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ACOUSTIC EMISSION SOURCE LOCATION IN THEORY
AND IN PRACTICE

by

H. J. Rindorf, M.Sc.

ABSTRACT

One of the potentially most useful features of acoustic emission monitoring is the source location
capability. Various algorithms exist to accommodate mathematically simple structures and these
may be combined to cover more complex geometries. This article describes the method of source
location based on the relative arrival times of an AE signal at various transducers and examines
factors which give rise to errors even in simple geometries. Iin particular, the wave velocity and
measurement of arrival time problems are discussed. Expected magnitudes of errors can be
developed theoretically and verified by experiment. Source location accuracy can be determined
graphically as a complex pattern which is independent of the algorithm used. Consideration of
these factors provides guidelines for optimum transducer arrays and measurement technique.

SOMMAIRE

L’'une des caracteéristiques potentiellement plus utiles de la surveillance de I'émission acoustique
est la possibilité de localiser la source. Divers algorithmes existent pour le traitement de structures
mathématiquement simples, et ils peuvent étre combines pour des géometries plus complexes.
Cet article decrit la méthode de [ocalisation de la source basee sur les temps d’arrivée relatifs de
signaux d’EA aux divers capteurs, et étudie les facteurs qui créent des erreurs méme pour des
geometries simples. Les problemes de vitesse de I'onde et de mesure des temps d’arrivee sont
plus particulierement discutés. La valeur des erreurs attendues peut étre développée théorique-
ment, et verifiée par expérience. L.a précision de la localisation de la source peut étre donnée par
un reseau complexe indépendant de Palgorithme utilise. LLes considérations sur ces facteurs
fournissent les grandes lignes pour optimiser les reseaux de capteurs et les techniques de mesure.

ZUSAMMENFASSUNG

Die Mdglichkeit der Ortung ist eine der vorteilhaftesten Merkmale in der Uberwachung der
Schallemision (SE). Es existieren verschiedene Algorithmen, die die mathematisch einfach zu



beschreibenden Strukturen behandein und die sich miteinander kombinieren iassen, wenn kompli-
ziertere Strukturen tiberwacht werden. Dieser Artikel beschreibt eine Ortungsmethode, die auf der
relativen Laufzeitdifferenz der SE-Signhale von verschiedenen Aufnehmern beruht und es werden
Fehlermdglichkeiten untersucht. Speziell werden Probleme bei der Bestimmung der Fort-
pflanzungsgeschwindigkeit der Welle und der Messung der Ankuftszeit des SE-Signals untersucht.
Die Grébenordnung der zu erwartenden Fehler 1abt sich theorethisch bestimmen und im Experi-
ment bestatigen. Die Ortungsgenauigkeit {abt sich graphisch als ein komplexes Muster darstellen
und ist vom benutzten Algorithmus unabhangig. Aufgrund dieser Faktoren labt sich die optimale
Anordnung der Autnehmer sowie die optimale Mebtechnik ermittein.

Introduction

When a material or structure is loaded, internally stored energy may be
spontaneously released in a form of acoustic energy called a stress wave.
The energy release occurs when irreversible deformation processes or
changes in the atomic ordering are active within a material and the resulting
stress wave propagates through the material to the structure surface where
it may be detected using sensitive piezoelectric transducers. This phenome-
non, which is called Acoustic Emission or stress wave emission, has found
practical application in the past two decades as a non-destructive testing
(NDT) technique [1]. Acoustic emission (AE) differs from other NDT tech-
niques in that it is an active method able to detect when a flaw or crack
occurs and in some cases where it occurs.

In using AE to monitor and detect various defects it is often required to
locate the source of emission. In general, a manufacturer will examine a
structure to ensure that it complies with specifications, measure physical
dimensions and check the welds and joints. These checks may be carried
out using static methods of inspection i.e. the structure is examined on its
own by visual inspection, dye penetrants and similar ‘‘decorative’” methods,
or other established NDT techniques. During a subsequent test where the
structure is subjected to a proof or service load, and on into service life,
active defects may be detected and located using AE. One or more of the
static inspection methods can then be applied for a detailed examination of
the defect and its causes. The source location capability Is therefore one of
the most useful aspects of acoustic emission monitoring. Several transduc-
ers may be used to cover large areas of a structure and identify the active
regions, limited access to the structure is sufficient, and the method is not
restricted to surface flaws or by defect size. Although the mathematics of
source location is fairly involved and the location accuracy is limited, these
factors are not prohibitive.

Some reports [2], [3], [4], [5] indicate remarkable success in locating defects
using AE. Others, however, rather disappointingly report that even after
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large amounts of data were collected, it was either not possible to calculate
the position of the defect or that the location accuracy was much less than
expected.

Principle Of Source Location

AE signhals can be broadly divided into two classes: a) burst type emission
which is detected as decaying sinusoids and b) continuous emission (resem-
bling white noise). AE source location is based on measurements of the
relative arrival times of an AE signal at several transducers and is therefore
confined to applications where the sources generate burst type signals.
Furthermore, the wave velocity is normally assumed to be uniform through-
out the medium.

In the 1-dimensional case, where the source is known o lie somewhere
along a straight line between a pair of transducers, a difference in measured
arrival times at the transducers uniquely determines the source location.

Source
point

Transducer 1

Transducer 2
801019

e e - |

Fig. 1. The AE wave is detected by the two transducers at different times. A
signal from any point on the hyperbola will result in the same mea-
sured time delay

In the 2-dimensional case shown in Fig. 1, where the source is known to lie at
a point in a piane, the difference in distance travelied by the wave to a pair of
transducers can be calculated from the measured time difference:



where 6 is the path difference, v is the wave velocity and At is the measured
time delay. The same path difference, o, is obtained if the source lies at any
point along a hyperbola with the transducers at the focii. Using additional
transducers the coordinates of the source can be determined from the
intersection of hyperboiae defined by the measured time differences at other
transducer pairs. In general, a number of N transducers will yield N-1 time
differences and coordinates. Thus the minimum number of transducers
required is two for linear location, three for a plane and four for a volume.

Ambiguity
Ambiguous solutions sometimes arise when the minimum number of trans-

I e

0
3

Region with ambiguous solutions @ Transducer

801012

Fig. 2. Regions with ambiguous solutions exist near and ‘‘behind’ each
transducer



ducers are used. In the region close to and “‘behind’” each transducer there
IS a certain area in which twin solutions occur. This is shown in Fig. 2. Both
solutions are physically meaningful and in order to resolve the ambiguity
additiona! information must be collected. This can be done by measuring the
time delay to an extra transducer and comparing it with the calculated value
for the source location.

Numerical Solution

The algorithm used to calculate the source location from the collected data
may be based on several methods. Numerical solutions can be calculated
using iterative methods, tabies, or a direct mathematical solution. Tables
have a limited resolution and neither tables nor iterative methods can
generally be used to correctly resolve situations where ambiguous solutions
occur. Convenient and exact mathematical algorithms for a plane and
spherical surface have been published by Tobias [6] and Asty [7] respective-
ly, and an iterative algorithm for source location in three dimensions has
been developed by Blake et al. [5]. Tobias [6] also discusses ambiguity and
spatial resolution for three ditferent transducer arrays.

A source location program for a HP 41-C calculator is given in Appendix B.
The program, which is based on the algorithm given in Appendix A, calcu-
lates the source position from the measured arrival times at three transduc-
ers arranged In a right-angled triangular array.

Measurement Results

In discussions and in published literature it is often reported that AE source
location experiments have produced poor results. Some researchers infor-
mally report that only 2 %, or less, of the detected events result in an
accurate source location or that the accuracy was very much less than that
obtained using calibration methods prior to the test.

Fig. 3. shows an example from a carefully controlled experiment where AE
was expected and confirmed but the source location was less successful.
Obata & Bentley [8] conducted a series of tests on a 1 m diameter cylindrical
pressure vessel of length 4,3 m in which a 400 mm axial defect was cut to a
depth of 60 % of the wall thickness. The vessel was pressurized several
times and finally failed at 1480 psi. In addition to monitoring the total AE
count rate, the relative arrival times at diagonally opposite transducers in a
square array were plotted directly as shown in Fig. 3. During calibration both
ends of the artificial defect were excited and the ‘“‘source’ positions were
successfully determined. When the vessel was pressurized, however, the

v



L OCATION CALIBRATION, Locations along the
artificial defect should appear on a line adjoining the
two clusters above.
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Fig. 3. Example of a test where the time delays measured by a square array
of transducers were plotted directly. Location calibration using an
artificial source was accurate. Location of acoustic emission during
subsequent test cycles was more scattered

location of real AE sources showed considerable scattering. The results
indicate a higher density of source locations around the artificial defect but
there is wider spreading than was expected in this simple case.

Possible Sources Of Error

The source location calculation requires knowledge of the structure geome-
try, the positions of the transducers, the wave velocity and the measured
relative arrival times. The extent to which these factors influence the result-
INg accuracy is now discussed.

8



a) Structure Geometry

The structure geometry is assumed to be fairly simple, i.e. the straight path
travelled by the wave from the source epicentre (the projection of the source
location onto the structure surface) to the transducers is unbroken. This
assumption is made in the following discussion.

b) Transducer Positioning

The location accuracy is inherently limited by the active surface area of the
transducer. For many transducer types the effective diameter is approxi-
mately 20 mm, although some types are available with an active diameter
down to 3 mm (e.g. B & K Broad-Band Transducer Type 8312). In addition,
the arrangement of the transducers in an array determines the accuracy of

location (the spatial resolution) and the extent of regions where ambiguous
solutions may occur.

c) Wave Velocity
The propagation of acoustic waves in solid media is a complex problem. In
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Fig. 4. The two basic wave modes in a solid



an infinite medium elastic waves propagate in two basic forms, as longitudi-
nal waves and transverse waves, each with a characteristic velocity which
can be calculated from the density and elastic constants of the solid [9]. The
particle motion in a longitudinal wave is parallel to the wave propagation
direction and consists of localized compression and rarefaction of the
medium. Transverse waves, which do not propagate in gasses or liquids, are
characterized by particle motion which is perpendicular to the wave propa-
gation direction. These two basic waveforms are shown in Fig. 4.

If a surface or boundary is introduced, i.e. in a half-space, the longitudinal
and transverse waves which propagate in the bulk of the material combine In
the region close to the surface; a compression produces a transverse
displacement in accordance with the Poisson’s ratio of the material so that
the overall particle motion is neither purely longitudinal nor purely trans-
verse. This type of surface wave, shown in Fig. 5, is called a Rayleigh wave.
The characteristic velocity of Rayleigh waves can also be caiculated from
the physical constants of the material and is generally less than that for
either of the bulk waveforms. In a medium bounded by two surfaces, i.e. a
plate, the waveforms couple at the surfaces to produce the two basic modes
shown in Fig. 6. These are called the symmetric, sg, and asymmetric, ap,
wave modes; the particle displacement is either longitudinal (sg) or trans-
verse (ap) in the plate centre line. As wavelengths become shorter relative to
the plate thickness, higher order symmetric and asymmetric modes are

Surface wave Propagation
-

/

/
/
*\\wh/*’/’rﬁk\;l//
Tt T T T T T

80 fﬂ.?.'_?J

Fig. 5. The particle motion in a surface wave is neither purely longitudinal
nor purely transverse
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Plate waves

Symmetric i.e. longitudinal in centreline
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Fig. 6. The two basic wave modes in a plate

possible, each with a characteristic group velocity dependent on the plate
thickness [10], as shown in Fig. 7. For a fixed plate thickness this causes
dispersion i.e. wave components of different frequencies will travel at differ-
ent speeds and an impulse signal will be spread out in time.

Plate wave velocities In steel
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Fig. /. Surface wave modes in a steel plate
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Various sources generate ditfferent combinations of modes which may grad-
ually change due to attenuation in the medium. When a pulse train crosses a
boundary such as a weld or a change in plate thickness, mode conversion
occurs. Although a transducer which is placed near such a boundary can be
used for source location on either side, it may be necessary to consider
different velocities for each plate section.

At the pick-up point some separation of the wave modes can be effected
using the frequency bandwidth of the transducer and amplifying system.
Therefore, matching the frequency range and the piate thickness may affect
the effective wave velocity considerably. Incorrect assumptions of the fre-
quency and plate thickness may lead to velocity values of the order of 50 %
of the correct figure.

d) Arrival Time
Errors incurred in the measurement of arrival times at the transducers are

primarily due to the dispersion phenomenon. Secondary problems occur
due to phase uncertainty and superposition of multiple events. These factors
are discussed in the following.

1. Dispersion Phenomenon:;

To illustrate the difficulties in determining the arrival time, experiments were
carried out on two aluminium plates of different thicknesses (50 mm and
6 mm). The plates were excited by breaking a 0,5 mm pencil lead on the
plate surface. This very repeatable signali results in a close physical approxi-
mation to a step function force. (A fuller discussion of this source is given in
Appendix C.) By placing AE transducers successively on both sides of the
plates at various distances from the point of excitation, the plate dispersion
phenomenon in the near (< 10 plate thicknesses) and far acoustic fields can
be illustrated. The experiments were carried out using the B & K Broad-Band
Transducer Type 8312 and Resonance Transducers Types 8313 (resonance
at 200 kHz) and 8314 (resonance at 800 kHz). Frequency response curves for
the three transducers are shown in Fig. 8. An amplifying bandwidth of 0,1 Hz
to 2 MHz for transducer Type 8313 and 10 kHz to 2 MHz for transducers
Types 8312 and 8314 was used. The results were recorded on a transient
recorder with 20 MHz sampling rate and memory capacity of 100 us. In
practical AE measurements a narrower bandwidth (e.g. high-pass from
100 kHz) would normally be used. A wider bandwidth was chosen for this

investigation to obtain the maximum amount of information from the
experiments.

Results in the near acoustic field (Figs. 9 to 11) show a marked difference
between corresponding puise trains recorded on the two sides of the plate.

12



dBre. 1 V/ms— | Bruel & Kjar Broad - Band Transducer Type 8312
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Fig. 8. Frequency response of Transducers Types 8312, 8313 and 8314

A distinctive surface wave (Rayleigh wave) is dominant on the same side as
the source but absent on the opposite side of the plate. This effect is most
prominent with transducer types 8312 and 8314 (Figs. 9 and 11). Apparently
the surface wave pulse content is dominated by a higher level of high
frequency components thus exciting the 800 kHz transducer more than the
200 kHz transducer.
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Fig. 9. Pulse trains recorded in the near acoustic field using Broad-Band
Transducer Type 8312. Each figure shows the pulse detected on
opposite sides of the plate at a distance of
a) 100 mm from the point of excitation
b) 200 mm from the point of excitation
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Fig. 10. Pulse trains recorded in the near acoustic field using Resonance
Transducer Type 8313. Each figure shows the pulse train detected
on opposite sides of the plate at a distance of
a) 100 mm from the point of excitation
b) 200 mm from the point of excitation
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Fig. 11. Pulse trains recorded in the near acoustic field using Resonance
Transducer Type 8314. Each figure shows the pulse train detected
on opposite sides of the plate at a distance of

a) 100 mm from the point of excitation
b) 200 mm from the point of excitation



Based on the assumption that the peak amplitude of the signal indicates the
passage of the Rayleigh wave shown in the figures, it is possible to calculate
the time elapsed since the pencil lead was broken using the Rayleigh wave
velocity for the plate and the distance from the source to the transducer.
Since the velocity of longitudinal waves Is greater than that of either trans-
verse or Rayleigh waves, the arrival time of the earliest possible wave can
then be calculated using the longitudinal wave velocity. The difference
between the arrival times of the Rayleigh wave and the longitudinal wave is
calculated to be 18 us and 36 us for a distance of 100 mm and 200 mm from
the source to the transducer respectively. This permits calibration of the
time scale, marking the “front” or leading pulse as a longitudinal wave. In
the interval between the arrival of the fastest (longitudinal) wave and the
Rayleigh wave several small pulses appear which may be interpretated as
longitudinal waves arriving at the transducer after reflection at the side