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Abstract

Non-intrusive testing of pipelines has become a growing industry, and is ex-
pected to keep growing as the demands on quality control and safety keep
increasing. In order to meet the oil industry’s demands for pipe monitor-
ing of sub sea pipelines, the SmartPipe project was initiated by SINTEF in
Trondheim, Norway. One of the primary objectives of the SmartPipe project
is develop a system for in-service monitoring of the pipelines that are placed
on the seabed by the offshore oil industry.

This thesis presents a very early step in the research required for the de-
velopment of such a system. The purpose of the presented work was to
carry out introductory experimental work in order to find out whether it
is possible to develop relatively simple techniques for in-service testing of
sub sea steel pipes. A so-called pitch-catch setup and various wedges was
used in order to test the area between a pair of 5 MHz ultrasound transduc-
ers. Measuring over a distance of 1.00 m, rather than just single points on
the pipe, could provide more general information about the condition of the
pipe. Tests with over 4 m distance between transducers were also carried out.

Measurement stability and mechanical coupling are of crucial importance in
ultrasonic test systems, and useful knowledge on the subjects has been gained
and are documented in this thesis. Results from measurements indicate that
comprehensible results can be attained even with very simple measurement
setups. Especially when using special wedges for introduction of Rayleigh
waves, the received signals had high amplitudes and the signal envelope had
a simple shape. The effect that the damage to the pipe had on the Rayleigh
waves, was found to be equally simple and predictable. Shear waves and
longitudinal waves that are less sensitive to the surrounding medium, were
also shown to be applicable in flaw detection. Results and discussion include
both time domain, frequency domain and energy considerations.

Keywords: Rayleigh waves, angle-beam wedges, mechanical coupling, mode
conversion
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1 Introduction

Every year vast amounts of pipelines are constructed and put into ser-
vice. According to a website [SmartPipe] by SINTEF, between 50000 and
100000 km of new pipelines are planned for the next five years. Many of these
are exposed to extremely harsh environments that require high quality and
quality control. One example of such pipes is the oil and gas pipelines that
connect offshore installations with the shore. Monitoring of such pipelines
would be favourable both for environmental safety aspects and for financial
and logistical purposes. In recent years an increasing number of solutions
for non-intrusive testing has become commercially available, but these are
often not suitable for inaccessible locations such as the seabed.

Systems for point monitoring of pipe wall thickness do exist, but measuring
the thickness in a few positions is not really enough to assess the overall con-
dition of a pipe. Therefore it is of great interest to the SmartPipe project
at SINTEF to look into the possibilities for the development of a system
with transducers that are able to monitor sections of the pipe, rather than
just selected points. The SmartPipe project is a research project initiated
by SINTEF in Trondheim. Oil companies, local industry and the Norwegian
University of Science and Technology are partners involved in the project.
In short terms the aim of the SmartPipe project is to develop a complete
pipe monitoring system that is an integrated part of the pipeline. Sensors
are planned to monitor both parameters such as the flow inside the pipes
and temperature, but also the condition of the pipe itself.

Theoretical analysis of wave propagation in pipe walls, and the phenom-
ena associated with anomalies in such geometries, are rather complicated
and are today at the front of modern research. This thesis has its focus on
experimental work, and is not a study of the theoretical aspects of these phe-
nomena. Instead, relatively simple high frequency methods will be applied
and evaluated. This choice is motivated by the need for small and simple
sensors and systems for the SmartPipe project.

Because this master thesis was undertaken at a very early stage in the
SmartPipe project at SINTEF, it does not contain practical solutions for
a pipe monitoring system. Instead it is meant to provide information that
will hopefully give an indication of the possibilities for further development
of such a system. Since SINTEF is probably going to do further work on
ultrasound testing of steel pipes, this thesis is also meant to document some
of the practical measurement techniques that were learned during the exper-
imental work.

The thesis has a brief theory part (section 2) where basic theory about
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wave types, mode conversion, refraction, and principles of ultrasonic testing
is included for readers who are not experts in the field of vibroacoustics.
Section 3, Measurements, gives a description of the equipment and materials
used in the experiments. It is also intended to give insight to measurement
setups and procedures. Stability issues and related techniques and proce-
dures are also documented here. The section called ”Results and discussion”
presents the most important results in both time and frequency domain. The
discussions of these results are placed in this same chapter.
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2 Theory

2.1 Types of ultrasonic waves

Ultrasonic waves in isotropic materials are normally divided into three main
groups; longitudinal, transversal and mixed type waves. The wave types
are classified according to the direction of their particle vibration relative
to the direction of propagation. The following is intended as a very brief
general description of each wave type, and can be skipped by the reader who
is experienced in the field of vibroacoustics.

2.1.1 Longitudinal waves

Longitudinal waves are longitudinal vibrations, i.e. vibrations parallel to the
direction of propagation. They are sometimes referred to as compressional
waves. Ultrasonic transducers normally generate longitudinal waves that
in turn are converted into other wave types, e.g. in the interface between
an angle-beam wedge and a test subject. Longitudinal waves is the fastest
propagating wave type in steel, with a wave speed of approximately 5900 m/s
[Olsen 1992].

Figure 1: Longitudinal wave. Illustration from [Krautkrämer 1990].

2.1.2 Transversal waves

As the name indicates, transversal waves are vibrations perpendicular to
the direction of propagation. These waves are often referred to as shear
waves. In contrast to longitudinal waves, transversal waves are practically
non-existent in fluids and gases. This is because transversal waves only
propagate through materials where the particles are more firmly bound to
one another than those in a liquid or gas. Transversal waves do not propagate
through steel as fast as longitudinal waves but have roughly half the speed
at around 3200 m/s.
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Figure 2: Transversal wave. Illustration from [Krautkrämer 1990].

2.1.3 Mixed type waves

Mixed type waves are waves that are a combination of longitudinal and
transversal waves. Surface waves are a type of mixed type waves that prop-
agate along a material boundary parallel to the direction of propagation.
Rayleigh waves is the designation for one type of surface waves, and this
type of waves is of particular interest for use in non-destructive testing.
The particle movement in Rayleigh waves follows elliptic paths. Therefore
these waves can neither be classified as purely longitudinal nor transver-
sal. Waves that can only propagate along a boundary are often described
as guided waves. In contrast to free waves,guided waves cannot propagate
freely in an unbounded medium. Rayleigh waves can propagate over rela-
tively long distances if the impedance difference between the two materials
is very large. Rayleigh waves are slightly slower than shear waves in steel,
with around 92 % of the speed. [Krautkrämer 1990] As indicated in Fig-
ure 3, the particles on the steel surface follow elliptic paths. According to
[Krautkrämer 1990], Rayleigh waves will follow the surface contour as long
as the radius of curvature is not too small compared to the wavelength.
This is a particularly interesting property with respect to the usefulness of
Rayleigh waves in ultrasonic testing of materials.

If a Rayleigh wave is to propagate along a surface without becoming dis-
torted, the depth of the solid needs to be large compared to the wavelength.
In the opposite case, this surface wave will degenerate into a type of plate
wave called a Lamb wave. Since the experiments described in this document
involve only the case of wave propagation in geometries that can be assumed
to be large compared to the wavelengths, plate waves will not be discussed
further here.
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Figure 3: Rayleigh wave. Illustration from [Krautkrämer 1990].

2.2 Mode conversion and refraction at boundaries

When an incident wave strikes a plane interface to a different medium, it
is well known that the energy will be divided between a reflected and a
transmitted component. If the wave speed is not equal in the two materials,
the transmitted wave will be refracted into the new material. The new
direction is defined by the well-known Snell’s law, equation (1), originally
describing phenomena in optics. (c denotes wave velocity and α denotes the
angles in medium 1 and 2.)

sinα1

sinα2
=

c1

c2
(1)

Snell’s law applies to all types of plane wave propagation, including bulk
mechanical waves transmitted from one medium to another. However, this
relation between incident and transmitted waves is not sufficient to describe
this situation. This is because a mechanical wave in a solid can be converted
into a number of different wave types as it is transmitted into a different
medium. This phenomenon is often referred to as mode conversion or mode
changing.

Most of the measurements described in this thesis were carried out using
so-called angle beam transducers and wedges (Figure 8). This equipment
is based on the fact that waves can change modes as they pass through an
interface between two different materials. The type of waves and direction
in which they are transmitted is dependent on a number of different parame-
ters such as the material properties, the coupling between the materials, the
incident angle, the type of incident wave and its polarization if polarized.
Figure 4 shows how an incident longitudinal wave in a plastic wedge can be
converted to different wave types depending on the angle of incidence on the
interface into steel. As the figure shows, the longitudinal waves are trans-
mitted into the steel at angles smaller than the first critical angle of 27.6◦.
(The angle is referenced to the normal axis of the plane interface between
the two media.) Except at this angle, the incident longitudinal waves also
partly convert into transversal waves at all angles up to the second critical
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Figure 4: Relationship between the incident angle of a longitudinal wave,
and the relative amplitudes of the refracted or mode converted longitudinal,
shear, and surface waves that can be produced from a plastic wedge into
steel. From [Olympus 2006].

angle of 57.8◦. For larger angles there is only a surface wave transmitted in
a small region around 65◦ incident angle.

2.3 Principles of ultrasonic testing of materials

2.3.1 Pulse-echo and pitch-catch

Ultrasonic testing (UT) is normally conducted in one of two different ways.
Either it is a setup where the same transducer both transmits and receives
the signal, or it is a setup with two transducers; one transmitter and one
receiver. The former is called a pulse-echo (p-e) setup, while the latter is
known as a pitch-catch (p-c) setup. The principles of the two setups are
illustrated in Figure 5 copied from [Persson 1993]. Each method has advan-
tages over the other, so the choice of method is largely dependent on the kind
of object that needs to be tested, and the data required from the test. The
p-e method is for example suitable for short range measurements of welds
or for thickness gaging. The p-c method is sometimes used for detection of
small defects that are not large enough to give clear reflections with the p-e
method [Cartz 1995]. If it is desirable to cover a larger area in each mea-
surement, the pitch-catch method is often used, for example in tomography
setups, (example: [Hinders 2002]).

When using the p-e method for detection of material flaws, the most common
strategy is quite simply to look for echoes with different arrival times than
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those expected from the material boundaries. In thickness measurements
using p-e the thickness is calculated by measuring the time it takes the wave
to return from the material boundary. This is often referred to as a time-
of-flight measurement. When using the p-c method it is more common to
measure the amplitude or pulse shape deformation for flaw detection. This
is the method that was used in all experiments that are described in this
thesis.

Figure 5: Principle drawing of the two most common UT setups; pulse-echo
(left) and pitch-catch (right). From [Persson 1993].

2.3.2 Wavelength, sensitivity and range

In ultrasonic testing, wavelength rather than frequency (though closely re-
lated) is the interesting parameter with regards to limitations on sensitivity
and range. Short wavelengths enable detection of smaller cracks and other
flaws, whereas longer wavelengths give less undesired scattering and makes
testing over longer distances possible. For this reason, the choice of fre-
quency range has to fit the properties of the test subject. For example cast-
iron has such a coarse material structure that relatively long wavelengths
are needed in order to limit the unwanted scattering of the signal as it prop-
agates through undamaged material. On the other hand the wavelengths
must be short enough so that there is sufficient interference with the defects
to make them detectable.

Table 1: Key parameters for vibrational waves in steel, [Krautkrämer 1990]
Wave type Wave speed in steel [m/s] Wavelength at 1 MHz [mm]
Longitudinal 5960 6.0
Shear 3235 3.2
Rayleigh 2975 3.0
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For the measurement setup to be applicable for the SmartPipe project, there
are limitations to the physical size of the transducers. Since the transducers
are meant to be integrated in the encapsulation of pipes in inaccessible loca-
tions, it is a great advantage if the signals are simple enough to be processed
locally. All of this points toward the choice of a high-frequency measurement
system.
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3 Measurements

Figure 6: Overview of measurement setup. 1: pulser, 2: transducers (here
without wedges), 3: preamplifier, 4: high-pass filter, 5: oscilloscope

All measurement results presented in this thesis were performed with the
equipment depicted in Figure 6, represented schematically in Figure 7. This
section is a description of the different equipment and materials used. It also
describes the procedures and techniques that were used in order to attain
the results presented in section 4.

3.1 Measurement objectives and overview

From the very start, the idea of the measurements was to learn if ultrasonic
waves could be created and detected on a steel pipe with a relatively simple
measurement setup. The second step would then be to introduce some kind
of discontinuity on a the steel pipe and learn how this would affect the sig-
nal at the receiving end. This is also what was actually carried out in the lab.

As expected from the beginning, measurement repeatability would be one
of the main challenges associated with the experimental work. Experiment-
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ing with different types and amounts of couplant, and performing repeated
measurements to check the measurement consistency was actually the most
time-consuming part of the project. After achieving a satisfactory degree of
repeatability, the pipe was damaged by sawing a crack between the trans-
ducers. Measurements were performed during the process of sawing, so that
the dependency between the crack depth and signal degradation could be
documented.

3.2 Measurement setup

The measurement setup (illustrated schematically in Figure 7) is quite sim-
ple. A unit called a pulser produces an electrical signal that drives a trans-
ducer with a piezoelectric element. The transducer is mounted on a steel
pipe using a viscous couplant. The vibrations propagate in the pipe wall
and are picked up by a similar transducer which in turn converts them into
electrical signals. These signals are amplified and filtered using a preampli-
fier and an adjustable high-pass filter with 20 dB input gain, before they are
averaged, recorded and displayed by the oscilloscope. Due to the different
signal-to-noise ratios with different types of wedges, different numbers of av-
erages were also used. With the 90◦, 70◦ and 60◦ wedges, 250 averages were
used. (Exception: When measuring over a longer distance, 2500 averages
were used.) With the 45◦ and 30◦ wedges, as well as with the transducers
directly on the pipe, the number of averages was increased to 1000.

pulser transd. pipe transd. preamp HP filter Oscill.

Figure 7: Schematic representation of measurement setup

3.2.1 The steel pipe

All measurements were performed on a 203.2 mm (8 inches) inner diameter
steel pipe with a wall thickness of 8.5 mm (1/3 inch). The length of the pipe
was approximately 4.77 m, thus potentially introducing end reflections after
a certain amount of time depending on the placement of the transducers and
the wave type. In almost all measurements the transducers were placed in
a tandem configuration with 1.00 m axial separation. With the transducers
placed like this, the longitudinal waves reflected from the pipe ends arrive
after a minimum of around 0.8 ms.

The pipe had previously been used for other experiments and had several
small scratches, some of these more severe with depths of around 1 mm.
The pipe did also have remains of a few welds on the outer surface, but
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Figure 8: Wedges for introduction of shear waves at various angles into
steel. From the left: 90, 70, 60, 45 and 30 degrees. Angles measured from
the normal axis of the plane of the interface between wedges and steel. (The
coin is a Norwegian krone serving as a size reference.)

except from one weld, these had been removed and the surface smoothed
out. The heat-affected zones (HAZ) could of course not be removed, so
these areas were also avoided during measurements. The surface of the pipe
was generally slightly uneven with shallow grooves. Suitable equipment for
measurement of surface unevenness was not available during the project, so
this property could not be properly quantified. From visual inspection, the
depth of the general unevenness of the pipe surface was estimated to be in
the range of around 0.1 mm 1. The unevenness seemed to origin from the
pipe production process.

Because of the unevenness and existing damage on the pipe, very differ-
ent results were obtained when measuring in different positions on the pipe
surface. Such an unfavourable situation makes absolute measurements im-
possible, but since the project was at an introductory stage it was decided

1The unevenness was examined by holding a metal ruler across the grooves, but they
were too shallow to be measured this way. The estimate of 0.1 mm is very rough, and is
only based on a comparison between the grooves and the 0.25 mm deep crack produced
with a hacksaw.
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that relative measurements was an acceptable alternative.

Offshore sub sea pipelines are typically wrapped in protective plastic coat-
ings of various thicknesses. Different fluids and gases are often transported
simultaneously in the same pipe. Pipes used like this are often referred to
as multi-phase pipes. The plastic wrapped type of pipe was not available to
the project, and for rather obvious practical reasons a multi-phase flow could
not be recreated in the lab. However, we can assume the acoustic impedance
of the plastic coating to be very small compared to the impedance of steel,
thus making the observations of a steel pipe surrounded by air acceptable as
an indication of the behaviour of a plastic wrapped pipe.

3.2.2 Transducers and wedges

At the beginning of the work on this thesis, contact type transducers were
not available. Because of an unfortunate series of events, suitable transduc-
ers were not acquired until relatively late in the project. To make the most of
the time while waiting for the contact transducers to arrive, a pair of 1 MHz
immersion type transducers were used for initial testing of the measurement
setup. These transducers are produced by Panametrics, are designated C302-
SU, and have a nominal element size of 25.4 mm (1.00 inch) diameter. See
appendix II for data sheet.

This report has its emphasis on the measurements made with a set of so-
called angle beam transducers with a center frequency of 5 MHz. These
transducers are also produced by Panametrics. They are designated V543-
SM and have a nominal element diameter of 6 mm (0.25 inches). These
transducers are a single element type used with various wedges, see Figure
8. The red wedges in Figure 8 are specially designed to create refracted
shear waves at various angles in steel. The transparent wedge (referred to as
a 90◦ wedge in the following) is designed to introduce surface waves in steel.
Most of the measurements were carried out using this kind of wedges. All
measurements (with or without wedges) were performed with rubber bands
holding the transducers and wedges in place. A 5 MHz transducers mounted
on the pipe with a 90◦ wedge is shown in Figure 9. For data sheet, see
appendix II.

3.2.3 Pulser and preamplifier

The pulser is the unit that supplies the transmitting transducer with the nec-
essary signal to vibrate the way that is desired. The Panemetrics pulser/receiver
model 5052PR was used as pulser on this project. This pulser has very few,
yet important variable settings that should be understood by the operator
for best possible results. Energy is one of these settings. This variable ad-
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Figure 9: Transducer mounted on steel pipe with 90◦ wedge, ultrasound gel
and rubber band. Note that in this picture, the tool for applying gel has not
been used and gel is therefore visible in front of the wedge.

justs the signal energy, and according to the user manual, it should be kept
at one of the lower settings when signals with higher frequency-content than
5 MHz are desired. However, it should be kept in mind that high-frequency
signals in steel are generally damped more easily than low-frequency signals
so keeping the signal energies at a certain level is desirable with respect to
signal-noise ratios. A second setting that also is crucial for the pulse shape
and amplitude is the setting for signal damping. This variable controls how
quickly the transducer oscillation is damped by adjusting the resistive load
presented to the transducer. A high damping should be used to obtain short
bursts with clean damped pulses, but a high damping dramatically reduces
the signal energy and this should be kept in mind when setting this variable

During the measurements for this project both the energy setting and the
setting for damping were set to their maximum values. As the results pre-
sented in section 4 indicate, the signal-to-noise ratios were very good for the
measurements with wedges with higher angles of incidence, and much lower
for the 30◦ wedge and measurements without wedges. The low signal-to-
noise ratios in these measurements could perhaps have been improved by
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slightly reducing the damping.

The preamplifier is also a Panametrics unit. This unit has no user-adjustable
variables. The signal conditioning carried out by the preamplifier is a pure
amplification. It does not filter away any of the noise. However, the ampli-
fied signal is more noise resistant as it passes through the remaining units of
the measurement chain, and it was found that it improved the signal-to-noise
ratio.

3.3 Initial measurements – coupling and stability

Before introducing any discontinuities on the steel pipe, initial measurements
were performed in order to develop measurement techniques that would pro-
vide the necessary degree of repeatability. Mainly results from measurements
with 5 MHz transducers are discussed in this thesis, but information regard-
ing coupling and stability in measurements with 1 MHz transducers is also
included since it could be of use in further laboratory work on the Smart-
Pipe project. Mechanical coupling between the transducers, wedges and the
steel pipe turned out to be a one of the main challenges involved with the
measurements.

3.3.1 1 MHz transducers

Since the first measurements were performed with 1 MHz immersion type
transducers with diameters of 30 mm, mounted directly on the pipe, the cur-
vature of the pipe resulted in a gap on each side of the transducers. Without
any couplant between the transducers and the pipe, hardly any energy at all
was transferred into the pipe. Water, mayonnaise and ultrasound gel were
tested as couplants between the transducers and steel pipe. Ultrasound gel
was found to be easier to work with than water because of the higher viscos-
ity. Mayonnaise has much of the same qualities as the ultrasound gel, except
from the favourable property that the gel is practically odourless even when
left to dry. All of these couplants increased the amount of transferred energy
enough to provide usable signal-to-noise ratios, but the signal stability was
still not good. The main reason for this was probably the varying amounts of
couplant and the relatively wide gaps between the large flat contact surfaces
of the transducers, and the curvature of the pipe. In order to improve the
stability, circular adapters were produced in lexan. Since these were curved
on the side facing the pipe and flat on the transducer side, the required
amount of couplant was reduced to two very thin layers. Ultrasound gel was
then acquired and used instead of mayonnaise.

The measurement stability was much better when using the adapters and
reduced amounts of couplant. Figure 10 shows an example of a stability
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Figure 10: Example of results from stability test with 1 MHz transducers
with lexan adapters and gel for coupling. 0.23 m distance between transduc-
ers. Note that these measurements were recorded without the 20 dB gain of
the HP-filter, used in all other measurements.

test with the 1 MHz transducers, lexan adapters and ultrasound gel. The
plotted graphs are 50 µs moving time averages of the absolute values of the
recorded signals. The graph with the legend ”measurement 2” is simply an
attempt to recreate the measurement shown with legend ”measurement 1”,
as exactly as possible. As this figure shows, the stability could be adequate
for some measurements, but not good enough to see small changes in the
amplitude e.g. caused by very small discontinuities on the pipe. As we can
see by comparing this figure with for example that from measurements with
90◦, 70◦ and 60◦ wedges (Figure 16), the energy of the pulse from the 1 MHz
transducers is not as concentrated in the main peak. In contrary to the
results from measurements with wedges, the results with 1 MHz transducers
have long tails of relatively high amplitudes following the main peak. The
somewhat more complex pulse shape of the 1 MHz transducers is probably
due to multi mode transmission, i.e. multiple wave types are transmitted
simultaneously. As we will see in the results presented in the following, the
same phenomenon appears also when using 5 MHz transducers directly on
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the pipe or with the 30◦ and 45◦ wedges). The 5 MHz transducers, especially
with the 90◦, 70◦ and 60◦ wedges, were generally much simpler to work with
than the 1 MHz transducers (used without wedges), because of their superior
measurement stability and few sharp peaks in the signal envelopes. This is
the reason why the section with results and discussion section will focus on
the 5 MHz transducers only.

3.3.2 5 MHz transducers and wedges

Figure 11: Simple tool used to apply consistent amounts of gel to wedges.
(The widths of the profiles on each side are slightly different in order to fit
different wedges. The symbol < is just there to indicate which profile is the
widest.)

Mounting the 5 MHz transducers and wedges directly on the steel pipe with
no couplant was also tested and again clearly showed that very little energy
was transferred into the steel. Since the ultrasound gel provides sufficient me-
chanical coupling to steel and satisfactory signal-to-noise ratios, it was used
in all of the measurements presented in the following. However, simple mea-
surement repeatability tests revealed a large measurement-to-measurement
variation in amplitudes. It was suspected that the slightly varying amount of
ultrasound gel that was applied manually between each measurement could
be the cause of the variation. The suspicion was confirmed after some further
testing with different amounts of gel. In order to get an increased repeata-
bility, a very simple tool was made so that the same amount of gel could be
applied to the wedges before every measurement. The tool was not made to
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leave any specific amount, but the layer of gel had a thickness on the order
of 1 mm. This increased the measurement stability further, and was used in
all measurements from which there are results presented in this document.
Because of the function of this tool, hardly any gel was applied to the tips
of the wedges. When the wedges were pressed against the pipe with the
tips first, the area in front of the wedges was kept almost completely clean
from gel. As mentioned in the theory section, it is very important for the
propagation of surface waves that the area immediately in front of the wedge
is kept dry.

Figure 12: Result from stability test with 90◦ wedges and gel applied with
tool. The plot to the right is a zoomed selection showing the highest peaks
of the plot to the left.

3.4 Measurements on damaged pipe

After a satisfactory degree of repeatability was attained, it was possible to
carry out measurements to document the influence that a crack in the pipe
surface would have on the signal propagation. A distance of 1.00 m was
measured and marked on the pipe. A distance of 1.00 m between the trans-
ducers means that with a maximum propagation speed of 5960 m/s (speed
of longitudinal waves in steel), the earliest possible arrival of propagated
signals will be after a time of approximately 168 µs. Since the transducers
were placed close to the middle of the pipe, the minimum distance from
the sending transducer to one of the pipe ends and back to the receiving
transducer was approximately the same as the length of the pipe, namely
around 4.5 m. This gives an earliest possible arrival of end reflections af-
ter approximately 755 µs. Since the measurements were not exactly at the
middle of the pipe the results were assumed to be free from end reflections
until at least 650 µs. For these reasons most of the results plotted in the
time-domain are presented with a time-axis stretching from 150 µs to 650 µs.
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As mentioned in section 3.1, the strategy was to perform measurements
during the process of sawing into the pipe. The initial plan was to use a
single pair of wedges and do measurements for every 0.25 mm increase in
the depth of the crack. The measurement stability would be maximized
by leaving the two transducers untouched throughout the whole process of
sawing and measuring. Unfortunately, the ultrasound gel began to dry out
before the planned 21 measurements and 20 turns of sawing could be com-
pleted. The change in the properties of the gel meant that the results from
these measurements had to be discarded. Since leaving the two wedges un-
touched during the procedure could not be done using ultrasound gel, it
was decided that it would be best to apply new gel for each measurement.
Since this meant that the transducers would be removed from the pipe be-
tween measurements, it also meant that measurements could be carried out
with multiple wedge types. It was decided that measurements with the 90◦

wedges would again be carried out for every 0.25 mm increase in the depth
of the crack. The 70◦ and 60◦ wedges would be used to measure the progress
for every 0.5 mm. The wedges with lower refracted angles (45◦ and 30◦)
as well as measurements with the transducer directly on the pipe were lim-
ited to before/after-measurements. The restricted number of measurements
was chosen due to the limited time available for both measurements and
analysis.
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4 Results and discussion

The results from the measurements are mostly given as graphs showing the
absolute value of the time-signal from the receiving transducer. Even though
they represent the vibrational amplitude that is picked up by the receiving
transducer, the vertical axes of these plots are simply labeled ”voltage [V]”.
Since the measurements are all relative to one another, calibrating and scal-
ing the units was considered unnecessary, and therefore not prioritized. For
this reason, energy considerations will not be in any standard unit, but in
dB relative to 1 V2s. Frequency spectra are RMS-squared, and have the
unit [dB rel. 1 V2] on the vertical axis. Again, the important thing for the
understanding of the following results is not the numbers and their units,
but the comparisons of measurements.

As explained in section 3.2, averaging was employed in order to suppress
uncorrelated noise. Most measurements are based on 250 averages, but with
some setups it was not even possible to see the bursts on the oscilloscope
without averaging, and as much as 1000-2500 averages were used in order to
get a good signal-to-noise ratio.

4.1 Time domain

The analysis of the time domain results is heavily based on the arrival times
of the various peaks in the signal envelopes. The determination of the ar-
rival times was done manually and a somewhat loosely defined criterion was
chosen due to the varying shapes of the signal envelopes. Generally the start
of the leading edges of the envelope peaks were sought and used to define
the arrival time of a burst. If the signal analysis is to be carried out auto-
matically there are several ways to define this criterion, but since all analysis
was done manually this was not necessary.

The time domain results are also averaged with a 2.5 µs moving window
average of the absolute value of the received signals. The moving average
was used in order to smooth out the graphs for legibility and to make com-
parisons of different measurements simpler.

4.1.1 Rayleigh waves

As indicated in the plot to the left in Figure 13, the 90◦ wedges (for exci-
tation of Rayleigh waves) give a very sharp and pronounced peak around
350 µs. When zooming in on the same plot, we see that the peak is not re-
ally a single peak, but rather a short burst of oscillations. The wave speed is
calculated to be approximately 2857 m/s, based on an arrival time of 350 µs
and a distance of 1.00 m. This is a slightly lower speed than the theoretical
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speed of 2975 m/s for Rayleigh waves. However, if we subtract the theo-
retical time it takes for the vibrations to propagate through the wedges in
the form of longitudinal waves (estimating the longitudinal wave speed very
roughly as 2700 m/s), we end up with a wave speed of 2979 m/s for the
Rayleigh waves on the pipe. This means that the measured wave speed is
as good as equal to the predicted wave speed for Rayleigh waves. Therefore
the arrival time of the burst does support the assumption that the received
waves are transferred in the form of Rayleigh waves.

Figure 13: Absolute value of received pulse with 90◦ wedges for excitation of
surface waves. Left: complete recorded data. Right: Zoomed selection from
same data. (Distance between wedges: 1.00 m)

As Figure 16 shows, the main bursts have almost similar arrival times also
with some of the different sets of wedges. This could be an indication that
the main bursts are actually formed by Rayleigh waves even when using
wedges for refracting shear waves into steel at 70◦, 60◦ and 45◦. An alter-
native explanation is that the shear waves follow zigzag paths and therefore
their arrival times will be delayed corresponding to a reduction of the wave
speeds by a factor sin(θ), where θ is the angle between the refracted wave
and the normal to the pipe surface. This explanation matches the recorded
arrival times roughly for the 70◦ and 60◦ wedges, but the arrival time with
the 45◦ wedges contradicts this theory.

In contrary to the theory of zigzag paths, the arrival times of the main
bursts match the theoretical arrival times of Rayleigh waves very well, espe-
cially if we take into account the different sizes of the various wedges. The
wedges with larger angles of incidence (e.g. 90◦ and 70◦ wedges), are physi-
cally bigger and therefore introduce longer delays due to the extension they
introduce to the path lengths. Table 2 shows the actual arrival times for
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each set of wedges, as well as the corrected arrival times and wave speeds.
The corrected values take into account the calculated time it takes for the
vibrations to propagate through the wedges. Figure 14 shows the wedges
used. The straight lines marked on the sides of the transducers indicate
the angles of incidence of the longitudinal waves. The numbers indicate the
angle at which the shear waves are refracted into steel. (As mentioned in
section 3.2.2, the transparent wedges labeled 90◦ are designed to create a
Rayleigh wave.) The mean of the corrected speeds is 2961 m/s. That is only
about 0.6% lower than the theoretical speed. Since the standard deviation
of these four values also is as low as 15.3 m/s, this is indeed an indication
that the strongest signal bursts in measurements with 90◦, 70◦, 60◦ and 45◦

wedges, could all be formed by Rayleigh waves.

If this is actually the case, the acquired measurement data is not sufficient
to find out why Rayleigh waves rather than shear waves appear to be picked
up by the receiver. It is possible that the shear waves are refracted into
the steel, but that these waves are converted into Rayleigh waves as soon
as they run into the outer surface of the pipe. Excess ultrasound gel sur-
rounding the bases of the wedges, or bad coupling between the flat-based
wedges and the curved pipe surface, could be plausible explanations for why
Rayleigh waves rather than shear waves seem to be picked up by the receiver.

Figure 14: Sideview of wedges. Direction of incident wave indicated with
black lines. Numbers indicate angle of refracted shear waves.

Regarding the corrected wave speeds in Table 2, it should be noted that the
corrections are based on the estimated path lengths in the wedges. These
measurements were not very accurate, since the paths are not uniquely de-
fined by the lines marked on the sides of the wedges. The shortest paths are
shorter than these lines and were determined by qualified guessing. For every
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mm error in the measurements of the path lengths through a wedge, the cor-
responding corrected wave speed is changed by approximately 6 m/s. The
assumed longitudinal wave speed of 2700 m/s in the wedges is based on the
longitudinal wave speed in perspex (2730 m/s) according to [Olympus 2006].
The actual wave speed is not known precisely, since it was not measured, and
is not provided by Panametrics. As already mentioned, the actual arrival
times were determined by manually identifying the beginning of the start
of the envelope peaks. All of these potential sources of error could explain
the slight difference between predicted and measured Rayleigh wave arrival
times and wave speeds.

There is also a small burst appearing after around 420 µs in the leftmost
plot in Figure 13. This peak appears too late to be formed by any type
of wave propagating along the direct path between the transducers. The
phenomenon will be discussed further in section 4.1.2 – Results from mea-
surements with damaged pipe.

Table 2: Measured and corrected wave speeds and arrival times for some
wedges
wedge type tactual [µs] tcorrected [µs] ccorrected [m/s]

90◦ 349 336 2979
70◦ 347 340 2945
60◦ 345 339 2949
45◦ 342 338 2956

4.1.2 Results from measurements with damaged pipe

As explained in section 3.1, the pipe was intentionally damaged by cutting
it with a hacksaw. The cut was made tangentially, close to the middle of
the pipe. Measurements with 90◦ wedges were carried out for every 0.25 mm
increase in the depth of the crack produced by the saw. To limit the amount
of measurements, the measurements were only carried out for every 0.5 mm
using the 70◦ and 60◦ wedges. These measurements revealed that the ampli-
tude of the burst is decreasing for every increase in the depth of the cut into
the pipe surface, and the decrease is significant even for the first 0.25 mm
with the 90◦ wedges. The 70◦ and 60◦ wedges do not seem to be that sen-
sitive to a shallow cut, but also with these wedges, the amplitudes seem to
decrease even with as little as 0.5 mm depth of the crack.

Figure 15 shows the received bursts when using the 90◦ wedges for introduc-
tion of Rayleigh waves. One graph is shown for every millimeter increase in
the depth of the cut in the pipe surface. As mentioned, measurements were
performed for every 0.25 mm, but to keep the plot clear and legible, only a
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Figure 15: The effect of increasing cut depths in the pipe surface. Moving
time average of absolute value. 2.5 µs window length. 90◦ wedges. 1.00 m
distance.

selection of data is presented. The plot only shows the data from 300 µs to
450 µs since signals outside this window are much weaker, and seem to be
some form of noise. The amplitude of the main peak in this plot, seems to
drop in a quite predictable manner as the size of the damage increases. The
only unpredictable change in the envelope shape happens between the mea-
surement of the unharmed pipe and the 1.00 mm deep cut. The two peaks
that appear right after the main peak in the envelope, are almost completely
absent before the pipe is damaged. After the cut is introduced between the
transducers, these peaks appear and then diminish as the depth of the cut is
increased. This could be a very favourable property of Rayleigh waves and
could be an indication of the possibility of high sensitivity to damage on the
pipe surface.
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The plotted graphs in Figure 16 show the recorded time signals with 90◦, 70◦

and 60◦ wedges (absolute value, 2.5 µs moving window average,) before and
after the introduction of the 5.0 mm deep cut into the pipe. Looking gener-
ally at these three plots, one may conclude that the results are very similar
whether 90◦, 70◦ or 60◦ wedges are used. The main burst in each plot has an
arrival time that indicates that these bursts are all formed by Rayleigh waves.

The small burst after around 420 µs appearing in Figure 16 and also in
the upper plot of Figure 17, can possibly be explained as Rayleigh waves
travelling around the pipe once on its way to the receiver. The wave speed
corresponding to this path and arrival time is approximately 3010 m/s (cor-
rected for delay introduced by the wedges). As Figure 16 shows, this weak
delayed burst appears to be unaffected by the damage inflicted on the pipe.
This too supports the theory that it is formed by Rayleigh waves that travel
once around the perimeter of the pipe on their way to the receiver. This
is true for the setups with 90◦, 70◦ and 60◦ wedges, but bursts with very
similar arrival times appear also in the before/after plots in Figure 17 for
both the 45◦ and 30◦ wedges. However, with these wedges, the late arriving
bursts do seem to be affected by the damage on the pipe, thus contradicting
the theory of Rayleigh waves travelling around the perimeter.

There is also another interesting feature of the envelope peak arriving after
around 420 µs in Figure 16. This peak seems to be stronger when produced
with 70◦ or 60◦ wedges than when 90◦ wedges are used. If waves are actually
travelling around the perimeter of the pipe, the reason why the amplitudes
are increased by the 70◦ and 60◦ wedges, could be found in the way that
Rayleigh waves are created with these wedges. Possibly, the wedges do re-
fract shear waves into steel (like they are designed to do), which are then
converted to Rayleigh waves in the interaction with the pipe surface. A sec-
ond possibility is that the way the flat-bottomed wedges are coupled to the
curved pipe, could give some form of direct Rayleigh wave excitation. This
direct excitation of Rayleigh waves could possibly be less directional than
the direct refraction by the 90◦ wedges, and therefore enhancing waves that
take other paths than the straight line between the transducers.

These phenomena and suggested explanations have not yet been investi-
gated through further experiments, but if the surface waves actually travel
around the perimeter, these waves could give very useful information about
the general condition of the pipe.

In the results from measurements with 45◦ and 30◦ wedges and measure-
ments with the transducers directly on the pipe, the received signals become
increasingly complex. With the 45◦ transducers the main envelope peaks
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still seem to appear at the same time as with the 90◦, 70◦ and 60◦ wedges,
but signals also start to arrive after only around 200 µs. This means that
more energy is reaching the receiver in the form of longitudinal waves, and
possibly also as shear waves. The multitude of peaks appearing in the plots
with 45◦ and 30◦ wedges could be due to an equally large number of in-
teractions between the refracted shear waves and the surface of the pipe,
thus producing a nearly continuous arrival of Rayleigh waves due to mode
conversion.

The plot with transducers directly on the pipe (lower plot in Figure 17)
has an interesting peak arriving as late as after approximately 475 µs. A
somewhat similar peak could possibly also be identified in the plot with 30◦

wedges. These bursts arrive too late to fit the theoretical arrival times for
neither longitudinal, transversal nor Rayleigh waves taking the shortest path
along a straight line between the transducers. However, it is possible that for
example shear waves follow zigzag paths inside the pipe wall, and therefore
arrive as late as the measured bursts do. With the limited data available,
it is hard to classify and explain these peaks. A second possibility that fits
this late arrival time is that the peak is formed by Rayleigh waves prop-
agating twice around the perimeter of the pipe. However, this is a theory
solely based on the arrival time and must therefore be considered as a poorly
substantiated suggestion.

There are also some periodic peaks arriving extremely early in this plot.
The peaks are in fact signal bursts dominated by a 2.5 MHz component. As
discussed in section 3.4, the earliest theoretical time of arrival for longitudi-
nal waves is around 170 µs. Since these bursts appear even earlier, there is
reason to believe that they are not formed by vibrations picked up from the
pipe, but are formed by electrical noise that is correlated with the signal,
and therefore not possible to cancel even with the use of extensive averaging.
This noise does not appear in any of the other plots, but it is very possi-
ble that the electric isolation that the plastic wedges provide between the
transducer and the steel pipe is the reason for this. When the transducers
are placed directly on the pipe, a ground loop is formed, thus increasing the
sensitivity to electrical noise significantly.
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Figure 16: Moving time average of absolute value before/after introducing a
5.00 mm deep cut in the pipe surface. Top: 90◦ wedges. Center: 70◦ wedges.
Bottom: 60◦ wedges. 2.5 µs window length. 1.00 m distance.
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Figure 17: Moving time average of absolute value before/after introducing a
5.00 mm deep cut in the pipe surface. Top: 45◦ wedges. Center: 30◦ wedges.
Bottom: No wedges. 1.00 m distance. (Note that vertical axis is different
from Figure 16.)
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4.1.3 Tests with 90◦ wedges and longer distance

Since the signal-to-noise ratios in measurements with 1.00 m distance be-
tween the 90◦ wedges were very good, it was assumed that measurements
over longer distances would be possible. Because the available steel pipe did
not measure more than 4.77 m in length, a 1.00 m separation of the wedges
was considered a maximum in order to maintain sufficient separation between
the direct signals and the end reflections. However, before/after measure-
ments were also performed with as much as 4.38 m distance between the 90◦

wedges. Figure 18 shows the time-averaged absolute value of the received
signals. The signal-to-noise ratios in these measurements were dramatically
reduced, and extensive averaging was necessary in order to separate the
signal bursts from the noise. In contrary to the 250 measurements that
were averaged when using 1.00 m separation of the 90◦ wedges, 2500 mea-
surements were averaged with the longer distance measurement in order to
attain a similar signal-to-noise ratio.

As the plot shows, there are still rather distinct peaks appearing. How-
ever, instead of the two main peaks that appear when measuring over a
distance of 1.00 m, 3-4 peaks appear. We cannot rule out the possibility of
end reflections influencing these results, but the time separating the largest
peaks is too long for one of them to be a reflection of the other. There is also
reason to believe that the transducer does not pick up the end reflections
very well, since they come from the ”wrong” side of the wedge. If they are
at all refracted into the wedge, they are probably still not picked up very
efficiently by the transducer that is angled toward the other end of the wedge.

If we again resort to the arrival times when trying to classify the wave types
involved, the predicted arrival time (assuming a longitudinal wave speed of
2700 m/s in the wedges, and 2975 m/s as Rayleigh waves in steel,) is calcu-
lated to 1.487 ms. This time is indicated by the leftmost flag in the plot,
and fits well with the arrival of the first peak. Interestingly, the first peak
remains almost unchanged after the damage is introduced to the pipe. The
second and highest peak is actually higher when the pipe is damaged than
when the pipe is unharmed. This is the only measurement where one burst
in the pulse train is clearly stronger after introducing the damage, and is
therefore hard to explain.

The three flags in Figure 18 indicate the theoretical arrival times of Rayleigh
waves following the direct path, the path that goes around the perimeter
once, and the path that goes twice around the perimeter. These three ar-
rival times match three of the measured peaks strikingly well, but due to
the somewhat strange amplitude changes, there is still doubt if the peaks
are shaped by waves travelling around the pipe perimeter or not. Not only
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does the highest peak grow when introducing the damage, but according
to this theory, the second largest peak (with the flag X: 0.001559) should
not have decreased after damaging the pipe. If it was travelling around
the perimeter once, it should have remained unchanged by the damage. If
the wedges would have been glued to the pipe surface, the stability would
probably have been improved enough to rule out the possibility of an er-
ror due to inconsistent coupling between the wedges and the pipe. Even
if the results from the tests with longer distance between the transducers
were rather inconclusive, the tests still showed that through extensive aver-
aging, usable signal-to-noise ratios could be attained, also when measuring
on several meters of pipe length.

Figure 18: Moving time average of absolute value from measurement with
4.38 m distance between transducers, before/after introducing a 5.00 mm
deep cut in the pipe surface.

4.2 Frequency domain

Quite broadband signal burst were produced by the pulser, and this is also
reflected in the amplitude spectra of the recorded signals from the receiving
transducer. Figures 19, 20 and 21 show the RMS-squared amplitude spectra
of the received signals from measurements with 90◦ wedges, 30◦ wedges, and
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without wedges respectively. Generally, the signal energy is centered around
1− 1.5 MHz. This is very far from the 5 MHz center frequency of the trans-
ducers (see Appendix II). The pulser settings could possibly account for part
of this mismatch. The signal-to-noise ratios were sufficient to provide useful
data, and if the transducers had actually been fed with a signal with a cen-
ter frequency of 5 MHz, there might be a possibility that the signal-to-noise
ratios could have been even better, and therefore good enough to measure
over longer distances or with more lossy materials.

There is also a possibility that the relatively low frequency contents of the
signals could have influenced the function of the wedges for introduction of
shear waves in a way that enhanced the excitation of Rayleigh waves. How-
ever, Olympus/Panametrics refer to the wedges as ”...Wedges for 1− 5 MHz”
in their product catalog [Olympus 2006], making this theory seem somewhat
unlikely.

The spectrum measured with 90◦ wedges (Figure 19) is very smooth with
only a few local ripples of more than 5 dB before the pipe is damaged. Af-
ter the introduction of the 5 mm crack on the surface, some of the ripples
measure more than 10 dB peak to peak and the spectrum is generally more
uneven. As Figure 19 also shows, the difference between spectra before and
after damaging the pipe, is at its largest in the frequency range 0.8− 3 MHz.
This corresponds to wavelengths in the range 1.0− 3.7 mm for Rayleigh
waves. Since the crack is 5 mm deep, this fits well with the assumption that
the discontinuity needs to be larger than the wavelength for detection to be
possible. Since the crack is around 70 mm long, it can also be detected with
wavelengths longer than the crack depth, but the influence on the propagat-
ing vibrations is not as strong. For frequencies above 3 MHz, the spectrum
is almost unaffected by the damage on the pipe. The reason for this could
simply be poor signal-to-noise ratios, but it could also be explained by the
ability that Rayleigh waves have to follow curvatures that are relatively large
compared to the wavelength. Since frequencies above 3 MHz have sub mil-
limeter wavelengths, there is a chance that these frequency components are
able to follow the curvature of the crack even if the edges are rather sharp.

Looking at Figure 20 we see that when the 30◦ wedges are used, the center
frequency is slightly lower than with the 90◦ wedges. Also, the spectrum
is more rugged, and is actually slightly smoother after the damage is intro-
duced, –especially above the center frequency. The reason why these spectra
are different from those in Figure 19 is probably that the vibrations are no
longer as dominated by Rayleigh waves, but are a composite of shear waves
and longitudinal waves. Since these wave types have different wave speeds
and therefore also different wavelengths, there is for example not just one
single transition in the ratio between wavelength and the depth of the crack.
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Figure 19: RMS-squared power density spectrum before/after introducing a
5.00 mm deep cut in the pipe surface. 90◦ wedges. 1.00 m distance. Spec-
trum smoothed to 1/32 octave bands.

The amplitude spectra from measurements with the transducers directly
on the pipe are shown in Figure 21. In resemblance with the spectra from
measurements with 30◦ wedges, these spectra are also formed by a composite
of wave types. The numerous peaks that appear from 1 MHz and up, are a
special property of these spectra. The peaks are really much narrower than
they appear in the smoothed spectra, and seem to appear at the same fre-
quencies after introducing the damage to the pipe. This could support the
possible explanation that the peaks are formed by resonances in the pipe wall
directly under the active transducer. The peaks seem to have a favourable
effect, as the before/after values differ by as much as around 10 dB in several
of them, whereas the difference is generally around 5 dB.
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Figure 20: RMS-squared power density spectrum before/after introducing a
5.00 mm deep cut in the pipe surface. 30◦ wedges. 1.00 m distance. Spec-
trum smoothed to 1/32 octave bands.

Figure 21: RMS-squared power density spectrum before/after introducing a
5.00 mm deep cut in the pipe surface. Transducers directly on pipe. 1.00 m
distance. Spectrum smoothed to 1/32 octave bands.
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4.3 Energy considerations

During the process of sawing into the pipe, one of the main motivations
for performing a relatively high number of measurement with some of the
wedges, was to get an idea of the degree of predictability. It was hoped that
there would be a comprehensible dependency between the behaviour of the
propagating signals and the size of the damage. As indicated also in Figure
15, this dependency turned out to be rather simple and predictable when
measuring with 90◦ wedges. In a thesis such as this, it is unpractical, if not
completely pointless to present plots from each of the 43 measurements per-
formed with 90◦, 70◦ and 60◦ wedges. However, knowing that the behaviours
of the signals are dominated by decreasing amplitudes with growing dam-
age size for all of these three wedge types, the total signal energy for each
measurement can be used as a single descriptor. Figure 22 is a plot showing
the sum of squared amplitudes as a function of the crack depth in the pipe
surface. The measurement data is not scaled to any standard physical unit,
but are still fully comparable with each other. The results are presented as
the logarithm of the sum of squares. Even though the reference value is not
very useful here, the unit is set to dB relative to 1 V2s.

This plot shows that the energies are decreasing in a almost monotonous
way as the depth of the cut in the pipe grows deeper. For the 90◦ wedges,
the rapid decrease even with a crack of as little as 0.25− 0.50 mm in depth is
very promising with respect to measurement sensitivity. On the other hand,
all three graphs could have been approximated by straight lines and still be
a fairly good model of the actual system. The reason why the 60◦ and 70◦

wedges give higher energy values for deeper depths of the crack than the 90◦

wedges, could be the second largest peaks in the envelopes. These peaks are
not affected by the damage, and are larger with the 70◦ and 60◦ wedges, thus
keeping the energy level higher as the main peak becomes relatively small.

If the energy is calculated from the signals arriving in the period 300− 370 µs
only, the energy of the main burst only is taken into account. This changes
the picture somewhat, but with the 90◦ wedges the change is very small.
See Figure 23. However, for the 70◦ and 60◦ wedges, –especially the 60◦

wedges, the change is more interesting. Firstly, we see that the energy of
the main burst follows a nearly linear trend for all three types of wedges for
crack depths up to 3.00 mm. For deeper cuts, the decrease in energy seems
to stop completely with the 60◦ wedges, whereas the 90◦ and 70◦ wedges
keep following this decreasing trend until around 5.00 mm in depth. It is
hard to tell why the waves from the 60◦ wedges behave so differently for
depths of more than 3.00 mm, but perhaps would the transferred energy
stop decreasing also with 90◦ and 70◦ wedges at a certain depth.
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Figure 22: Transmitted signal energy as a function of pipe damage.

Figure 23: Transmitted signal energy as a function of pipe damage. Only
energy of main burst from 300 to 370 µs included.
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5 Conclusion

Through experimental work, it has been shown that even simple systems
can be used to monitor the condition of steel pipes by the use of ultrasound.
By using angle beam wedges, it is possible to introduce Rayleigh waves with
strong amplitudes and good sensitivity to discontinuities. It is possible that
these vibrations travel both directly between the transducers and around
the perimeter of the pipe, thus potentially providing very useful information
about the general condition of the pipe.

Measurement techniques using ultrasound gel, have been developed to achieve
the degree of repeatability necessary in introductory lab measurements. How-
ever, the use of ultrasound gel is only recommended for introductory exam-
inations or other situations where the transducers and wedges have to be
moved around or changed frequently. For more in-depth studies or in the
design of a commercial product, some form of glue should be used with cus-
tom wedges with curved contact surfaces.

Especially the time domain results from measurements with the 90◦ wedges
for excitation of Rayleigh waves, were so simple that advanced signal process-
ing was unnecessary. Nothing more than simple averaging and HP-filtering
was used in any of the presented results. Tests with as much as 4.38 m
distance between the wedges showed that usable signal-to-noise ratios could
be attained by extensive averaging. With a more optimized measurement
setup, it is possible that signal amplitudes could have been increased, and
the number of averages could have been reduced accordingly.

Whether surface waves propagate equally well along a pipe surface wrapped
in a protective plastic coating, is one of the questions that will have to be an-
swered to find out if this wave type is applicable for sub sea pipelines. It was
assumed that the plastic coating of these pipes have a much lower acoustic
impedance than steel. Given that this assumption is correct, the presented
results that describe Rayleigh waves, should give a good indication of the
behaviour of this type of waves on a plastic wrapped pipe. For steel pipes
without plastic coating, that are painted or have other surface treatments,
the conditions for Rayleigh waves will be more or less changed depending
on the surface treatment, but there is reason to believe that the presented
results are representative to some of these conditions as well. Even in the
worst case, if problems with the use of Rayleigh waves should occur, the
results indicate that especially with some of the wedges or with transducers
directly on the pipe, also longitudinal and shear waves could probably be
used for monitoring of pipe stretches several meters long. These wave types
are less dependent on the medium surrounding the pipe.
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The predictable signal degradation caused by the cut in the surface, is in-
deed good news regarding possibilities for further development of a simple
pipe monitoring system. Even with off-the-shelf equipment, and with limited
knowledge about the theory of wave propagation in pipe walls, it was shown
that a discontinuity could be detected and roughly sized. Even though the
testing was conducted under somewhat idealized conditions with a single dis-
continuity right between the transducers, the results indicate that relatively
simple systems for general condition monitoring of steel pipes can be made.



REFERENCES 37

References

[Cartz 1995] Louis Cartz: Nondestructive Testing, ASM International, The
Materials Information Society, Materials Park 1995

[Hinders 2002] Kevin R Leonard, Eugene V Malyarenko and Mark K Hin-
ders: Ultrasonic Lamb wave tomography, Department of Applied
Science, College of William and Mary, Williamsburg 2002
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Appendix I: Measurement equipment

• Panametrics 5 MHz angle-beam transducers V543-SM, S/N: 155471,
155474

• Panametrics surface wave wedges: ABWML-4T-90◦

• Panametrics Accupath wedges: ABWM-4T-X◦ (70◦, 60◦, 45◦ and 30◦

type wedges)

• Panametrics 1 MHz immersion-type transducers C302-SU, S/N: 517021,
517022

• Panametrics pulser receiver model 5052 PR, S/N: 1395

• Panametrics ultrasonic preamp S/N: 5676/1305

• Krohn-Hite Corp. Model 3945 IEEE-488 Programmable 3-Channel
Tunable Active Filter, 3 Hz to 25 MHz, DB-2013

• LeCroy 9410 dual 150 MHz Oscilloscope, S/N: 2589, KA-4237

• DANE-GEL E2, aqueous transmission gel for electromedical proce-
dures





Appendix II: Transducer datasheets








