic bulk wave equipment should be undertaken

to detect defects in thin plates. In particular, the use of the 45° shear wave transducer
to generate S,, and A, modes (m > 0) to detect various defect types (e.g fatigue) in thin
plates can be of great benefit. Thin plate structures are used extensively in, for

example, the aircraft industry.
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e The capability of guided waves should be investigated to detect real, in-service defects
to gain confidence in the reliability of detection. In particular, guided waves status as a
screening tool can be further enhanced by gaining confidence in their ability to limit the
number of ‘false-positives’ (a defect is indicated when in fact no defect exist) and ‘false-

negatives’ ( a defect exist but is not detected).

e The use of the T(0,1) mode should be investigated as an alternative to the L(0,2) mode
at a frequency of 80kHz. The T(0,1) mode is non-dispersive and a lower attenuation

(given the lower frequency) should improve propagation distance.

e The finite element model should be refined to make provision for a hole (pit), extended
tube length and corrected offset. While this will result in increasing the run-time
significantly, benefits can be derived from modelling other common condenser tube

defect profiles, for example multiple pitting.
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Appendices

A.1 Material properties and relevant equations [96]

E
v=—-1

2G

C = E(1-v)
L= Jp +v)(1—2v)
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A.2 Drawing of mild steel plate test samples (grooves)

dz2
= 100 100 — - 1.5
-—! !- -_1 l l Mild Steel Plate - grooves
d1 i T ] PlateNo) d1 | d2 |11 L2
i i i 1 =1 025 | 025 5 15
T s 15 15 5 13
L1 L2 7 275 | 278 5 1
—= ! e 3 2 -thrc-llfgh through [ c 1z
wal wall = .
_I_ £l
50 | |
T = ==
300
Material: Mild Steel 300X300X3mm
Tolerances: defect dimension +- 0.1 otherwise 1mm
1
300
Dwg Grooving (slots/grooves) - Plates rev 0
Name Bradley Oaker
Date |3 February 2011 | Scale NTS
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A.3 Drawing of mild steel plate test samples (pits)

d2
i‘ 100 100 ’-I -
J ” r l Mild Steel Plate - drilled holes
: i_L i u j LI_ j PaeNo| d1 | d2 R1 R2
r i i 1 0 |axs 075 125
T 2 15 15 o7s 125
d1 3 3 275 |27 075 125
l —Ri1 —R2 p throeh [throgeh 075 125

Material: Mild Steel 300X300X3mm

Tolerances: defect dimension + 0.1 otherwise 1mm

300
Dwg Pitting (driled holes) - Plates rev 0
Name Bradiey Oaker
Date |19 Ja 2011 | Scale NTS
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A4

Drawing of copper tube test samples (grooves)

1.5
section on Aq

L A

P I IIIIS

s

I

m
T

]
T

R11

R10

Copper tube - grooves
TbeNo | d C L Quantity
=1 0.25 10 am 1
10 os 10 1
1 07s 0 0 1
12 o 10 80 1
13 02 |2 800 1
14 05 20 200 1
15 075 | 20 800 1
16 ”‘L‘Z‘IE"' 20 800 1
17 05 70 full circle) | 800 1

Material: copper tube 22mm outer diameter, 0.9mm thick.

Tolerances: defect dimension + 0.1 otherwise 1mm

Dwg Grooving (slotted grooves) - tubes rev 0
Name Bradiey Oaker
Date |19 January 2011 | Scale NTS

168

A.4 : COPPER TUBE TEST SAMPLES (GROOVES)



A.5 Drawing of copper tube test samples (pits)

1 50 e
section on AAT l
. . e R Copper tube - drilled holes
WrLL Ll dr el o h S, ¢ Tieeto| d | R L Quantity
| | "’ Y 1 025 | 075 200 1
d l | |
) 2 05 0.75 800 1
V77777777777 7777 S \ 3 075 | 075 200 1
o ) R10 | 'through | _ [
4 wall 0.75 £00 1
5 025 | 15 800 1
E ‘ 05 |15 800 1
R 7 0.7% 15 800 1
.............................. '_ g through | 15 | 800 1
wall
A 4 A
i ! i
Material: copper tube 22mm outer diameter, 0.9mm thick.
e L S =

Tolerances: defect dimension +- 0.1 otherwise 1mm

Dwg Pitting (drilled holes) - tubes rev 0
Name Bradley Oaker
Date |19 January 2011 | Scale NTS

|
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A.6

Drawing of 1.8m long copper tube test samples (grooves)

1.5
section on Aq |

S AR A

TS IS ST TSI TSI IS

R11 Copper tube - grooves
defectNo| d C L Quantity
7 03 10 1800
8 s 10 1800
R10 - =8 L =
10 wal 10 1800

Material: copper tube 22mm outer diameter, 1mm thick.

Tolerances: defect dimension + 0.01 otherwise 1mm

Dwg Grooving (slotted grooves) - tubes rev 0
Name Bradiey Oaker
Date |19 January 2011 | Scale NTS
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A.7 Drawing of 1.8m long copper tube test samples (pits)

section on AAT

Material: copper tube 22mm outer diameter, 0.9mm thick.

Tolerances: defect dimension +- 0.1 otherwise 1mm

L e — R11 Copper tube - drilled holes
X TieeNo| d | R [L Quantity
| 1 025 | 075 200 1
d /] _
\ 2 05 | oS 800 1
N 075 | 075 00 1
R10 through | "
2 wll .75 800 1
5 0.25 15 200 1
3 I 05 15 800 1
[ 075 |15 800 I {
] through | 15 a0 1 ‘
wall

Dwg Pitting (drilled holes) - tubes rev 0

Name Bradley Oaker

Date |19 January 2011 | Scale NTS
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A.8 Calculated values for the L(0,2) mode for tube 22 (pits)

Frequency T22, 120KHz
depth (mm) 0% 20% 40% 50% 60% 80% 100%
Max Input (m) 4,08E-06 5.25E-06 3.89E-06 3.90E-06 | 3.89E-06 | 3.68E-06 | 3.71E-06

Initial Input time (s) T; 8.67E-05 9.10E-05 B8.67E-05 8.67E-05 | 8.67E-05 | 8.67E-05 | 8.67E-05
Max Backwall (m) 1.53E-06 1.14E-06 143E-06 1.43E-06 | 1.43E-06 | 1.28E-06 | 1.31E-06
BW Actual RC at 120KHz 74.4% 93.7% 93.7% 93.7% 83.8% 85.7%

Backwall time Tpy, 1.02E-03 1.01E-03 1.02E-03 1.02E-03 | 1.02E-03 | 1.02E-03 | 1.02E-03

Velcocity (m/s) Crods 3866 3930 3866 3866 3866 3866 3866

Averzage velocity Cpode 3875

Cijoz) (M/s) 3825

Difference (m/s) 50

Frequency T22, 135KHz

depth (mm) 0% 20% 40% 50% 60% 80% 100%

Max Input (m) 510E-06 4.68E-06 4.88E-06 4.87E-06 | 4.91E-06 | 4.57E-06 | 4.59E-06

Initial Input time (s) T 8.91E-05 891E-05 891E-05 891E-05| 891E-05| 891E-05| 8.91E-05
Max Backwall (m) 1.73k-06 1.41E-06 1.54E-06 1.53E-0b | 1.55E-06 | 1.42E-06 | 1.45E-06
BW Actual RC at 135KHz 81.3% 88.8% 88.4% 89.4% 82.1% 84.1%

Backwall time Tay, 1.01E-03 1.01E-03 1.01E-03 1.01E-03 | 1.01E-03 | 1.01E-03 | 1.01E-03

Velcocity (m/s) Code 3913 3918 3918 3518 3918 3918 3918

Average velocity Cpoge 3917

Cujoa) (M/s) 3862
Difference (m/s) 55

Frequency T22, 150KHz
depth (mm) 0% 20% 40% 50% 60% 80% 100%
Max Input (m) 4.77E-06  5.21E-06 5.37E-06 5.37E-06 | 5.42E-06 | 5.02E-06 | 5.04E-06

Initial Input time (s) T; 8.95E-05 9.10E-05 9.10E-05 9.10E-05 | 8.79E-05 | 9.10E-05 | 9.10E-05
Max Backwall {m) 168E-06 1.13E-06 129806 1.29E-06 | 133E06| 122E06| 1.26E-06
BW Actual RC at 150KHz 67.0% 76.8% 76.8% 78.8% 72.5% 74.9%

Backwall time Tpy, 1.01E-03 1.01E-03 1.01E-03 1.01E-03 | 1.01E-03 | 1.01E-03 | 1.01E-03

Veleocity (m/s) Cpode 3898 3930 3930 3930 3917 3930 3930

Averzge velocity C, e 3924

Cuioa) (m/s) 3821
Difference (m/s 43
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A.9

Calculated values for the L(0,2) mode for tube 23 (grooves)

Frequency T23, 120KHz
depth (mm) 0% 30% 50% 80% 100%
Max Input (m) 1.08E-05 1.12E-05 1.10E-05 1.11E-05
Initial Input time (s) T; 9.18E-05 9.61E-05 9.18E-05 9.61E-05
Max Backwall (m) 1.49E-06 1.44E-06 9.88E-07 9.82E-07
BW Actual RC at 120KHz 100.0% 96.3% 66.3% 65.9%
Backwall time Tgy (s) 1.03E-03 1.03E-03 1.03E-03 1.03E-03
Velcocity (m/s) Crode 3837 3855 3854 3855
Average velocity Cyoge 3850
Cio2) (m/s) 3825
Difference (m/s) 25
Frequency T23, 135KHz
depth (mm) 0% 30% 50% 80% 100%
Max Input (m) 9.77E-06 9.50E-06 9.85E-06 9.42E-06 9.79E-06
Initial Input time (s) T; 9.02E-05 9.02E-05 9.02E-05 9.02E-05 9.41E-05
Max Backwall (m) 1.02E-06 1.00E-06 9.69E-07 6.85E-07 6.74E-07
BW Actual RC at 135KHz 100.0% 98.2% 95.1% 67.2% 66.1%
Backwall time Tgy (s) 1.02E-03 1.02E-03 1.03E-03 1.02E-03 1.02E-03
Velcocity (m/s) Crode 3855 3872 3851 3872 3888
Average velocity Cpoge 3868
Cioz) (m/s) 3862
Difference (m/s) 6
Frequency T23, 150KHz
depth (mm) 0% 30% 50% 80% 100%
Max Input (m) 7.41E-06 6.99E-06 7.45E-06 6.86E-06 7.32E-06
Initial Input time (s) T; 8.91E-05 8.91E-05 8.91E-05 8.91E-05 8.91E-05
Max Backwall (m) 6.08E-07 5.59E-07 5.48E-07 3.76E-07 3.80E-07
BW Actual RC at 150KHz 100.0% 92.0% 90.2% 61.8% 62.6%
Backwall time Tpy 1.02E-03 1.01E-03 1.02E-03 1.01E-03 1.02E-03
Velcocity (m/s) Cuode 3871 3905 3871 3905 3871
Average velocity Coge 3885
Cioz) (M/s) 3881
Difference (m/s) 4
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A.10 Plots of experimental results

Tube T23, Frequency 120KHz, Depth 0%

[ [ [ [ [

Displacement (m)

[ [ [ [ [

5 6 Y/ 8 9 10
Time (s)

Tube T23, Frequency 120KHz, Depth 50.%

[ [ [ [ [

X:0.0006719 Tl
Y: 4.059e-009

Displacement (m)

X: 0.0007594
Y: -3.608e-009 —
[ [ [ [ [
5 6 7 8 9 10
Time (s) -4

Tube T23, Frequency 120KHz, Depth 80.%

[ [ [ [ [

X:0.0009313
Y: 3.526e-009

Displacement (m)

X:0.0008309
Y:-3.079e-009
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X 108 Tube T23, Frequency 120KHz, Depth 50.%
| | [ | | [ [ [

Displacement (m)

Time (s)

Tube T23, Frequency 120KHz, Depth 80.%
[ [ [ [ [ [ [

x 10"

E
=
()
S
]
(&)
<
Q_ -
@2
& [ [ [ [ [ [ [
3 4 5 6 [/ 8 9 10
Time (s) X 10—4
x10°® Tube T23, Frequency 120KHz, Depth 100%
3 [ [ [ [ [ X: 0.0006727 [ [
Y: 1.093e-008
8
5
£
Q
&
2
r B
2 [ [ [ [ [ [ [ [
2 3 4 5 6 7 8 9 10
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Tube T23, Frequency 135KHz, Depth 0 %
[ [ [ [ [ [

Displacement (m)

[ [ [ [ [ [ |
4 5 6 7 8 9 10
Time (s) i

Tube T23, Frequency 135KHz, Depth 30.%

Displacement (m)

Time (s)

Tube T23, Frequency 135KHz, Depth 50.%
[ [ [ [ [ [

X: 0.0007094
2 Y: 2.463e-009
E ; .
=
()
g
3
!
[= |
@
b X: 0.0006574 X:0.0007535
I [ Y: -2.846e-009 [ Y:-2.672e-009 [
4 5 6 7 8 9 10
Time (s) < 10°
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Tube T23, Frequency 135KHz, Depth 50.%
[ [ [ [ [ [
e X:0.0007094
€ Y: 2.463e-009
£ I =
g ’VW X: 0.0006578
§ Y: -2.731e-009
£ ne
-‘Dﬂ y
[ [ [ [
4 5 6 i/
Time (s)
Tube T23, Frequency 135KHz, Depth 80.%
X:0.0007543
—_ [ [ [ [ Y: 6.815€-009 !
E
=
Q
aE) TR i . g
o
<
Q_ B
2
e [ r i
4 5 6
Time (s)
Tube T23, Frequency 135KHz, Depth 100%
[ [ [ [ X:0.0007102 T T .
Y ; Y: 5.481e-009 |
§’ i ‘I 11 | ‘
3 LN ‘ N,
§ (R :\ N WA ‘|‘
2 Al | x:o0.0006668 i Wikl ‘
a U | v:-7.577e-009 Jj BIW i
- | | |
[ [ [ [ [ [ |
4 5 6 7 8 9 10
Time (s) « 10°
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Tube T23, Frequency 150KHz, Depth 0 %

[ [ [ [ [ [
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Tube T23, Frequency 150KHz, Depth 50.%
[ [ [ [ [ [ ]
€
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5
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[ [ [ [ [ [ |
4 5 6 i/ 8 9 10
Time (s) x 10
Tube T23, Frequency 150KHz, Depth 80.%
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Displacement (m)

Displacement (m)

aliid Tube T23, Frequency 120KHz, Depth 50.%, order 1, angle = 90
3 | | i
Zero Order
Q Pl e S PR e
5
pe [ [ [ [ [ [
2 4 5 6 7 8 9
Time (s) x 10"
10i Tube T23, Frequency 120KHz, Depth 80.%, order 1, angle = 90
1 T
l { [ l l Zero Order
0.5 First Order
0]
0.5~
-1 [ [ [
2 4 5 6 7 8 9
Time (s) x 10"
%10 Tube T23, Frequency 120KHz, Depth 100%, order 1, angle = 90
3 I t [ I I i
Zero Order
1 First Order ||
) —

Displacement (m)

Time (s) _—
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x 10°

Tube T23, Frequency 135KHz, Depth 30.%, order 1, angle = 90

Displacement (m)
o

I
Zero Order
First Order

Displacement (m)

2, 3 4 5 6 g/ 9
Time (s) x 10"
X 10° Tube T23, Frequency 135KHz, Depth 50.%, order 1, angle =90
P | R —
l l : l l Zero Order
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x 10"

Time (s)
Tube T23, Frequency 135KHz, Depth 80.%, order 1, angle =90

x 10"

[ [ [ [ [

Displacement (m)
o

Zero Order
First Order

x 10"
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X 107 Tube T23, Frequency 120KHz, Depth 100%, order 1, angle =90
[ [ [ [ [ [ '

Zero Order
b= First Order

Displacement (m)
o

2 [ [ [ [ [ [ [
2 3 4 5 6 7 8 9
Time (s) x 10"
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[ [ [ [ [ [ '
Zero Order
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o
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X :I.O-E

Tube T23, Frequency 150KHz, Depth 30.%, order 1, angle = 90

[ [ [ [

Displacement (m)
o

I
Zero Order
First Order [

—om O oo
B
2 L [ [ [ [
2 4 5 6 7 9
Time (s) x 10"
X 10° Tube T23, Frequency 150KHz, Depth 50.%, order 1, angle = 90
[ [ i [ ‘
g Zero Order
:/ o First Order ||
[
- [ E————
o 0
(&)
©
Qo -2
B!
@ 4 [ [ [ [ [
p. 4 5 6 7 9
Time (s) x 10"
% 10° Tube T23, Frequency 150KHz, Depth 80.%, order 1, angle =90

[ [ [

Displacement (m)
o

Zero Order
First Order

A.10 : PLOTS OF EXPERIMENTAL RESULTS

183




Tube T22, Frequency 150KHz, Depth 0 %
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xlO

Tube T22, Frequency 150KHz, Depth 60.%
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<102 Tube T22, Frequency 135KHz, Depth 0 %
|||H il |“IM|I‘|..

|| ’ || ‘ ﬁ
\' |‘. ..

H| h I
.||!'MI

Displacement (m)

10
Time (s) x 10"
- 10— Tube T22, Frequency 135KHz, Depth 20.%
o H [ [ [ [ [ [ [
& | ..
=
2’
£ |
o
c_u ‘
;- ‘ ‘U
& ‘ 1l m
10
Time (s) x 10"
X102 Tube T22, Frequency 135KHz, Depth 40.%
W TR [ [ i i I [ T
X:0.0006949
7E‘ 4 ‘ Y: 2.139e-010
= 2
3
E 0
g H
@ .
a l X: 0.0006457
4 | Y:-2.128e-010
Hll\‘l [ [ [ \ [ [ [
3 4 5 6 7 8 9 10
Time (s) < 10°

186 A.10 : PLOTS OF EXPERIMENTAL RESULTS



Tube T22, Frequency 135KHz, Depth 60.%
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© 10 Tube T22, Frequency 120KHz, Depth 60.%
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Displacement (m)
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Displacement (m)

[

o

'
LN

X 10-9

Tube T22, Frequency 120KHz, Depth 20.%, order 1, angle =90

|
‘{ |fﬂ ’M(|’i'l,~...4g|l\‘\,"m,(,'.r'_‘ Vool wl"-"\“w"\'f\(\h’\#‘m AR M ,l""’l-,ﬂc\'ﬂ"w \[‘f'.'w«nf\’ pPAR ARG
Ity

[ [ [ [ [ I

I
Zero Order
First Order

[ [ [ [ [ [ [

x 10°

3 4 5 6 7 8 9
Time (s)

Tube T22, Frequency 120KHz, Depth 40.%, order 1, angle = 90

x 10

Zero Order
First Order {

2 3 4 5 6 f/ 8 9
Time (s) x10*
%107 Tube T22, Frequency 120KHz, Depth 60.%, order 1, angle = 90
l L { l l L Zero Order
‘ First Order ||
VV tl.‘"\J‘.v" AABAAAARAARAAPARNAARN ARG Bt Aﬂl‘{'{"" ’ ““ A Nl"l; ‘r'*'; fi ‘.‘ f“*.,. W ’\'m‘“’“"“"'~ : ‘-J\h’ﬂ""i\"'ﬁ

[ [ [ [ [ [ [

3 4 5 6 [/ 8 9
Time (s) -

190

A.10 : PLOTS OF EXPERIMENTAL RESULTS



Displacement (m) Displacement (m)

Displacement (m)

o

108 Tube T22, Frequency 120KHz, Depth 80.%, order 1, angle = 90
[ [ ! { [ l IZero Order
l ‘ First Order H
q , \’ V*‘:‘u\h S RO PR ol ore i s A syte s O ooty Tt A \’ﬂl‘"’ ’ ""V \”l":,!l‘!'ﬂf‘{\l\! V\MN”N‘"’ i \‘O‘t*‘»ﬁ‘,"‘f!
[ [ [ [ [ [ [
2 3 4 5 6 7 8 9
Time (s) x10*
x 10° Tube T22, Frequency 120KHz, Depth 100%, order 1, angle = 90
L l l : l l IZero Order
| First Order
i
1}[’\/‘~,v‘\"u N A TRy O o P U g UM A O T St S g SR «‘\l“f""l( ’ ‘ “'ﬂf\’,"q' ’.i\’\“( I\J\J\ ‘I‘,"”“‘.“‘*". A“'\."““"A
[ [ [ [ [ [ [
2 3 4 5 6 7 8 9
Time (s) x10*
% 10° Tube T22, Frequency 135KHz, Depth 20.%, order 1, angle = 90
{ l : : l l IZero Order
First Order H

A.10 : PLOTS OF EXPERIMENTAL RESULTS

191




xlO

Tube T22, Frequency 135KHz, Depth 40.%, order 1, angle =90

[

Displacement (m)
o

[

[

[

“‘ M‘ i v,um T AT .,‘m’|“ ‘ﬂ«‘uﬂmx e

Zero Order

First Order ||

Displacement (m)
o

AN e AAAARIARR AN AR AAAA A r[‘\"

’l W{ Wf g ApAnAooans

-1
2 [ [ [ [ [ [

2 3 4 5 6 7 8 9

Time (s) x 10

107 Tube T22, Frequency 135KHz, Depth 60.%, order 1, angle = 90

4 I L L I [ [ ‘
Zero Order

& First Order |

AV .'\I‘! “‘.J\f |

2

Displacement (m)
o

l# l'ul‘mh A R AANAS

[

~-""lv"-’\"T‘flﬂ.’\‘vil\f\-"“'r‘*"\" Mg tmelsmmrembARAAAAS f'\” ‘

[

‘l ’ {,W

21— E
4 [ [ [ [ [ [ [
2 3 4 5 6 p/ 8 9
Time (s) x 10
X 10° Tube T22, Frequency 135KHz, Depth 80.%, order 1, angle =90
4 [ I I [ [ [ I
Zero Order
2 First Order |

"’ f\m'l‘!"“/w Al {iloahesrsonafifif il

[

4

5

6
Time (s)

7

9

X 10-4

192

A.10 : PLOTS OF EXPERIMENTAL RESULTS



«10° Tube T22, Frequency 135KHz, Depth 100%, order 1, angle =90
1 T
{ ! : : l l Zero Order
g 0.5 First Order 4
2 st
£
8 05—
) [ [ [ [ [ [ [
2 3 4 5 6 7 8 9
Time (s) x 10°
«10° Tube T22, Frequency 150KHz, Depth 20.%, order 1, angle = 90
3 T
g : l { : l l Zero Order
=3 First Order []
=
g ! | 7
i‘é 0 | “"{ ‘ "‘ (“"" ‘.","‘ll i n‘"" n“ ‘l‘A;VN' '“{V””ﬂ,u(k, MY "'V“VV\' YYYYY -' u’\"{”‘l' \‘}" ’ “"""’u\ | “‘.Nw\f‘ e ’]" iy Paalitiu \ VA" fu"ﬂvldﬁ"
& ot -
@, i [ i i [ [ i
2 3 4 5 6 7 8 9
Time (s) x 10°
%102 Tube T22, Frequency 150KHz, Depth 40.%, order 1, angle =90
4 I
{ l L { l l Zero Order
g 3 ; First Order ||
g 0 .l‘ ‘ 'l ‘ ‘ Mo ,“N\‘\'l'h...f\' ,,A'--.‘;“-‘*“ f"\f‘,"}J\h'“"!"I“"-"\,"'-f"f\'t‘t‘[‘ﬂf\p’\",'\'.\",'."ﬂv'\‘\{‘ I ’;‘ }" ! """""‘u‘ "' A -\;\f\)‘- Mo }"".ﬁ\-.‘luv\"- A AP I RS
8
g 2t :
4 [ [ [ [ [ [ [
2 3 4 5 6 7 8 9
Time (s) x 10°

A.10 : PLOTS OF EXPERIMENTAL RESULTS

193




X 10° Tube T22, Frequency 150KHz, Depth 60.%, order 1, angle =90

4 [ [ [ [

Displacement (m)
o

o [ [ I [

whoes AR

’\Jl\" ‘ k “ ‘"‘"‘(\‘mf"'i AN AP Ao 'v"‘a‘fw\ﬂ’flll'-/‘l"\"""""""‘ ’.u“""‘t""w‘f\'"ﬁ,“‘,‘, APy \ (A ', l """.“"’l”‘h ] p”a““’* e ) SN

I
Zero Order
First Order -

Displacement (m)

2 3 4 5 8 9
Time (s) x 10"
x10° Tube T22, Frequency 150KHz, Depth 80.%, order 1, angle =90
4 T
g L L l L L Zero Order
b First Order
&
: il
qE) 0 JW‘M Rl ANt f‘f\ AfeestpemArma AR ARAAAA A II'l' ”l“ W ("”' Wi ‘r‘”""""v‘t‘m smeer AN s
c—% '
52 g
e, i i i i i
2 3 4 5 8 9
Time (s) x 10"
alid Tube T22, Frequency 150KHz, Depth 100%, order 1, angle =90
1 T
L : l L L : Zero Order
05— First Order |

Time (s)

x 10°

194 A.10 : PLOTS OF EXPERIMENTAL RESULTS




A.11 MATLAB code for the animation of experimental data

oe

view scan.m
% file to animate the scan data in time
load 'T23 120 55 100';

%%% filter the data to remove high frequency noise - optional

time=filter (ones(1,20)/20,1,time(:,:));
disp=filter (ones(1,20)/20,1,disp(:,:));

scan _pts = 1:1:length (XYZ);
exclude pts = [];
scan_pts sel = setdiff(scan_pts,exclude pts);

$XYZ = XYZ(scan pts sel,:);
TRI = delaunay (XYZ(scan pts sel,1l),XYZ(scan pts sel,2));

% figure (1)
% plot(time(l, :)*le6,disp(l:48,:));

for ti = 1000:2450
figure (2)

trisurf (TRI,XYZ (scan pts _sel,l),XYZ(scan pts sel,2),disp(scan pts sel,ti), 1)

$x1im ([0 0.6e-31)

zlim([-7e-9 7e-9]);
tim=num2str (fix (time (ti) *1e6)) ;
title(['Time (micro seconds) : ', tim ]);
end

[

% disp(ti,scan pts sel)

A.11 : MATLAB CODE FOR THE ANIMATION OF EXPERIMENTAL RESULTS
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