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Abstract
The characteristic property of the guided waves that attracts it for tube and pipe testing is that they propagate through the medium following
the shape of the medium. Though guided waves are propagated for longer distances in pipes, the testing sensitivity is such to detect mostly
the corroded areas of the pipes. In such condition the presence of smaller defects could not be identified due to lesser signal to noise ratio.
The resolution possible to obtain in guided wave testing depends not only on frequency but also on its dispersive and divergence characteristics.
In this paper, the flaw detection capability and resolution capability of guided wave on the pipe/tube are discussed .The distant defect indications
are differing in dispersion characteristics from the nearer defects. Its dispersive nature affects its resolving capability. The effect of dispersion
on resolution characteristics and its dependency upon of the test range are explained in this paper.
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Description of Guided Waves

Ultrasonic waves move the particles of the elastic
medium through which it travels. In case of propagation
through limited bodies, refraction and/or reflection are bound
to happen resulting in interferences that disturb the
propagation. Constructive interferences constitute guided
waves and support propagation. In case of reflection, mode
conversions are happening and hence tracing the
propagation path is much more complex. The directions of
the waves are determined by the condition that it requires to
satisfy Snell’s law at interfaces.

The two basic modes of guided waves are dilatational
waves and bending waves. These waves are denoted by “S”
and “A” respectively. The lowest order symmetrical mode is
a thickness bulging and contracting type. Whereas the
lowest order anti symmetrical mode is thickness flexing [1].
Under certain conditions the surface waves can also get
modified and splits into two branches with different velocities
as that of A0 and S0 [2]. Generally the guided waves are
generated in most cases by the superposition of bulk waves.
In order to find the field caused in the material due to
superposition of bulk waves it is sufficient to sum up the
partial waves together with boundary conditions that result
in characteristic function. Characteristic functions are
determinants of matrix of equations. The equations are
satisfied when the determinant is zero. For example the
characteristic function for a plate in vacuum is given by

F(f, λ, a) = a

where f is frequency, λ the wavelength and a the attenuation
coefficient.

As the guided waves depend on the properties of the
structure, its velocity is a function of frequency and thickness
of the material. Once bulk wave velocities are known then
using the Dispersion Curves the possible guided waves can

Introduction

Ultrasonic wave transmission occurs by the elastic
vibration of the particles of the medium. This transmission,
when it happens in elastic wave-guides with free boundaries,
interferences of waves happen within the medium that leads
to unique wave propagation in the medium. This type of
wave propagation is known as Guided Waves. One of the
main advantages of guided waves is that it can be propagated
through a significant distance in pulse echo mode itself. The
characteristic property of the guided waves that attracts it
for tube and pipe testing is that they propagate through the
medium following the shape of the medium. Hence by keeping
the probe at a one location, the guided waves can cover a
wide area for longer distances there by indicating its potential
for testing lengthy products. Though guided waves are
propagated for longer distances of the order of 1000 meters
in pipes, the testing sensitivity is such to detect mostly the
corroded areas of the pipes. In such condition the presence
of smaller defects could not be identified on the display
screen due to lesser signal to noise ratio. This could be
because of the considerable amount of attenuation that
happens in the travel path due to many reasons. Unlike bulk
wave testing the resolution possible to obtain in guided
wave testing depends not only on frequency but also on its
dispersive and divergence characteristics. The dispersion of
guided waves is high as the frequency spectrum consists of
a band of frequencies including low frequencies. For testing
huge plates, tubes etc the resolution plays a vital role in
defining single and multiple defects. Though the defects are
separated considerably, due to dispersion of guided waves
it will be indicated as a single defect. In this paper the
possible resolution attainable in radial and axial direction of
a tube is experimented. The experiments show that a minimum
distance of separation between defects is required for
resolving the defect signals at a particular distance. The
results obtained are explained in detail.
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be predicted. Dispersion curves are graphical representation
of frequency and phase velocity of a particular material
thickness. To draw Dispersion Curves we should have
solutions for phase velocity versus frequency times
thickness. These solutions are derived by solving the
governing equation for wave propagation. Most researchers
have used the Raleigh-Lamb frequency relations known as
the dispersion equations. The equations are

tan (qh) / tan (ph)  =  3D – (4k2pq/(q2–k2)2)

for symmetric modes and

tan (qh) / tan (ph)  =  3D – ((q2–k2)2/4k2pq)

for anti symmetric modes; where p &q are given by

p2 = 3D (ω/(C
l
2 – k2)) & q2 = 3D (ω/(C

t
2 – k2))

The wave number k is numerically equal (ω/Cp) to where
Cp is the phase velocity and also denoted by Vph of the
Lamb-Wave modes, Omega is circular frequency and D is the
thickness of the medium. The simple relation relates the
Phase velocity to the wavelength is

Vph = 3D(ω/tp)λ

On solving this equation we get solutions for phase
velocity versus frequency times thickness. These values are
plotted so as to get dispersion curves. When plotting the
dispersion curves, it is to be noted that we are interested
only in real solutions of these equations, which represent the
(undamped) propagating modes of the structure. The phase
and group velocities can also be predicted using wave
equations.

Based on the theoretical evaluation there can be three
clear modes of symmetric and anti symmetric guided waves
in pipes and tubes. Their calculated velocities are as given
below.

For Pipes Velocity in mm per microsecond
Phase Velocity Group VelocitySymmetric waves

S0 2.9893 2.9205

S1 4.8303 2.3908

S2 6.3941 4.2438

For Pipes Velocity in mm per microsecond
Phase Velocity Group VelocityAnti Sym Waves

A0 2.9668 3.0179

A1 3.5879 2.6045

A2 6.0947 3.6274

Circular Frequency: 6283.18 rad/sec

For Tubes Velocity in mm per microsecond
Phase Velocity Group VelocitySymmetric waves

S0 35800 18475

S1 39419

S2 85426

For Tubes Velocity in mm per microsecond
Phase Velocity Group VelocityAnti Sym waves

A0 2.8403 3.1723

A1 6.5034 3.6923

A2 3.6426 —-

Circular Frequency: 2748.89 rad/sec

Typical dispersion curve (phase velocity) constructed
for the test specimen of 3.1mm thick is shown in Fig. 1.
Similar methodology can be applied for constructing group
velocity for the guided waves (Fig. 2). The gradient of the
phase velocity curve is an indicator of the disperse nature
of the wave and different frequency will have different
velocities. Likewise some components of the group of waves
will move faster than the others and hence dispersion will
happen in-group velocity. In case of curved surfaces like
pipes the symmetric and anti symmetric waves are analogues
to longitudinal wave modes and shear horizontal wave modes
are analogous to torsional wave modes. There are also
flexural wave modes in pipes. Within these three types of
vibrations there are several ways in which pipe can vibrate
internally but still have the same displacement Characteristics
[7].

 In this paper, the experiment detailed are related to
symmetric and anti symmetric waves and hence these waves
are denoted as L (0,1) and L (0,2) As the longitudinal wave
mode is asymmetric it has no variation in around the pipe
and so the variation around the circumference of the pipe is

Fig. 1 : (a) Phase Velocity for Symmetric Mode ; (b) Group
Velocity for Symmetric Mode
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zero. The second number is the wave number. The flexural
wave mode studies are still going on. The mode shapes of
guided waves in pipes are shown in Fig. 3. There are many
ways to generate guided waves and propagate them along
the medium. The method followed for the detailed
experimentation in this paper is by using partial overlap of
the fundamental waves while propagation. The interference
so caused can either be constructive or destructive. The
factors that control this interference are the ultrasonic

frequency, thickness of the material and its elastic properties.
The phase shift resulting during multiple reflections inside
the material makes a trapezoidal propagation in case of
constructive interference. In such situations the geometrical
sine relations are invalid. But in perfect angle beam
propagation the phase shift and transposition are zero and
hence the geometrical relations are valid. In case of Lamb
waves, propagation takes place dispersively in the plane of
the medium through the entire cross section. Cylindrical
Guided waves can be launched on curved surfaces and pipes
also [3]. The behavior of guided waves in curved plates is
almost same as that of a flat plate. But in case of Pipes the
complexities are more. Here there are three modes namely,
torsional, flexural and extensional [4-6]. In many occasions
these waves will be intermingled with lamb waves making
more complexity. In addition to that there will be more number
of helical modes. In this study initial trials were with sheet
metal and later with lengthy aluminums alloy tubes and pipes
of length around 1.5 meters to 3meters.

Guided Waves Generation on Pipes

Results and Discussions

The pipes and tubes on which guided waves generated
are aluminium-magnesium-silicon alloy. The pipes are of
diameter 130mm and length about 3.2mtrs (Fig.4). The wall
thickness is measured as 3 to 3.2mm. The tubes are of 45mm
dia, 1.4mm thickness and 1.2mtr length. The guided waves in
cylindrical structures are similar to that of plate except that
they have a wave number in circumferential direction as well
as axial direction of propagation. The wave number is
proportional to the length of circumference. There are 0,1,2…n
wavelengths around the circumference. These are called
orders. The order 0 corresponds to perfect axially symmetric
mode. It is to be noted that in case of pipes and tubes, in
addition to different wave modes, flexural modes of guided
waves will also be generated [8-11]. The ultrasonic velocities
(longitudinal wave velocity) measured in this material are
measured as 6043 mtr/sec. The transverse wave velocity
measured using shear waves are found to be 3208 mtr / sec.

 A given thickness can support a number of guided
wave modes depending on the value of the ratio, d/λ where

Fig. 2 : (a) Phase Velocity for Anti Symmetric Mode ; (b) Group
Velocity for Anti Symmetric Mode

Fig. 3 : (a) Mode shapes in pipe ; (b) Three Modes of Waves in
Pipes

Aluminium Tube

Surface Defect on Tube
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d is the thickness and λ is the acoustic wave length. For a
given thickness d and acoustic frequency f there exists a
finite number of propagation modes specified by their wave
number k or phase velocity Vph. This finite number of modes,
with permissible phase velocities, wave numbers and group
velocities as well as a complete description of propagation
characteristics for an isotropic, linear elastic, homogeneous
solid plate is given in dispersion curves. The dispersion
curves for an aluminium sheet of thickness 3.2mm are drawn
in Fig. 1 and Fig. 2. Each curve represents a specific normal
mode designated as Ao, So, A1, S1 etc.., where Ai denotes
anti symmetric and Si denotes symmetric modes, respectively.
These waves are harmonic waves guided by the plate surface-
boundary, which acts as a wave guide. In order to carry out
the guided wave generation and subsequent controlled
experiments an ultrasonic flaw detector USD15 with probes
and accessories are used. The sensor was placed on one end
of the pipe/tube and the guided wave was generated and
transmitted through its length. Here pulse echo technique
was adopted. Few defect indications were seen on the screen.
The defect presentation on the screen is shown in the above

Fig. 5 : Guided Waves Generated in  Al Tubes

discussed figures. In actual trials only one mode is found to
be prominent and good for flaw detection. Its group velocity
is measured to be 3578 mtr/sec within the experimental error.
Fig. 5 shows the

guided waves generated on an aluminium tubes. Here
the indications are from surface defects. The defects are at
242mm, 375mm, 682mm and 823mm away from the edge of the
tube. Here we can see that farther the defect, higher will be
the dispersion. These defects are surface breaking defects
caused during extrusion. The defects sizes are very small of
the order of 2mm length and 0.25mm depth or less. Similarly
Fig. 6 shows an aluminium alloy pipe on which the guided
waves are generated. Fig. 7 shows the flaw as well as edge
indication obtained in guided wave testing. The location of
the defect is identified and it is cross verified by 45 degree
angle beam probe. The screen indication is shown in Fig. 8.
As explained earlier, the distant defect indications are
differing in dispersion characteristics from the nearer defects.
The effect of dispersion is that the energy in a pulse travels
at different speed depending upon the frequency. This itself
is an indication that the wave will spread as it propagates
through a structure. To understand the effect of dispersion
on resolution two small holes of diameter 0.5mm and depth
0.5mm 200mm away from the edge are drilled with 25mm
separation distance between them on a sheet of 1200 mm
length and 140mm width . The signals from these holes are
sensed with guided waves at different distances are shown
in Fig. 9 & Fig. 10. It is found that at a distance of 800 mm
the signals merge and there by showing its resolution
capability. In this experiment on tubes and pipes ultrasonic

Fig. 6 : Al alloy Pipe – Length 3.2 mtrs, Thickness 2.25 to
2.50mm Diameter 130mm

Fig. 7 : Guided Waves Generated in  Al Pipes

Fig. 8 : Defect Indication by 45° angle beam probe

Fig. 9 : Defect sensed at 130 mm from probe



74 Adalarasu : Proceedings of the National Seminar & Exhibition on Non-Destructive Evaluation

sometimes merged together. It is shown that to sense two
defects distinctly, a minimum distance between probe and
defect is required without which resolution will be lost.
Though beam spread exists defects at an angular distance
also are detected. But the resolution is restricted due to its
dispersive nature. Though the potentials of guided wave
testing are huge its exploitation in India is not much.
Corrosion on buried pipe lines, in accessible area testing
from one end, residual life prediction of down comer tubes
in boilers are few areas where guided waves can be used
effectively.
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Fig. 10: Defect sensed at 250 mm distance

Fig. 11: Beam Spread along radial direction

pulses of 2MHz frequency are transmitted in to it for
generating guided waves. The beam spread measured along
the radial direction is as shown in Fig. 11. The effect of beam
spread along radial direction causes reduction in amplitude
of the signals.

Conclusions

Based on the hyperbolic trigonometric functions the
possible modes of guided waves that could be excited in the
pipe under consideration were calculated. But due to
coherent noises caused mainly by the unwanted modes, only
one mode is found to have good signal to noise ratio and
that mode could detect defects. It is interesting to note that
the guided waves are propagated not only in straight line
path, but few modes are propagated along a spiral path also.
The defect sensing capabilities of these modes are
comparable. Here the utility of a particular mode is decided
by the signal to noise ratio obtainable with that mode. Due
to beam spreading over a lengthy distance and dispersion
characteristics, the defects located close to each other may


